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ABSTRACT

There is an acute scarcity of potable water in many parts of the world, and
especially in most of the Middle East region. Important advances have been made in
desalination technology but its wide application is restricted by relatively high capital
and input energy costs, even when solar energy is used. Until recently, flat-plate
solar collectors have usually been employed to distill water in compact desalination
systems. Currently, it is possible to replace these collectors by the more advanced
evacuated tube collectors, which are now available on the market at a similar price.

The research which is concerned with the development of a novel small scale
solar water desalination technology, consists of experimental and theoretical
investigations of the operation of a multi stage solar still desalination system coupled
with a heat pipe evacuated tube solar collector with an aperture area of about 1.7 m?.

The multi stage still was tested to recover latent heat from the evaporation and
condensation processes in each of its four stages. A number of experimental tests
were carried out using a laboratory rig to investigate its water production capacity.
Solar radiation (insolation) during a mid-summer day in the Middle East region was
simulated by an array of 110 halogen flood lights.

Computational Fluid Dynamics (CFD) modeling of the evaporation and
condensation processes in one of the still's stages was conducted using FLUENT 6.2
software. The simulation results demonstrate the importance of the various
parameters affecting the total production rate of the solar still and provide detailed
information on the temperature distribution and condensate formation inside the solar
still. However, it was found that the CFD technique at this stage does not provide
accurate quantitative predictions and results obtained can be used only for qualitative
analysis. Hence, the use of a lumped parameter mathematical model was preferred
for analysis and design purpose.

A lumped parameter model has been developed to describe the system’s
operation. It consists of a system of ordinary differential equations of energy and
mass conservation written for each stage of the still. A MATLAB computer program
was written to solve the system of governing equations to simulate the evaporation
and condensation processes and the experimental results were used to validate
numerical predictions. The experimental and theoretical values for the total daily
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distillate output were found to be closely correlated. The test results demonstrate that
the system produces about 9 kg of clean water per day and has a distillation
efficiency of 90%. The overall efficiency is 33% due to the presence of heat losses in
the system. However, this level of efficiency is greater of that for conventional solar
stills. Following the experimental calibration of the lumped parameter model, this was
used for determination of rational design parameters of the still and it was
demonstrated that the performance of the system could be considerably improved to
produce 11 kg/m? of water per day if the number of stages and evaporation area
were 4 and 1 m?, respectively.

A water quality analysis was performed for the distilled water and the levels of
total dissolved solids, electrical conductivity and pH were well within the range
defined by the World Health Organization guidelines for drinking water.

An economic study was also conducted for the system and it was shown that
the distilled water costs of 0.016 US$/litre with a payback period of 6 months in the
Middle East region conditions.

This research demonstrates, empirically and theoretically, the potential role in
the field of solar desalination of the muitistage solar still coupled to the evacuated
tube solar collector. Not only is this system a promising new technology but it could
prove to be particularly appropriate in remote and rural areas. Simultaneously this
system also uses a completely clean energy source and contributes to tackling

environmental pollution, global carbon emissions and climate change problems.
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1 Introduction and Overview of Desalination Process
1.1 Introduction

Many countries around the world, especially developing countries and countries in
the Middle East region, suffer from a shortage of fresh water. The United Nations (UN)
Environment Programme stated that one third of the world’s population lives in countries
with insufficient freshwater to support the population [1]. Consequently, drinking water of
acceptable quality has become a scarce commodity. The total global water reserves are
about 1.4 billion cubic kilometers, of which around 97.5% is in the oceans and the
remaining 2.5% is fresh water present in the atmosphere, ice mountains and ground
water. Of the total, only about 0.014% is directly available for human beings and other
organisms [2]. Thus tremendous efforts are now required to make available new water
resources in order to reduce the water deficit in countries which have shortages [3].

According to World Health Organization (WHO) guidelines, the permissible limit of
salinity in drinking water is 500 ppm and for special cases up to 1000 ppm [4]. Most of
the water available on earth has the salinity up to 10,000 ppm and seawater normally
has salinity in the range of 35,000—45,000 ppm in the form of total dissolved salts [5].

Desalination is a process in which saline water is separated into two parts, one that

has a low concentration of dissolved salts and which is called fresh water, and the other
which has a much higher concentration of dissolved salts than the original feed water,
and which is usually referred to as brine concentrate [14].
The desalination of seawater has become one of the most important commercial
processes to provide fresh water for many communities and industrial sectors. It plays a
crucial role in socio-economic development in a number of developing countries,
especially in Africa and some countries in the Middle East region, which suffer from a
shortage of fresh water. There is extensive R & D activity, especially in the field of
renewable energy technologies, to find new and feasible methods to produce drinking
water [6&7].

Currently there are more than 7,500 desalination plants in operation worldwide
producing several billion gallons of water per day. 57% are in the Middle East [8] where

large scale conventional heat and power plants are among the region’s most important
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commercial processes, as they play a crucial role in providing fresh water for many
communal and industrial sectors, especially in areas with a high density of population.
However, since they are operated with fossil fuel, they are becoming very expensive to
run and the environmental pollution they produce is increasingly recognised as very
harmful to the globe.

Moreover, such plants are not economically viable in remote areas, even near a
coast where seawater is abundant. Many such areas often also experience a shortage
of fossil fuels and an inadequate electricity supply. The development of compact, small-
scale systems for water desalination is imperative for the population in such areas [6&7].
Thermal solar energy water desalination is known to be a viable method of producing
fresh water from saline water [9] in remote locations; conventional basin solar stills with
a relatively large footprint are an example of such simple technology. Furthermore using
a clean natural energy resource in water desalination processes will reduce significantly
the pollution that causes global warming.

This research presents the development of a novel small scale solar powered
water desalination technology. It consists of experimental and theoretical investigations
of the operation of a multi stage solar still desalination system coupled with a heat pipe
evacuated tube solar collector to investigate the performance of that rig. A mathematical
model with a Matlab program code was developed to simulate the evaporation and
condensation processes inside the still in addition to CFD simulation using FLUENT 6.2
software.

Water quality analysis of the distillate water product has been performed and
reported and a study of the economic feasibility has been also conducted.

This chapter aims to present a review of the published literature on the various
desalination technologies and their advantages and disadvantages in addition to their
economics. It also presents an introduction to the geographical location and water

situation in the Gaza Strip
1.2 Overview of desalination processes

Various desalination processes have been developed, some of which are currently
under research and development. The most widely applied and commercially proven

technologies can be divided into two types: phase change thermal processes and
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membrane processes and, as shown in Figure 1.1., both encompass a number of
different processes. In addition, there are the alternative technologies of freezing and ion
exchange which are not widely used. All are operated by either a conventional energy or

renewable energy to produce fresh water.
1.3 Thermal desalination processes.

Thermal desalination, often called distillation, is one of the most ancient ways of
treating seawater and brackish water to make it potable. It is based on the principles of
boiling or evaporation and condensation. Water is heated until it reaches the
evaporation state. The salt is left behind while the vapour is condensed to produce fresh
water [10]. In modern times, the required thermal energy is produced in steam
generators, waste heat boilers or by the extraction of back-pressure steam from turbines
in power stations [11]. The most common thermal desalination processes are:

= Multi-stage flash distillation (MSF)

= Multiple-effect distillation (MED)

* Vapour-compression evaporation (VC)

= Cogeneration

= Solar water desalination
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1.3.1 Multi-stage flash distillation (MSF)

Water distillation in a vessel operating at a reduced pressure, and thus
providing a lower boiling point for water, has been used for well over a century. In the
1950s, Weirs of Cathcart in Scotland, used this concept to invent the MSF process
and it had significant development and wide application throughout the 1960s due to
both to its economical scale and its ability to operate on low-grade steam [12].

In the MSF process, illustrated in Figure 1.2, feed water (saline water) is
heated in a vessel called the brine heater until it reaches a temperature below the
saturation boiling temperature. The heated seawater flows through a series of
vessels, in sequence, where the lower ambient pressure causes the water to boil
rapidly and vaporize. This sudden introduction of heated water into the reduced-
pressure chamber is referred to as the “flashing effect" [13] because the water almost
flashes into steam.

A small percentage of this water is converted into water vapour; the
percentage mainly dependent on the pressure inside the stage, since boiling
continues until the water cools and vaporization stops. The vapour steam generated
by flashing is converted to fresh water by being condensed on the tubes of heat
exchangers (condenser) that run through each stage. The incoming feed water going
to the brine heater cools the tubes. This, in turn, heats up the feed water and
increases the thermal efficiency by reducing the amount of thermal energy required in
the brine heater to raise the temperature of the seawater.

An MSF unit that used a series of stages set at increasingly lower atmospheric
pressures was developed so that the feed water which was passed from one stage to
another was boiled repeatedly without adding more heat. Typically, an MSF plant
contains between 15 and 25 stages [14].

Distillation processes produce about 50% of the worldwide desalination
capacity. and 84% of this is produced by MSF technology. Most MSF plants have
been built in the Middle East, where energy resources have been plentiful and
inexpensive [15].

1.3.1.1 Advantages and disadvantages of MSF

= MSF plants are relatively simple to construct and operate [13]
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» They have no moving parts, other than conventional pumps, and incorporate
only a small amount of connection tubing. [13]

= The quality of water effluent contains 2-10 ppm dissolved solids, a high level of
purification. Therefore it is re-mineralized in the post treatment process [16].

= The quality of the feed water is not as important as it is in the reverse osmosis
system technology [14].

= Operating plants at higher temperatures (over 115°C) improves their efficiency
but causes scaling problems where the salts such as calcium sulphate
precipitate on the tubes surfaces and create thermal and mechanical problems
like tube clogging [14].

= Adding more stages improves the efficiency and increases water production
but it increases the capital cost and operational complexity [14].
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The MED plant's steam economy is proportional to the number of effects. The
total number of effects is limited by the total temperature range available and the
minimum allowable temperature difference between one effect and the next effect. Only
a portion of the seawater applied to the tubes in the first effect is evaporated. The
remaining feed water is fed to the second effect, where it is again applied to a tube
bundle. These tubes are in turn heated by the vapours created in the first effect. This
vapour is condensed to form the fresh water product, while giving up heat to evaporate a
portion of the remaining seawater feed in the next effect.

The process of evaporation and condensation is repeated from effect to effect,
each at a successively lower pressure and temperature. This continues for, typically, 4

to 21 effects and a performance ratio between 10 and 18 is found in large plants [20].

1.3.2.1 Advantages and disadvantages of MED

= The MED process is designed to operate at lower temperatures of about 70°C
(158°F). This minimizes tube corrosion and the potential of scale formation
around the tube surfaces [14].

= The quality of the feed water is not as important as in the reverse osmosis system
technology. Hence the pre-treatment and operational costs of MED are low.

* The power consumption of MED is lower than that of MSF plant. [13].

= The performance efficiency in MED plants is higher than in MSF plants; therefore
the MED process is more efficient than the MSF process in terms of heat transfer

and fresh water production cost [21].

1.3.3 Vapour-compression evaporation (VC)

The vapour compression distillation process is used in combination with other
processes like MED and single-effect vapour compression. In this process, the heat for
evaporating the seawater comes from the compression of vapour. VC plants take
advantage of the principle of reducing the boiling point temperature by reducing the
pressure. Two devices, a mechanical compressor (mechanical vapour compression) and
a steam jet (thermal vapour compression), are used to condense the water vapour to

produce sufficient heat to evaporate incoming seawater, as illustrated in Figure 1.4.
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* The low operating temperature of VC distillation makes it a simple and efficient
process in terms of power requirement.
* The low operating temperatures (below 70°C) reduces the potential for scale

formation and tube corrosion.

1.3.4 Cogeneration system for power and water desalination.

It is possible to use energy in a dual use or cogeneration systems in which the
energy sources can perform several different functions such as electric power
generation and water desalination.

Most of the desalinated potable water and electricity in the Arabian Gulf countries,
and North Africa are produced by cogeneration plants associated with multi-stage flash
(MSF) desalination units operating on seawater [14]. Although other distillation process
such as thermal vapor compression and MED are starting to find their way into the
market, the MSF process is still considered as the workhorse of the desalination
industry. This process has proven its reliability and flexibility over almost 50 years of
plant design and operation. For large desalination capacity, the MSF process can be
considered as the only candidate commercially. However, on the cogeneration plant
side, the situation is different in that several alternatives are commercially available to
provide the required electrical power and steam for desalination [22].

In cogeneration plants, the electricity is produced with high pressure steam to
operate the turbines; the steam produced by boilers at temperatures up to 540 °C. As
this steam expands in turbines its temperature and energy level are reduced. As
previously stated, distillation plants need steam with temperatures lower than 120 °C
and this can be obtained easily at the end of the turbine after much of its energy has
been utilized in electric power generation. This steam is used in the desalination process
and the condensate from the steam is then returned to the boiler to be reheated again
for use in the turbine.

The main advantage of this system is that it uses much less fuel than each plant
operating separately and energy costs are a crucial factor in any desalination process.
In contrast, one of the disadvantages is the permanent coupling between the

desalination plant and the power plant which can create a problem in water production

School of Engineering 11



Overview of Desalination Technologies : Solar Water Desalination

when the demand of electricity is reduced or when the turbine or generator is down for
repair.

The size of the desalination plant that can be efficiently integrated with a power
cogeneration plant so that the ratio of desalted water to power production is consistent
with water and power requirements of the community it serves.

Cogeneration plants have also reduced power costs. Meanwhile other types of
cogeneration plants have achieved lower costs by benefiting from heat recovery
systems on gas turbines, heat pumps and other industrial processes such as burning

solid wastes in an incinerator [6].

1.3.5 Economics of thermal desalination processes

Thermal process desalination plants, which use conventional sources of energy
and which usually have large production capacities are more expensive than membrane
plants because of the large quantities of fuel required to vaporize salt water. The
membrane method is a separation process using a permeable membrane to move either
water or salt to induce two zones of differing concentrations to produce fresh water
without the need for heating or phase change, [25] as described in the following
sections. It is also more economical for brackish water desalination. [45] In the case of
multi-effect distillation (MED), the cost for large systems with a daily production from
91,000 m® to 320,000 m® ranges between 0.52$/m> and 1.01$/m>. These costs refer to
examples of plants built between 1999 and 2006 with the most recent having lower
costs and the older installations being the most expensive [45].

For medium size systems, with a daily production from 12,000 m? to 55,000 m>,
the cost ranges between 0.95%/m?* and 1.5%/m>. For small systems with a daily capacity
around 100 m?, the cost varies between 2.50 and 10 $/m°.

For the MSF method, the cost can vary between 0.52$/m> and 1.75%/m* for
systems with a daily production of 23,000 m® to 528,000 m>. The cost is reduced when
MSF is coupled with electric power generation in a cogeneration plant.

VC is used mainly for small systems with production of around 1000 m%/day, and
a cost that ranges between and 2.01 and 2.66 US$/m® [23,24]. Table 1.1 shows the

water unit cost for various thermal desalination processes.

School of Engineering 12



Overview of Desalination Technologies Solar Water Desalination

Desalination | Capacity of desalination plant Desalination cost per m®

process (m%/day) (US$)
. Less than 100 2.5-10

i et 12,000 — 55,000 0.95-1.95

Greater than 91,000 0.52 - 1.01

Multi stage 23,000 - 528,000 0.52 -1.75

flash MSF

Vapour 1000 - 1200 2.01 -2.66

compression

Table 1-1: Cost of desalinated water in thermal processes.

1.4 Membrane processes

Synthetic membranes were first introduced in separation processes in the 1960s
but they began to play an increasingly crucial role in water desalination in the 1980s.
Originally, membrane applications were limited to municipal water treatment such as
microfiltration and desalination but, with the development of new membrane types, uses
have expanded to cover not only the water industry but also high return processes such
as chemical separations, enzyme concentration and beverage purification.

This technology uses a relatively permeable membrane to move either water or
salt to induce two zones of differing concentrations to produce fresh water. These
processes are also useful in municipal water treatment; RO (reverse osmosis) and ED
(electrodialysis) are replacing phase-change desalting technologies for supplying water
to coastal and island communities all over the world. Reverse osmosis, in particular, is
becoming an economical alternative to the traditional water softening processes [25].

Membrane technology includes several processes but the principal difference
between them lies in the size of the entities, ions, molecules and suspended particles
that are retained or allowed to pass through the membranes. Typical separation
-processes are nano filtration, ultra filtration, micro filtration and filtration used in the pre-
treatment stages of desalination to remove large particles, bacteria, ions, and for water
softening [13). Table 1.2 summarizes the membrane separation processes and Figure
1.5 shows the effective range of membrane processes and applications.

This section looks at the following process
= Reverse osmosis (RO)
» Electrodialysis (ED)
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1.4.1.6 Advantages and disadvantages of RO process

Material corrosion problems are significantly less compared with MSF and MED
processes due to the ambient temperature conditions.
Polymeric materials are utilized as much as possible rather than the use of metal
alloys [20].
Two developments have also helped to reduce the operating cost of RO plants
during the past decade:
* The development of operational membranes with high durability and
lower prices. ‘
= The use of energy recovery devices that are connected to the
concentrated stream as it leaves the pressure vessel. The concentrated
brine loses only about 1—4 bar relative to the applied pressure from the
high-pressure pump. The devices are mechanical and generally consist
of turbines or pumps that can convert a pressure difference into rotating
energy that can be used to reduce energy costs.

Reverse osmosis units sold for residential water filtration require very large

- quantities of water since they recover only 5-15% of the feed water that enters the

filter. In seawater systems, for every 5 gallons of usable water, 40-90 gallons of
water are sent to the wastewater system [14].

Membrane scaling caused by the precipitation of salts is a common problem in
the RO process but it is less than in MSF.

Membranes are liable to be fouled (plugged) by large particles but this can be
avoided by pre-filtering the feed water through a 5-10 micron cartage micro filter.
Biological fouling can be caused by the formation of micro-organism colonies and
by entrapping dead and live organisms. Colloidal fouling is caused by the
settlement on membrane surfaces of colloids from an accumulation of aluminum

silicate and clays and from soap detergents and organic materials. [13]

1.4.2 Electrodialysis (ED)

ED was commercially introduced in the early 1960s, about 10 years before RO. It

provided a cost-effective way to desalt brackish water and spurred considerable interest
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arranged alternately, with an anion selective membrane followed by a cation selective
membrane. _

A spacer sheet that permits water to flow along the face of the membrane is placed
between each pair of membranes. One spacer provides a channel that carries feed (and
product) water, while the next carries brine. As the electrodes are charged and saline
feed water flows along the product water spacer at right angles to the electrodes, -the
anions (such as sodium and calcium) in the water are attracted and diverted through the
membrane towards the positive electrode. This dilutes the salt content of the water in the
product water channel.

The anions pass through the anion-selective membrane, but cannot pass any
further than the cation-selective membrane, which blocks their path and traps the anions
in the brine stream. Similarly, cations (such as chloride or carbonates) under the
influence of the negative electrode move in the opposite direction through the cation-
selective membrane to the concentrate channel on the other side. Here, the cations are
trapped because the next membrane is anion selective and prevents further movement
towards the electrode as shown in Figure 1.12. The design of the system should take
into consideration scaling formation; therefore chemicals may be added to the streams

to reduce the potential for scaling. [13, 14]

1.4.2.2 Advantages and disadvantages of ED

» |t has the capability of high recovery in terms of more fresh water product and
less brine [14].

*» ED is feasible for brackish water with a salinity of less than 6 g/L of dissolved
solids, but not suitable for water with dissolved solids of less than 0.4 g/L.

* The desalination of water with concentrations of dissolved solids higher than 30
g/L, like seawater, is possible but it is not economically viable [34].

» The major energy requirement is the direct current to separate the ionic
substances in the membrane.

* Energy usage is proportional to the salts removed.

» |t can treat feed water with a higher level of suspended solids than RO.

* Chemical usage for pre-treatment is low [14].
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Scientists have long looked at solar radiation as a source of energy, trying to
convert it into a useful form for direct utilization. Archimedes, the Greek mathematician
and philosopher (287-212 BC), used the sun’s reflected heat to burn the Roman fleet in
the Bay of Syracuse [49]. During the 18th century, the French naturalist Boufon
experimented with various solar energy devices which he called ‘hot mirrors burning at
long distance [50]. '

Most forms of energy are solar in origin. Oil, coal, natural gas and wood were
originally produced by photosynthetic processes [51]. Even wind and tide energy have a
solar origin since they are caused by differences in temperature in various regions of the
earth. The great advantages of solar energy, compared with other forms of energy, are
that it is clean, sustainable and can be used without any environmental pollution.

Solar energy is used to heat and cool buildings, to heat water for domestic and
industrial uses, to heat swimming pools, to power refrigerators, to operate engines and
pumps, to desalinate water for drinking purposes, to generate electricity, in chemistry
applications, and for many more functions.

The decision about which source of energy to use should be made on the basis
of economic, environmental and safety considerations. Because of its desirable
environmental and safety advantages, it is widely believed that, where possible, solar
energy should be utilized instead of energy derived from fossil fuels, even when the
costs involved are slightly higher [52]. This section focuses on the desalination of saline

water by using solar energy.

1.5.1.2 Introduction to water desalination by solar power

Solar water desalination has a long history. The first documented use of solar
stills was in the sixteenth century and, in 1872, the Swedish engineer, Carlos Wilson,
built a large-scale solar still to supply a mining community in Chile with drinking water
[63].

Solar desalination using humidification and dehumidification is a promising
technique for producing fresh water, especially in remote and sunny regions. It has the
potential to make a significant contribution to providing humans with fresh water using a

renewable, free and environmentally-friendly energy source [54].
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Solar energy can be used to convert saline water into fresh water with simple, low
cost and economical technology and thus it is suitable for small communities, rural
areas, and areas where the income level is very low [55]. Recent developments have
demonstrated that solar powered desalination processes are better than the
alternatives, including electrodialysis, reverse osmosis and freezing, for fresh water
prpvision in remote rural areas [56].

Solar powered desalination processes are generally divided into two categories,

direct and indirect systems.

1.5.1.3 Direct systems

The direct systems are those where the heat gaining and desalination processes
take place naturally in the same device. The basin solar still represents its simplest
application, the still working as a trap for solar radiation that passes through a

transparent cover.

Solar Still

Solar still distillation represents a natural hydrologic cycle on a small scale. The
basic design of a solar still, which is similar to a greenhouse, is shown in Figure 1.15.
Solar energy enters the device through a sloping transparent glass or plastic panel and
heats a basin of salt water. The basin is generally black to absorb energy more
efficiently. The heated water evaporates and then condenses on the cooler glass
panels. The condensed droplets run down the panels and are collected for use as fresh
water.

Experience proves that about 1m? of ground will produce 3 - 4 litres per day of
freshwater Because of this low production, it is important to minimize capital costs by
using very inexpensive construction materials. Efforts have been made by various
researchers to increase the efficiency of solar stills by changing the design, by using
additional effects such as muiti stage evacuated stills and by adding wicking material,
etc. and these modifications have increased production per unit area [14].

In the simple solar still shown in Figure 1.15, the latent heat of condensation is
dissipated to the environment. However, the latent heat of condensation can be used to

preheat the feed water, and this obviously leads to an improvement in the still efficiency.
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desalination are simple. During the process of freezing, dissolved salts are excluded
during the formation of ice crystals. Seawater can be desalinated by cooling the water to
form crystals under controlled conditions. Before the entire mass of water has been
frozen, the mixture is usually washed and rinsed to remove the salts in the remaining
water or adhering to the ice crystals. The ice is then melted to produce fresh water [14].
The main heat transfer processes, that is freezing and melting, are regenerative,
resulting in very high-energy efficiency [62].

A small number of plants have been built over the past 40 years but the process
has not been a commercial success in the production of fresh water for municipal
purposes. The most recent significant example of desalting by freezing was an
experimental solar-powered unit constructed in Saudi Arabia in the late 1980s but that
plant has been disassembled. At present, freezing technology probably has better
applications in the treatment of industrial wastes than in the production of municipal
drinking water [14, 20].

1.6.1.1 Advantages and disadvantages

= The advantages include a lower theoretical energy requirement, minimal potential
for corrosion, and little scaling or salt precipitation.

* |t can produce very pure potable water and it has special advantages to produce
water for irrigation [62].

= The disadvantage is that it involves handling ice and water mixtures that are

mechanically complicated to move and process [14].

1.6.2 lon exchange - solvent process.

In the last 50 years, ion exchange membranes have been moved from a
laboratory tool to industrial products with significant technical and commercial impact.
Today, ion exchange membranes are receiving considerable attention and are
successfully applied in the desalination of sea and brackish water and in treating
industrial effluents. They are efficient tools for the concentration or separation of food
and pharmaceutical products containing ionic species as well as in the manufacture of

basic chemical products [63].
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lon exchangers are organic or inorganic solids that are capable of exchanging
one type of cation (or anion) immobilized in the solid for another type of cation (or anion)
in solution. For example, Na* ions in solution can be replaced with H* by a cation
exchanger and CI' can subsequently be replaced with OH" by an anion exchanger
resulting in the complete “demineralization” of a NaCl solution. The process can be
reversed by regenerating the cation exchanger with an acid, and the anion exchanger
with a base. In practice, ion exchange is a useful process for completely demineralizing
water in applications where high purity is required, as in high-pressure boilers.
Unfortunately, it is not suited to treat and desalinate brackish or sea water, simply
because it is costs are prohibitive [64],65].
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2 Overview of Water Situation in Gaza Strip
2.1 Introduction

The Gaza Strip covers an area of 365 km? and has one of the highest densities of
population in the world at nearly 4,000 persons/km? [66]. Most of its people are refugees
who fled their homes in areas now controlled by Israel in the 1948 and 1967 Arab—Israeli
wars.

There is now a water crisis in Gaza Strip. According to one estimate,
approximately 160 million cubic meters (MCM) of water is pumped from the coastal
aquifer per year, but the sustainable yield of this subaquifer is about 100 MCM/year [67].
Moreover, most wells in the area produce nonpotable water by the standards of World
Health Organization [67). Because of the depletion of water and the declining economic
situation, the Gaza Strip is now suffering from environmental problems such as
salination of fresh water, contamination of underground water resources, lack of
adequate sewage treatment, desertification, soil degradation and depletion, and water-
borne diseases. Besides salts, which cause kidney disease, nitrates from solid waste
and fertilizers are the most common water contaminants. The nitrates cause blue baby
syndrome [67].

In spite of the fact that these problems are caused by the depletion of water, it
should be noted that the Gazan people consume 70 litres per capita per day, while the
World Health Organization and the United States Agency for International Development
agree that the minimum human consumption for public health and hygiene purposes is
100 litres per capita per day [67]. As the population in Gaza Strip increases (population
growth rate is 3.77% a year [71]), the consumption of water and energy will increase and
the deficit in water supply and energy resources will also rise, leading to severe health
and economic crises that will result in a significant rise in the probability of a health
disaster and/or an outbreak of conflict.

Gaza enjoys sunny weather throughout the year, with an annual daily average
solar insolation of 542W/m? [114], as shown in Figure 2.1. Solar thermal applications are
widely used and the population is familiar with solar collectors for domestic purposes.

However, solar power is not used in Gaza for water production, unlike most Middle East
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3 Water Quality
3.1 Introduction

The composition of surface and ground waters is dependent on natural
geological, hydrological and climatic influences in addition to human activity such as the
recent dramatic expansion of industrial production. Increasing population density and
urban expansion in many countries have led scientists and others to pay attention to the
alarming pollution of water resources [74].

In the last few decades it has become clear that water resources are the most
costly and vulnerable natural resource in the Middle East, and especially in the Gaza
Strip where water resources have been depleted and water quality has deteriorated [69].

The major environmental problem in the Gaza Strip is deteriorating water quality
through salinisation and pollution resulting from a deficit in the water balance in the
shallow freshwater aquifer underlying the Gaza Strip. Human activities, like agriculture
and industry, have increased the levels of pollution in this groundwater. The major
indicators of deterioration are an increase in salinity, especially chloride and nitrate
concentration. Other pollutants like hydrocarbons, heavy metals and pesticides may also
be causing serious problems but little data are available on these.

At present about 3,000 wells tap this water supply. Many years of over-pumping
have resulted in seawater intrusion and the upconing of brine groundwater. This means
that approximately 70% of the Gaza aquifer is brackish or saline water and only 30% is
fresh water [72].

Saline water may contain various pollutants such as biological, chemical and
organic contaminants, though sodium and chloride make up the most of the total
dissolved solids. For this reason, most of the desalination technologies would need pre-
treatment and post-treatment based on the influent saline water characteristics and the
nature of the desalination process. The influent water may be seawater or brackish
ground water.

The importance of water quality depends on the actual and planned use of the
water, such as for drinking, agricultural irrigation or industrial use. WHO, and other

institutions worldwide, have established regulations and standards to protect human
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health. For instance, drinking water should not contain any chemicals or micro
organisms that could be hazardous to human heath or that could contribute to the
outbreak of diseases.

Establishing water quality involves analyzing its physical, chemical and biological
characteristics. These are usually expressed in terms of the concentration of organic
and inorganic substances in the water [75].

This chapter looks at the physical and chemical contaminants and parameters of
drinking water and possible biological contaminations, in addition to saline water
classifications and the physical and chemical characteristics of seawater. It also
discusses the water quality of various desalination processes by presenting some case

studies for water quality from desalination plants.
3.2 Quality standards of drinking water

Water quality should satisfy the requirements or standards set for specific use.
The main reason for monitoring water quality is to verify whether the observed water
quality is suitable for its intended use, such as drinking [75]. There are many physical

and chemical parameters but this research will focus on those adopted by WHO.

3.2.1 Alkalinity

Alkalinity in water is its capacity to neutralize acid, and the amount of strong acid
needed to neutralize the alkalinity is called total alkalinity [75]. It can be defined as the
sum of carbonates and bicarbonates, whilst the most convenient form in which to

express alkalinity is in mg/L CaCOj3 equivalent, as in the foliowing equation.

Alkalinity = [HCO37] + 2[CO3%-] (3-1)

In most natural water, pH ranges between 6 and 8. Hard water contains metal
carbonates (mostly CaCOj3) and it is high in alkalinity.

High concentrations of sodium bicarbonate can cause taste problems and the
level of alkalinity is also important in chemical coagulation because of the buffering
capacity it imparts to the water [76, 82].

School of Engineering 42









Water Quality Solar Water Desalination

It is also the measurement of the dry-weight of particles trapped by a standard glass
filter, typically of a specified pore size of 0.45 microns.

This problem can be solved and treated during the pre-treatment stage through
sedimentation and filtration [80, 82].

3.2.6 Total Dissolved solids (TDS)

TDS in drinking-water originate from natural sources, sewage, urban run-off and
industrial wastewater. It is an expression of all inorganic and organic substances
contained in a liquid. It can also be defined as the substances remaining after
evaporation and drying of a water sample minus the suspended solids, as defined above
[81]. Meanwhile it can be calculated mathematically as shown in the following equation
but it should be less than the measured TDS [75].

The calculated TDS = 0.60 (Alkalinity) + Na* + K* + Ca®" + Mg® + CI' + SO
+ SiO3; + NO3™ + F~ + any other dissolved ions (3-3)

TDS is used as an indication of the aesthetic characteristics of drinking water and
as an aggregate indicator of the presence of a broad array of chemical contents in terms
of salinity. A high TDS count is likely to cause technical problems such as scaling in

pipes and damage to equipment [82].

3.2.7 Turbidity

Turbidity is the suspension of fine colloidal particles that do not readily settle out
of solution and so can resuit in “cloudiness”. It is determined by a nepholometer that
measures the relative amount of light able to pass through a solution. Turbidity is
reported as NTU (Nepholometric Turbidity Units). Typical reverse osmoses process

element warranties list a maximum of 1.0 NTU for the feed water [82].

3.2.8 Chloride

Chlorides, compounds of chlorine with another element or radical, are present in
nearly all natural waters. Concentrations can vary widely, but the highest concentrations

are with sodium (NaCl) and, to a lesser extent, with calcium and magnesium.
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Chlorides are one of the most stable components in water, and concentrations
are unaffected by most of natural physiochemical or biological processes. In addition
NaCl is a strong electrolyte and it has a high solubility in water [83]; in seawater,
chlorides represent more than 55% of TDS. A high chloride concentration may indicate
pollution from sewage or industrial wastes or the intrusion of seawater into an aquifer, as
in the Gaza Strip. The WHO standard for chloride in drinking water is a maximum of 250
mg/L.

The salty taste of water is caused by the ions associated with chlorides. For
sodium, the taste can be detected when the chloride concentration is at about 250mg/L
while, for calcium and magnesium, the taste may be undetectable even at a chloride
level of 1000mg/L. A high concentration of chloride has a corrosive effect on metal pipes
and is harmful to plants [75].

3.2.9 Sodium

The sodium ion is ubiquitous in water owing to the high solubility of its salts and
the abundance of mineral deposits. Concentrations vary from negligible in fresh water to
high in seawater and brackish water. Seawater contains more than 10 g/L of sodium.
The highest levels of sodium in fresh water are found in groundwater [75].

High levels of sodium are associated with groundwater in areas where there is an
abundance of sodium mineral deposits or where there has been contamination from

seawater intrusion, as is the case in Gaza (72].

3.2.10 Sulphate:

Sulphate is naturally abundant in the earth's crust and industrial wastes, mine
drainage and the breakdown of sulphur compounds may contribute to high
concentrations of sulphate in water. However, it is considered one of the least toxic
anions in water, and consequently the UK and EU standard for sulphate concentrations

is 250 mg/L, above which it can cause diarrhea [75].

3.2.11 Magnesium

Magnesium is one of the earth’s most common elements and it forms highly

soluble salts. It contributes to both carbonate and non-carbonate associated with granite
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or silicates and it increases hardness in water [75].

Excessive concentrations of magnesium are undesirable in domestic water
because of scale formation problems and also because magnesium has a cathartic and
diuretic effect, especially when associated with high levels of sulphate. The maximum
permissible value is 50mg/L according to the UK drinking water standards. Most drinking
water from wells in the Gaza Strip contains varied magnesium concentrations less than
100 mg/L [72].

3.2.12 Calcium

Calcium is found in most natural waters and its level depends upon the type of
rock through which the water has passed. Usually it is present as carbonate or
bicarbonate and sulphate, although in waters of high salinity, calcium chloride and
nitrate can also be found. Only CaCO3; + CaNOj; contribute to the hardness of water.

Calcium is an essential part of the human diet. However, the nutritional value
from water is likely to be minimal compared to that from other food sources. There is no
health objection to a high calcium content in water and the main limitations are made on
the grounds of excessive scale formation [75]. The WHO recommends a maximum level
of 200 mg/L as Ca (500 mg/L expressed as equivalent CaCO3), above which deposition
in water systems can cause major problems.

The calcium concentration in the most of the drinking wells in the Gaza Strip is
less than 100 mg/L, which means that most of this water is suitable for drinking as far as

the calcium compound is concerned [72].

3.2.13 Potassium

Potassium is a relatively common element in water. Concentrations are normally
less than 20mg/L in most groundwater but in brine and seawater it is about 380 mg/L.
The maximum permissible value is 12 mg/L according to the UK drinking water

standards. It can be measured by the flame photometry method [75].
3.3 Microbiological contamination

An important aspect of drinking water is its microbiological quality. It is of

particular significance because many types of disease can be transmitted to humans via
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pathogenic microorganisms or parasites in drinking water. Pathogenic organisms are
highly dangerous to human health [85].

The three types of micro-organisms that can be found in water are viruses,
bacteria and protozoa and these are responsible for outbreaks of hazardous diseases,

as shown in Table 3.2 [84]. In addition there can be fungi and algae.

Bacterial Saimonella (typhoid), Enterobacteria (E.coli,
Campylobacter), Cholera, Leptospirosis,
Waterborne etc.

diseases Viral Hepatitis A, Poliomylitis, Rotaviruses,
Enteroviruses

Parasitic Amoebiasis, Giardiasis, Intestinal Protozoa,
Balantidium coli.

Table 3-2: Water Borne Diseases [72]
Source: Linda and Briola, 1989

Furthermore, there are a huge number of microbial contaminants and types of
pathogens that can cause water contamination, and it is difficult to set standards for
individual pathogens [69]. Generally, around the world, faecal coliforms and coliforms
groups are used as indicators of the presence of microbial contamination in water and
they have been adopted by WHO, UK and EU standards bodies as the most effective
indicator of microbiological contamination [85].

Since groundwater is the main source of drinking water in the Gaza Strip and
since groundwater is protected from direct pollution from the land surface, it is unlikely
that most pathogens and micro-organisms that cause diseases will be found there,
especially in the deep aquifer supplying municipal wells. Moreover, all the Gazan
municipal water wells are equipped with a disinfection system using the chlorination

process [72].
3.4 Saline water classification

Saline water is water that contains significant concentrations of dissolved solids
and especially sodium chloride. Nevertheless it can be utilized as fresh water for

drinking and crop irrigation after treatment.
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As shown in Table 3.3 [86], the United States Geological Survey (USGS)
classifies saline water in three categories based on the concentration of total dissolved

solids (TDS), expressed as (ppm)

TDS - Concentration
(ppm)
1,000 to 3,000
3,000 to 10,000
10,000 to 35,000

Table 3-3: Saline water classification

Saline Water Type

Slightly saline water
Moderately saline water
Highly saline water

3.5 Physical and chemical characteristics of seawater

Seawater contains various dissolved solids that originate from natural sources,
erosion of the earth's crust, sewage, urban run-off and industrial wastewater. All of these
elements contribute to increasing the density of seawater, which is 1,030 kg/m3 while
fresh water is 1,000 kg/m>.

The average seawater salinity is about 34,482 mg/L or may be slightly higher and
the concentrations of the major salts in seawater are constant for the connected oceans
and seas. 99.29% of seawater salts are made up of six elements and compounds:
chlorine (CI'), sodium (Na*), sulphate (SO4%), magnesium (Mg?*), calcium (Ca?*), and

potassium (K*). Table 3.4 illustrates the chemical characteristics of seawater.

Parameter Symbol Concentration

Y : . (ppm)
Chloride Cr 18,980
Sulphate SO~ 2,649
Bicarbonate & Carbonate | HCO3; + CO3% 140
Bromide Br 65
Borate HzBO3- 26
Fluoride F 1
Sodium Na* 10,556
Magnesium Mg ** 1,272
Calcium Ca“* 400
Potassium K+ 380
Strontium sre* 13
Overall total salinity 34,482

Table 3-4: Average concentration of major ions in sea water [87]

School of Enginesering




Water Quality Solar Water Desalination

It is clear that chloride and sodium ions represent more than 85% of the total
dissolved solids [87]. Moreover, seawater also contains various fine suspended
materials such as sand, clay, microorganisms, viruses and colloidal materials and the

size of these materials varies over the range of 0.05 to 0.150 um [88].
3.6 Drinking water standard.

The chemical, physical and biological standards of drinking water are set to
ensure human health. Standards show great differences in the permitted concentrations
for various chemical substances; some, such as sulphate, are relatively harmless to
health and can be tolerated up to 250 mg/L and are considered to have no long term
health effect, while others, like mercury and cadmium, need low and stringent limits
because of their toxicity and the tendency of the body to bio-accumulate them.
Meanwhile, many of physical parameters such as pH, colour, turbidity, temperature and
hardness, and aesthetic, physical and taste characteristics are still subject to much
debate.

Many types of disease can be transmitted to humans through drinking water.
which could be caused by pathogenic microorganisms and parasites, so stringent
standards for drinking water have been adopted by water monitoring departments
around the world [85] The standards of the main chemical and physical parameters for
drinking water, adopted by the UK and the World Health Organization (WHOQ) in 1993
and by the European Union (EU) in 1998 can be found in Table 3.5.

Parameters UK Standards WHO Standards | EU Standards (mg/L)
_ (mg/L) (1993) (mg/L) (1993) (1998)

Chloride 400 250 250
Nitrate 50 50 50
Fluoride 1.5 1.5 1.5
Sulfate 250 Not mentioned 250
Calcium 250 Not mentioned Not mentioned
Magnesium 50 Not mentioned Not mentioned
Sodium 150 200 200
Potassium 12 Not mentioned Not mentioned
Hardness 60 as Ca/l 150-500 Not mentioned
Electrical 1500 uS/cm 2500 uS/cm 2500 yS/cm
conductivity
Turbidity <4 NTU <5 NTU Not mentioned

Table 3-5: Standards of drinking water adopted by (WHO) [4,85]
Adapted from the UK 1993, WHO 1993 and EU 1998 drinking water standards
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3.7 Water quality and desalination processes.

Desalination is a process in which saline water is separated into two parts: one
that has a low concentration of dissolved salts and which is called fresh water, and the
other with a much higher concentration of dissolved salts than the original feed water,
and which is usually referred to as brine concentrate [14].

Some desalination processes incorporate a pre-treatment stage for water influent.
The main goal of pre-treatment is to reduce feed water pollution, such as turbidity, iron,
silica, algae and microbial contamination, in order to improve the efficiency of the
desalination plant and to reduce technical problems and equipment breakdown.

Thermal desalination processes, like multi-stage flashing (MSF) and multi-effect
distillation (MED), do not require pre-treatment except for the addition of anti-scaling
chemicals to prevent salt precipitation. However, in membrane processes like reverse
osmosis (RO), pre-treatment is crucial because it protects membrane surfaces from
fouling and also provides protection for the high-pressure pumps and avoids the
clogging of the RO section.

In the pre-treatment stage, the saline water is filtered from debris, particles and
suspended solids by a multimedia gravity filter that removes particles larger than 10 ym.
The water is biologically disinfected by injecting chemicals like sodium hypochlorite to
remove algae and bacteria and to prevent micro-organism growth. Also added are ferric
chloride as a flocculant and sulphuric acid to adjust pH and to control scale formation
[27].

Post-treatment for the desalinated water is carried out in all desalination
processes because it is generally stabilizes the water to meet the potable water
specifications. It may include chlorination for disinfection, carbonation and aeration to
remove dissolved gases such as hydrogen sulphide and carbon dioxide [20].

The following section looks at case studies on pre-treatment and post-treatment

for thermal and membrane water desalination processes.

3.7.1 Thermal desalination quality case study

Khawaiji and Wie (1994) [16] presented pre- and post-treatment processes for two

thermal multi-stage flashing desalination plants: a land-based plant and a barge-
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mounted plant, both of which consisted of 8 units with an estimated total volume of
3,080 m*hr

The pre-treatment of seawater was carried out in the seawater supply system
before the feedwater entered the MSF distillation system. The supply system consisted
of an open intake channel, pump house, NaOCI generators and return piping. The pump
house consisted of seawater pumps, screens and traversing trash rakes.

in the pre-treatment unit, the seawater passed through the screens and
sedimentation tanks before the addition of anti-scale materials such as a scale inhibitor
to avoid salt precipitation.

Post-treatment consisted of the injection of a mild caustic solution into the
discharge of the product water pumps to maintain the pH of the water in the range of 8-
8.5. This dosage minimized corrosion by the distillate of the product pipes. The caustic-
dosed distillate became process water and contained few dissolved solids. Its
conductivity was less than 10 4S/cm.

The desalinated water was stored in epoxy-coated steel storage tanks for
distribution for industrial uses, while the processed water was used within the power
plant to supplement boiler water and for closed loop cooling water systems.

For drinking water use, the stored caustic-dosed water received further post-
treatment to produce potable water. This consisted of four unit operations: carbonation,
liming, chlorination and aeration [16].

Carbonation and liming

Carbonation and liming, based on the addition of CO, gas and hydrated lime,
were used to increase the hardness and alkalinity of the water to desirable levels. Thus

the water became well buffered and non-aggressive.

Chlorination

In this process, chlorine was injected into the water for disinfection in two stages,
the supply system and the desalinated product water, with chlorine dosage rates of 0.7

mg/L and 0.5 mg/L respectively.
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Aeration

The dissolved oxygen content of the distillate was negligible because oxygen had
been driven out for corrosion control by the MSF process. The water was aerated to

replace oxygen and this improved its taste.

Results

The produced fresh water was of high purity and contained a very small amount
of dissolved solids [16]. Table 3.6 presents the typical water quality of the fresh water

product samples, all of which met the WHO standards for drinking water.

Quality parameter ‘ , Unit | Measured quality value
Temperature °C 25-32
H (at 25°C) 8.4

Residual chlorine mg/L 1
Conductivity uS/cm 90
Total alkalinity mg/L as equivalent CaCO3 [ mg/L 40
PP alkalinity, mg/L as CaCO; mg/L 1

Carbonate alkalinity, mg/L as equivalent mg/L

CGCO;} 2
Bicarbonate alkalinity, mg/L as equivalent mg/L

CaCOg3 38
Total hardness, mg/L as equivalent mg/L

CaCO3 40
Calcium hardness, mg/L as equivalent mg/L

CaCO3 40
Dissolved oxygen, mg/L at 25 °C mg/L 7
Turbidity NTU 1

Table 3-6: Water quality analyses data

3.7.2 Solar stills quality case study #1

Samee, Mirza, et al. (2007) [55] studied a simple single-basin solar still for water
desalination in rural areas to solve the big problem in the southern and south western
arid regions of Pakistan where the underground water is usually brackish water and can
not be used for drinking.

The production of fresh water varied directly with the amount of solar radiation

and the ambient temperature. The maximum hourly production was in the afternoon
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when the temperature was at its daily peak. The average daily output was found to be
1.7 litre/ day for a basin area of 0.54m?,

Three water samples from different sources were used in the experiment. One
was drinking water coming from the Simly dam, the second was from brackish ground
water with a highly turbidity and salinity, and the third sample was prepared in the
laboratory. All the samples were tested before and after desalination for total dissolved
solids (TDS), electrical conductivity (EC) and pH.

Table 3.7 shows the results of the tests on each sample, before and after
desalination. and demonstrate that the quality of the desalinated water met the WHO

drinking water standards on these parameters [55].

Sa&?le - TDS (mglL) pH - Conductivity (¢S/cm)
Before After Before After Before After
Desalination | Desalination | Desalination | Desalination | Desalination | Desalination
1 370 30 6.72 6.50 1.291 0.041
2 544 84 6.78 5.74 1.668 0.031
3 17663 226 7.58 6.13 85.3 0.0885

Table 3-7: Tested water quality parameters

3.7.3 Solar stills quality case study #2

Hanson et al (2004) [89] presented a laboratory and field study for a single-basin
solar still for desalination of contaminated raw water in southern New Mexico at New
Mexico State University in the USA. They reported on the performance of solar stills in
the removal of selected inorganic, bacteriological and organic contaminants.

Six solar stills were designed with modifications by the El Paso Solar Energy
Association (EPSEA). Their dimensions were 2.47m x 0.94m; the high side wall was
0.15m and the low side wall was 0.05m, in addition to heat insulation.

Various types of feed water were used in order to test and evaluate the treatment
efficiency of the stills. In stills Nos. 1 and 2, tap water from the municipal source was
used as a control and the other four stills used water from contaminated wells and

prepared samples in the laboratory.
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Stills No.3 to No.6 were all used to test removal of salinity, hardness, pH, fluoride
and nitrate. Only stills No. 3 and No. 4 were used for the bacteriological and pesticide
tests.

In all cases, samples were taken from the input source and from the output water
product and they were analyzed in the laboratory for the identified contaminants.

The results of laboratory analysis of water quality showed very high removal
efficiencies of more than 99% for salinity, total hardness and fluoride and of more than
99.9% for bacteria, in addition to the successful removal of volatile organic compounds
and pesticides [89].

These results confirm that solar still systems can produce high quality drinking

water from a poor water source.

3.7.4 Membrane desalination quality case study

Abou Rayana and Khaled (2002) [90] presented a case study for a seawater
desalination plant operated by reverse osmosis technology with a capacity of 2000 m°/d
located at Dahab city in the south of Sinai, Egypt.

The salinity (TDS) of the feed seawater was 44,000 ppm. The station consisted of
4 units with each unit having a maximum capacity of 500 m%d.

The plant was designed to operate in three stages: the pre-treatment system, the
RO unit and the post-treatment stage. The chlorination and chemical systems were

shared with the post-treatment system.

3.7.4.1 Pre treatment and RO unit

This stage consisted of a seawater disinfection unit, multi media filters and
cartridge filters. In the disinfection unit, sodium hypo-chlorine solution was added to
disinfect and kill micro-organisms and to protect the membrane against bio-fouling.
Other chemicals, such as anti-scale materials, were added to prevent membrane
clogging by salt precipitation.

The multi media filter unit consisted of two filters in series. The first filter was for
sand and the second was for activated carbon filtration. The plant had one cartridge filter
of 5 micron pore size so that particles larger than 5 micron could not enter the

membranes.
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3.7.4.2 Post-treatment

Post-treatment of the product water consisted of chlorination to disinfect the water
put into the potable water network and chemical treatment for pH adjustment within the
range of 7.5-8.5.

3.7.4.3 Results

It was concluded that pre-treatment is the most crucial stage in reverse osmoses
plants because it protects membrane surfaces from fouling and also it provides
protection to the high-pressure pumps and avoids the clogging of the RO section.

The produced fresh water was of acceptable dissolved solids content compared
with the WHO guidelines for drinking water.
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4 Overview of Recent Investigations of Small Scale Thermal
Desalination Units

There have been numerous studies conducted on small scale solar water
desalination to try to improve system efficiency and water productivity.

Zhang and Yuan (2007) [91] studied a closed circulation solar desalination unit
based on the principles of humidification and dehumidification. This study focused on an
analysis of water production and system performance by investigating the effect of the
cooling water flow rate, the feed water rate and the structural dimensions. Similarly,
Eames et al. (2007) described the theoretical and experimental investigation of a small
scale solar powered barometric desalination system and, comparing the results with the
given theory, they showed that the production rate of fresh water depended on three
main factors, namely the heat exchanger effectiveness of the condenser, solar insolation
and pressure [92].

A single solar still connected to a flat plate collector has been studied by various
researchers. Voropoulos et al. (2001) carried out an experimental investigation of a
basin still coupled with 24 flat plate solar collectors and a storage tank. They used the
tank to increase the water distillation during the night and also to utilize the available
waste heat coming from thermal processes nearby. The water in the tank could be
heated either directly or indirectly through the heat exchanger. The system was
investigated under two conditions. In the first case the distillation unit was coupled with
the solar collectors only. In the second case tests were conducted incorporating the
storage tank. The results demonstrate a maximum productivity of 35.29 kg/day in the
first case and 47.77 kg/day in the second case, at a solar insolation of 18.5 MJ/m? [93].

Schwarzer et al. (2001) built a solar desalination plant consisting of a tower
housing 6 stages and a heat recovery system with an area of 0.8m x 0.8m connected to
a 2 m? flat plate solar collector. Its numerical simulation showed that the system could
reach water productivity of 25 kg/mzlday, with a variation of 4.8 kW/m?/day. The water
quality analysis also showed a high purity of produced water, achieving 99% of physical
and chemical contaminant removal and 100% of biological contaminant removal [94].

Many researchers have tried to improve the thermal efficiency and water

productivity performance of still technology by building new prototypes and through

School of Engineering 57



Overview of Recent Investigations Solar Water Desalination

experimental and theoretical analysis. The productivity of such systems remains low and
limited in comparison with still systems coupled with solar collectors. Bouchekima (2002)
[95] and Chaibi (2000) [96] performed a theoretical analysis and experimental study on a
basin still and the results showed that efficiency increases with an increase in solar
radiation and brine temperature and with recovery of the latent heat of condensation.

Badran et al. (2005) investigated a basin still of a 1m? area coupled with a flat
plate collector of a 1.34 m? area and found that the overall efficiency was 27 % with a
maximum total daily productivity of 4.6 kg/day [97].

A multi-effect desalination system with air evacuation to allow the water to
evaporate at low temperatures, coupled with a solar collector and photovoltaic cells, was
designed by Abu Jabal et al. (2001) in the Gaza Strip. This system consisted of three
effects made from transparent glass and utilizing the latent heat of evaporation and
condensation in addition to a direct and indirect heating system. The dimensions of the
system were 9 m in length, 3.2 m in width, and 2.3 m in height. The dry weight was
approximately 5 tons and the operating weight was 11 tons. The area of the solar cells
was about 5.1 m?, and the evaporators were about 3.3 m-long cylinders with a heat
exchanger. The highest production achieved was in July when 204.5 kg/day level was
recorded and the lowest was on a day in December with no production at all [98]. Multi
effect solar stills were investigated also by Toyama et al. (1987) [99].

Abakr and Ismail (2005) designed a theoretical and experimental investigation of
a multi-stage evacuated solar still coupled with a flat plate solar collector working under
atmospheric pressure and pressure evacuation [100] where the latent heat of the vapour
condensate from the first stage was passed to the next stage. Their work proved that
water productivity could be higher with pressure evacuation of 0.5 bar; this produced
14.2 kg/m? day compared to 9 kg/m? day under the atmospheric pressure condition.
Numerical modeling of a multi stage solar still with an electrical heater instead of solar
energy for power input was presented by Jubran and Ahmed et al. (2000) and this
proved that 9 kg/mzlday could be produced with a distillation efficiency of 87 % [101]. In
the same context, Abdel Dayem and Adel (2006) investigated the performance
efficiency of a multi stage condensation and evaporation solar water desalination unit

coupled with a flat plate solar collector. Their field experiments and numerical simulation
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demonstrated that the system could work continuously with fresh water production of 24
L/day [102].

Hou and Zhang (2008) proposed a hybrid desalination process using a multi-
effect humidification—dehumidification system heated by solar collectors and concluded
that the output ratio is increased by 2 - 3 when the rejected water is reused [103].

Garg and Adhikari et al. (2002) tested an MEH solar system to provide
continuous hot water to a desalination unit over a 24 hour period by system modeling
based on solving heat and mass transfer equations. The result showed that the rate of
distilled water production varied linearly as a function of water temperature at the
humidifier [104]. Muller-Holst et al. (1999) studied the same concept on a small scale
thermal seawater desalination apparatus and showed that the water productivity
depended on the magnitude of the thermal energy used in the evaporation process [61].

A numerical simulation study on a multi-stage stacked tray solar still for the
steady state condition was conducted by Adhikari et al. (1995) [105] where the steady
state model was developed and validated theoretical results experimentally on a three-
stage unit with an immersion type electric heater used as a heating source. Multi-effect
solar stills were also investigated by Toyama et al. (1987) [106] and a similar system
was described by Abakr and Ismail (2005) [100].

A water desalination system using low grade solar heat was studied by Al
Kharabsheh and Goswami (2003) [9]. Their system utilized gravity and atmospheric
pressure to create a vacuum to evaporate the liquid rapidly with a lower temperature
and with less energy than in conventional techniques. The experimental results
illustrated the superior performance of this system since it produced twice the quantity of
fresh water compared to a flat basin solar still.

Fernandez and Chargoy (1990) studied experimentally and theoretically a multi-
stage indirectly heated solar still with a W-shape condensing surface and coupled with
32 flat plate collectors. Each of these collectors had an effective area of 1.59 m?. During
the experiment a maximum daily production of 77.2 kg was achieved. They concluded
that multi-stage desalination of seawater was a sound and reliable technique, but the
undesirable flow of steam that bypassed the condenser in the pan immediately above

the evaporator was detrimental to the overall performance [107].
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5 Aims and Objectives of Research
5.1 Conclusions from literature

From literature review, large scale thermal and reverse osmosis desalination
processes operating on fossil fuels are one of the main technologies in the world playing
a crucial role in providing fresh water. However, the use of such plants in remote coastal
areas is not always economically viable despite the general commercial success of
these technologies. Extensive Research and Development activities are still ongoing to
find new feasible methods to produce drinking water. These include small scale systems
using solar energy since very often people in developing countries also experience a
shortage in fossil fuel and electricity supply.

In remote locations, conventional basin solar stills with a relatively large footprint
area are an example of this simple technology. The disadvantages of basin solar stills
include their relatively low performance due to excessive heat losses to the ambient
surrounding, their generally low thermal efficiency and progressing reduction in
efficiency over the exploitation period because of the scaling and accumulation of salt
impurities.

Analysis of previously published papers shows that the possibility of using
relatively compact multi-stage tray solar stills, coupled with flat-plate solar collectors, has
been investigated by a number of researchers. But this study is concerned with the
development of a novel small scale solar water desalination technology and includes
experimental and theoretical investigations of the operation of a multi stage solar still
desalination system coupled with a heat pipe evacuated tube solar collector.

It also can be concluded that most of the previous work shows that mainly
lumped-parameter type models are used for the theoretical modeling of the operation of
multi-stage tray solar stills. In addition, simulations are often restricted to just the steady
state operation at a fixed value of insolation.

This work describes the mathematical model of a multistage tray solar still for
transient numerical simulations when insolation varies over the whole daylight period. It
also shows how the developed mathematical model can be used to determine the

rational design parameters of the solar still for a given aperture of the evacuated tube

School of Engineering 60



Aims and Objectives of Research Solar Water Desalination

solar collector in addition to the simulation of number of stages as a function of water
productivity.

Currently, carrying out the experimental investigations is no longer restricted to a
specific solar insolation region because the presence of the light solar simulator at

Durham University makes it possible to simulate any solar insolation condition available.
5.2 Research objectives

The main objectives of this research are:

o to develop a mathematical model of the still;

e to carry out the experimental study on the test rig in order to investigate the
performance of a multi stage solar still coupled with an evacuated tube solar
collector;

¢ to compare the theoretical calculations with the experimental results;

e to conduct a water quality analysis for the distillate product;

¢ to conduct an economic study to examine the feasibility of this system.
5.3 Scope of work

This research was carried out through several routes.
The literature for all desalination technologies has been thoroughly reviewed, with
a particular concentration on the solar powered water desalination technologies.
The theoretical and experimental analysis has also been studied for the multi
stage solar still through the following activities:
¢ A mathematical model based on a thermodynamic analysis for heat and mass
transfer has been developed.
¢ The experimental work has been carried out to investigate the performance of
water productivity of this system which includes the preparation of a synthetic
saline water solution, data collection, system set up and its assemblage.
e Water quality analysis for each stage in the system has been performed for all
distillate samples during the day.
e The developed model has been calibrated and validated by the experimental
results obtained.
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¢ MATLAB program code has been developed based on the transient numerical
model to simulate the water productivity and temperatures inside the still stages
and to use to still sizing.

e Engineering Equation Solver program code has also been developed to solve the
experimental results.

e A computational fluid dynamic (CFD) simulation model using FLUENT 6.2
software has been developed to simulate the evaporation and condensation
processes inside the stages of the solar still.

e The economic study has been performed for the desalination system by
developing an economical model to simulate different design parameters so that
the best option could be selected based on the lowest product cost.

o Conclusions and future work have been highlighted.
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6 Lumped Parameter Mathematical Model

6.1 System description and operating principle.

A water desalination test rig was built at Durham University comprising a four-
stage metallic still coupled with a 20 evacuated tube solar collector. This rig was built
within the framework of investigations on the development and improvement of static still
and, most importantly, dynamic solar water desalination methods. The major
components of this test rig was described by Mahkamov et. al. (2007) [108]. Figure 6.1
presents a schematic diagram of the test rig with the multi-effect still. Each stage is
made of steel and has a rectangular form with the length and width equal to 1200 mm
and 400 mm, respectively,

The first (bottom) stage of the apparatus, with the largest volume, contained the
main body of the saline water. The remaining stages of the still were identical in design
and were open at the bottom but covered at their top by an angled water tray The water
depth was about 40 mm and covered a serpentine copper tubular heat exchanger fixed
to its base using plastic clippers.

Solar energy was utilized in the multi-effect still in several phases. First, the
energy flux absorbed by the solar collector was used to increase the temperature of the
liquid which was continuously circulated in the closed “solar collector manifold’-*heat
exchanger” loop. The energy then was transferred to the brackish water in the first stage
of the still via the above tubular heat exchanger. The temperature of the saline water in
the bottom stage increased and this resulted in the production of water vapour which
condensated on the slopping surface of the second stage tray since the temperature of
the saline water in the tray was lower than that of the water in the bottom stage. Droplets
of the condensate were formed on the slopping surface and these flowed under gravity
towards the tray's edge and they were collected in the trough. From the trough, the
condensate was taken out and collected in the metering cylinder. The latent heat of
condensation was utilized to gradually increase the temperature of saline water in the
tray of the second stage of the still and then the process of condensation was repeated

between the second and third stages and the third and fourth stages, respectively.
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e The distillate product leaves the desalination system with the temperature equal

to that of the condensation surface 7.

e The system’s heat losses to the ambient environment through the still walls and

the mineral wool insulation were evaluated based on the insulation material’'s

thermal properties.

¢ The model was designed to simulate and predict the water production of the

desalination system over a 24 hours period, based on the heat supply during a

light day with variable insolations (W/m?).

6.2.1 Mathematical Model

The mathematical model derived here represents the system of energy and mass
conservation equations written for each stage of the still in the form of ordinary

differential equations. Figure 6.2 presents a calculation scheme of the still and its energy

balance diagram

The energy conservation equations can be expressed as follows:

¢ The first stage of the still:

. . . dT .

Ql‘l_’"cl(h fe1 +cpTrl)z Mslcp d’SI +AQlassc:I; (6-1)

-The second stage:

’hcl”.fg| - ’i’ez (h.fgz + Cerrz ) = M:ZCp d(T{'_SZ+ AQlosscs 2 ) (6-2)
t

-The third stage:

’i’czh.fgl - ’)‘ch(h.fgj + cpTrj) = MsJCp (171'—:3 + AQIOS:CS 3 ; (6-3)
[¢

-The fourth stage:

’hc.\h'fgj - 'i'cd (I’.j’gd + CpTr-l) = Mshlcp dT‘M + AQIUSSCS 4 ’ (6_4)

Q, in equation 4-1 is heat input rate to the still:

Qu = mr‘cp (TS(‘inIul - TSCnuIlel) ; (6-5)
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Figure 6-2: A calculation scheme of the still in the lumped-parameter model

Mass conservation equation for each stage can be written as:

M i (6-6)
dt

During the experiments and after many repetitions of experiments it was
observed that there was a difference in the temperature between the condensing
surface and its next upper evaporation surface for each stage. Hence these differences
in temperature were taken into consideration in the model. In the fourth stage the
condensing surface temperature was determined as a function of water bed temperature

based on the fitted experimental temperature results as follows:
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T,=T,-2K; (6-7)
T,=T,-27K; (6-8)
T,=T,-1l1IK. (6-9)

In the fourth stage the temperature of the condensing surface (°C) was
determined as a function of the water bed temperature as:

T., =T, - (0.00007T, —0.015T2 +0.9763T,, ~10.324), (6-10)

c

The above empirical corrected equations. Equations 6.7 to Equation 6.10 are
appropriate for the proposed multi stage still configuration and could be used in other
design prototypes built on the same concept. The results of theoretical calculations
based on the validated model demonstrated an acceptable level of accuracy in the
predication of system water productivity and performance design parameters compared
with the experimental results as shown in the next chapters.

The heat of evaporation is mainly dissipated from one stage to another through
the condensation surface of each stage and the rest is used to increase the temperature
of the produced fresh water.

During calculations the amount of heat losses AQ, . in each stage was
calculated and the amount of water evaporated and the distillate output in the " were
equal. The dependence of the magnitude of the latent heat and the refined latent heat of
vaporization of water from current temperatures were determined as proposed by
Cooper (1969) [109] and [110], relatively:

h (T;)=1000 *[(3161.5—-2.40741 (T, + 273)]; (6-11)
/i

h .=h +0.68C,(T,-T,). (6-12)
S g S g

where T is the water bed temperature (°C) and T, is the water condensation
temperature (°C).
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The heat capacity of water is defined as a function of its temperature as
suggested by Eames et al. (2007) [92] as:

C,; =1000*[4.2101-0.0022<T; +5*10’5x7}2—3*10“7><7;3] : (6-13)
In these equations hgis in J /kg, Tin (°C) and C, in J/kg °C

6.2.2 Determination of heat transfer coefficients

Convective heat transfer coefficient

In convective loss coefficient the heat transfer occurs by free convection due to
the temperature gradient in the fluid. Hence the rate of heat transfer coefficient from the
water surface to the bottom surface of the next stage upward can be obtained according
to Dunkle (1961) [111].

B A
h., =0884x| (T, —T,)+ Lu—Pa)Ts +273) |7 (6-14)
268.9x10° - P,

and vapour pressures can be calculated as suggested by Fernandez and Chargoy
(1990) [107].

25 317 -1
T,+273

p,=e . (6-15)

In these equations the temperature is in (°C) and pressure is in (Pa).

Evaporative heat transfer coefficient
The mass transfer coefficient h,y as a function of the convective heat transfer

coefficient hsc can be calculated as proposed by Cooper (1973) [111].

h,, =16273x10h_, (%l;i] . (6-16)

6.2.3 Determination of distilled water

The distillate output rate in stages can be taken equal to the mass evaporation

rate of brackish water in the corresponding stages as follows:
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T.-T)h .A.
’hei - ( 5t h(.“l‘: ewt St . (6-17)
fgi

6.2.4 Solar collector efficiency

The solar collector efficiency can be defined in terms of inlet and outlet fluid
temperatures of the collector manifold, the area of the collector, and mass flow rate. This
was suggested by Yuan and Zhang (2007) [91] as follows:

m c C p (TSCinlel - T.S‘Comlel )

n, = (6-18)
G Acollecl
6.2.5 Distillation efficiency
The distillation efficiency for the still system was defined as:
4
Zmeihfsf
Naisiin =fl.— . (6-19)
o
The overall efficiency of the system is calculated as:
4
Zmeihfgi
”ovemll':’_i_ . (6'20)

GA

collect

The above mathematical model was used to develop a computer program in
MATLAB software. In the first stage of numerical investigations the program was used to
simulate the operation of the still using boundary and initial conditions identical to those
in physical experiments. After experimental validation, the model was used in the
second stage of investigations in order to determine rational design parameters and

number of stages of the still for a given aperture of the evacuated solar collector.
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7 Computational fluid dynamic — (CFD) simulation

CFD simulation was used to simulate the condensation and evaporation
processes inside the first stage of the solar still. A 3D model was set up using FLUENT
6.2 CFD software. Segregated solver and multiphase VOF model were used to simulate
the transient processes inside the first stage of the still.

Multiphase flow regimes can be grouped into four categories: gas-liquid or liquid-
liquid flows, gas-solid flows, liquid-solid flows, and three-phase flows. In this case, the

gas liquid regime has been considered [112].
7.1 Description of volume of fraction (VOF) model.

The VOF model can model processes in two or more immiscible fluids by solving
a single set of momentum equations and tracking the volume fraction of each of the
fluids throughout the domain. Typical applications include the prediction of jet breakup,
the motion of large bubbles in a liquid, the motion of liquid after a dam break, and the
steady or transient tracking of any liquid-gas interface.

The VOF formulation relies on the fact that two or more fluids (or phases) are not
interpenetrating. For each additional phase that is added to the model, a variable is
introduced which is the volume fraction of the phase in the computational cell. In each
control volume, the volume fractions of all phases sum to unity. The fields for all
variables and properties are shared by the phases and represent volume-averaged
values, as long as the volume fraction of each of the phases is known at each location.
Thus the variables and properties in any given cell are either purely representative of
one of the phases, or representative of a mixture of the phases, depending upon the
volume fraction values [112].

If the ¢, fluid's volume fraction in the cell is denoted as «, then the following
three conditions are possible:
a, =0 when cell is empty (of the g, fluid);
a, =1 when the cell is full (of the g, fluid);

0<a, <1 when the cell contains the interface between the ¢, fluid and one or more

other fluids.
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7.2 Continuity equation

The tracking of the interface(s) between the phases is accomplished by the
solution of a continuity equation for the volume fraction of one (or more) of the phases

as shown in the following equation:

1 a - n . .
— a(a,,pq) +Ve(a,p,0,)=S,+ (my—m,) | (7-1)

q p=1

where m, , is the mass transfer from phase qto phase p. m, is the mass transfer from

phase pto phaseq. By default, the source term on the right-hand side of Saq is zero,

but it can be specified as constant or user-defined mass source for each phase.
The volume fraction equation will not be solved for the primary phase; the
primary-phase volume fraction will be computed using the following condition:

Ya, =1 (7-2)

g=

7.3 Momentum equation

A single momentum equation is solved throughout the domain, and the resulting
velocity field is shared among the phases. The momentum equation shown below is

dependent on the volume fractions of all phases through the properties [112].
%(p5)+VO(pGD):—Vp+V0[,u(VD+V5T)]+p§+F. (7-3)
7.4 Energy equation

The energy equation, also shared among the phases:

2 (pE)+ Y+ (B(oE + p) =V 8 (VT +5,. (7-4)

The VOF model treats energy, £, and temperature, 7" as mass-averaged variables as in
the following equation:
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2.a,pPE,
q=\ . (7'5)

Zaqpq

q=I1

where E for each phase is based on the specific heat of that phase and the shared

temperature.

The properties pand kg (effective thermal conductivity) are shared by the
phases. The source term, S, contains contributions from radiation, as well as any other
volumetric heat sources [112].

7.5 Mass and heat transfer user defined function

In calculations the mass and heat transfer has been simulated using external user

defined function (UDF) for energy, liquid and vapour mass transfer (See Appendix C).
7.6 Evaporation and condensation mass transfer

For liquid temperatures greater or equal to the saturation temperature, the

evaporation rate is determined as:

m‘, — r\'alp/](-’Tl - sal) . (7_6)

For vapour temperatures less than the saturation temperature, the condensation

rate can be calculated as:

_ rlarpr(Tsul —Tv)

Saf

(7-7)

m,

The user can specify saturation temperature and, if desired, “time relaxation parameters”
r, and r, (Wen Ho Lee (1979)).

Unidirectional mass transfer  is constant: m,, =ra,p, [113].
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8 Experimental Study

The main objectives of the experimental study were to investigate the
performance of the multi stage solar stills technology coupled with evacuated solar
collectors in terms of fresh water productivity and to compare the theoretical results with

the experimental ones.
8.1 Experimental setup

A water desalination system consisting of a four stage still, a 20 evacuated tube
solar collector, a heat exchanger and a circulation pump, was created in the thermo
fluids laboratory at Durham University. the schematic diagram of its main components is
described above in Figure 6.1.

8.1.1 Evacuated tube solar collector

The 20 evacuated tube solar collector with heat pipes inside each tube has the
aperture area and absorbance surface of about 1.7m? and 2.20m? respectively. The
condensing zone of the heat pipes is in contact with fluid in the header of the solar
collector. In order to extend the testing range, the rig was equipped with an artificial
source of radiation, which consisted of 110 halogen fioodlights and with area of
approximately 1.8 m? simulates the solar radiation (insolation). The maximum electrical
power of each floodlight is 150W. The array of floodlights was divided into three groups
and connected to the grid via a 3-phase transformer which allowed the level of heat flux
to be varied to simulate change in solar radiation over the day. Figure 8.1 shows the
array of flood lights installed in the test rig. Table 8.1 shows the main specifications of

the solar collector.
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Four graduated metering cylinders were used to collect and measure the fresh

water distillate from each stage, as shown in Figure 6.1.
8.2 Experimental test procedure

Prior to the experiments, the solar still was assembled so that all sections were
horizontal and covered by thermo-insulation made from mineral wool.

The still was filled with synthetic brackish water from a single inlet point at the top
of the still. The level of the water in each stage is controlled by adjusting the height of
the special overflow pipe. When the level of the saline water reaches the desirable
height in the angled tray then the water overflows to the next stage. The bottom stage is
also equipped with overflow pipe which maintains a 40 mm water depth. When the
system is full then the overflow pipe valve is closed. The volumes of the water in the
first, second, third and fourth stages were 18.4, 4.2, 4.8 and 4.3 litres, respectively. The
water depth in the angled trays varied from 0 to 25 mm.

The system was tested in conditions simulating a typical mid-summer day in the
Middle East region. Thus the information on the variation of the solar radiation on 15
July 2004 [114] in this region was used and this is illustrated in Figure 8.7. The voltage
of electrical power supplied to floodlights was adjusted every 20 minutes in order to
simulate the insolation profile in accordance with the calibration diagram presented in
Figure 8.8. This calibration was conducted at variable voltage using a pyronometer to
measure the insolation for different locations on the light solar panel. Then the
measured data was averaged and analyzed to produce the insolation voltage diagram
as shown in Figure 8.8. The array of flood lights installed in the test rig replace the solar
flux by heat flux and these lights cannot reproduce the sun’s UV radiation. There are
special bulbs which reproduce a UV band but they are extremely expensive. However
the measured solar collector efficiency was found to be within the range of the
manufacturer’s solar panel efficiency as shown in the experimental results. Hence the
error of calibration was slightly small.

The mass flow rate of water through the collector was kept at 5.8 litres/min as
recommended by a manufacturer. The tests were repeated several times and the water

condensed during experiments was collected into four separate metering cylinders and
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then the amount of the condensate was measured after a 24 hour period. An analysis of

water quality was also performed at the end of the experiment.
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Figure 8-7: The mid-summer insolation variation in the Middle East region
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Irrespective of the lower overall desalination efficiency in terms of solar collector
input heat, the overall production of distilled water as an expression of the total
evaporative surface was found to be in accordance with the literature. This said that the
overall all basin still efficiency should be about 25%, with a daily production 2 to 3
litre/m?%/day and rarely would it reach 4 litre/m?/day. Fernandez (1990) argued that the
highest water production of a multi stage still coupled with flat plate collector was 1.6
litre/m?/day. Coupling the desalination system with evacuated tube solar collectors
achieved a higher distilled water production of 4.94 litre/m?/day.

Eventually the water productivity performance of the partially insulated condition

proved to be the most feasible scenario for operating this desalination system
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9 Modeling Simulation and determination of rational design
parameters

9.1 Model simulation
A computer program for the proposed lumped parameter mathematical model
was developed on Matlab language 2007a to simulate the design parameters and the

water productivity inside multi stage stills, as illustrated in Figure 9.1

Read Input Data
L, W,,h; Still

v

Specify initial parameters
Ts1v TsZ: Ts.‘.h Ts4: Qc

¥

/ Read Time (t=0) /

.
L

v

Calculate convective and evaporative
heat transfer coefficients

4\ Determination of predicted
Temperature and water production

t=t+1
Yes
No
¥
Print Results
Ts, Tc: my, ...... etc

Figure 9-1: Computer simulation program flowchart
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In this case we have two sets of pH experimental analysis results with means of

X, and x, and we need to test whether (¥,-x,) differs significantly from zero. The

statistical parameter t and the arithmetic mean x can be obtained as follows: [116]

——t; (10-1)

(10-2)

where s is the standard deviation and can be caiculated for each set of data as shown in

the following equations :

Slar2

(10-3)

. \/(n. ~Ds? +(n, ~)s; (10-4)

(n, +n,-2)

To determine whether the difference is significant or not, the absolute value of ||
should be compared to the critical value r, with degrees of freedom equal to (n, +n, —2)
for a particular significance level, which is recommended to be 5% and can be obtained
from the statistical tables or by using Excel statistical analysis package.

If |f| value is greater than the critical ¢, value, the null hypothesis will be rejected
and the difference is significant at a level of 5%.

At — test was conducted to test the significance of the differences between three
sets of pH analysis values for three days. The calculations were carried out using the
statistical analysis package in the Excel software. Table 8.2 shows the resuits of

calculations between the first and the second sets of data, the first and the third sets of
data and the second and the third sets of data respectively.
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11 Economic Study
11.1 Cost analysis

There are many ways to analyze the economics of solar desalination systems. In
this study, the method proposed by Mattheus F. A. et al. (2000) [117] was applied. This
suggests that, in order to determine the unit cost of distilled water produced by the
desalination system, it is necessary to calculate the total amount of fresh water
produced and the total cost of the system, including capital, operating and maintenance
costs over a certain period of time. In addition to these parameters, salvage value,

product cost and the payback period should be considered.

11.1.1 Water distillate product

The daily distillate output for the system for 24 hours working can be calculated

as follows:

24hr
m, = J'n'zedt. (11-1)

1=0

The average annual distillate output can be calculated using the following

equation:

1 365
= — . 11-2
nﬂ (365J2;”MJ ( )

11.1.2 Solar desalination plant cost

The total cost of the desalination system in terms of the actual annual cost can be

expressed as:

Actual annual cost (AC) = The first annual cost (M)+ Annual maintenance cost
(AMC) — Salvage value (N)

In order to make an assessment of the cost effectiveness of the proposed

system, the following cost analysis method should be conducted.
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If P is the capital cost of the system and CRF is the capital recovery factor, the

first annual cost of system M can be determined as.

M = P*CRF; (11-3)
with
_ 4" (11-4)
(1+r)" ~1

where r is the interest rate (%) of the lending bank and n is the life of the system (in

years). The latter is the expected lifetime of the system without loss of efficiency.

11.1.3 Salvage value of the system

The salvage value (S) of the system is the expected market value at the end of
useful life of the desalination plant. This was considered to be 40% of the usable
material cost. Hence the annual salvage value (N) of the system can be obtained in the

&

following equation

N =S8« S8FF; (11-5)
where SFF is the sinking fund factor:

SFF=—o (11-6)
(1+r) -1

11.1.4 Running cost

Maintenance is very important to keep the system in a proper working condition
and the annual maintenance cost is the expenditure necessary to replace broken parts,
and to clean and protect the system from corrosion and scaling.

The Annual Maintenance Cost (AMC) is taken as a percentage of the first annual
cost (M) according to Goosen et al. (2000) [117]

11.1.5 Product cost

If the annual yield of the system is taken as Y, then the product cost per litre (PC)
can be determined as:

School of Engineering 109



Economical Study Solar Water Desalination

PC=A—YC. (11-7)

and the yield per US$ dollars (y) can be calculated as follows

Y

- (11-8)

y

11.1.6 Payback period

The main purpose of calculating the pay back period is to determine the time
point at which the capital invested in the project will be recovered by annual returns, and

this can be obtained as:
Payback — Period = % *Y. (11-9)

11.2 Multi stage still system

11.2.1 Capital cost of the distillation unit

The capital cost of a water desalination system coupled to an evacuated tube
solar collector to produce a potable drinking water from seawater or underground
brackish water can be expressed as follows:

+h,

[)T otal — PMuIli—SliIls + P Hem—E,\'rhangcr+ R Pump

Solar-Collector

+PPiping' (11'10)

The capital cost of the unit includes the initial cost of the metal sheets required for
the fabrication and construction of the distillation unit, insulation materials, other required
components and materials such as gasket, clamps and adhesive, and labour. It can be

calculated as:

Brtuti-siins = Fops + Py + Py + By (11-11)

The quantity of metal sheets required for fabrication of the distillation unit shown

in Figure 6.1 can be determined as:

PSM =AMthmCM' (11-12)
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where Ay, p,, I, are the total area, the density, and thickness of metal sheets

respectively and C,,is the cost price per kg.

It is necessary to fully insulate the multi stage still unit, except for the top tray,
using 150 mm mineral wool insulation. Therefore the cost of insulation can be calculated
as:

P, =4C,. (11-13)
11.2.2 Solar panel cost

The cost of the evacuated tube solar collector depends on its area and can be
calculated as:

F.)YolnF—Collcclorz ACC(' . (1 1-1 4)
11.2.3 Heat exchanger cost

It was assumed that the heat exchanger is made of the parallel copper tubes
connected in serpentine pattern. The quantity of required pipes and the cost can be

determined as:

D * DY
A, =”{(7h+th) —(—ZL) ]; (11-195)

IDh :Allphlhch' (11'16)
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In the design process, it is necessary to take into account that saline water is very
corrosive towards metallic alloys. Additionally materials should be carefully selected to
have no adverse health impacts. There are some alloys such as titanium, stainless steel
and aluminum alloys which satisfy the above requirements.

The capital cost of the desalination unit has been calculated for different design
combinations and for different N and R values according to the proposed economic
model and results for cases when stainless steel type material and aluminum alloys

were used are presented in Table 11.1 and 11.2, respectively.
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Calculation of the RO load power

The total power load required to operate the RO during 24 hours is 518.40 W/day
= 21.6 Wh/day. RO units normally use the DC type motors; hence an inverter is not
required and the PV arrays can be connected directly to the charge controller, the
battery and to the RO system, as illustrated in Figure 11.5.

Sizing the photovoltaic generator.

To design the PV module it is important to take into consideration not only the RO
unit power load but also other parameters such as inverter losses, battery losses and
the PV thermal losses [118]

The peak power of the PV generator (Py,) is obtained as: [119]
Fo = pssu f zly,, T

(11-17)

where PSSH is the peak sunshine hours and it was found for the Palestinian territories

to be 5.4 hours [119]. n,.= Inverter losses, 7, = Battery losses = 15%, and Sg= Safety

factor, for PV thermal losses for Palestinian environment =1.15%
Using above values in Equation 9.17, we obtain the peak power of PV array:
518.4

= —————*1.15=130W
5.4*0.85

The PV array should produce 130 W and to install this power, a high-power
module using multi-crystalline silicon cells with 14.3% module conversion efficiency and
a gross area of 129.3 cm x 33.8 c¢cm rated at open circuit voltage 21.3 volts, and a short
circuit current of 3.2 A is necessary. A peak power of P, = 50 W, was selected. Then
the necessary number of PV modules (N,,) is 3.

= B =@=3
S & 50

mmp

(11-18)

Sizing of the battery storage

Battery storage is required to stabilize the energy input to the RO unit and to

compensate for solar insolation variations due to cloudy days and temperature
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variations. Hence, battery storage should be selected to be able to operate the system
for 24 hours. The battery block capacity can be determined based on the ampere hour
capacity (Can) and watt hour capacity (Cwr) of the battery block, which is necessary to
cover the load demands, as follows [119]:
Can = v, * DO;::‘ n,*n.. ;

(11-19)

Ca=Cu*V, (11-20)

) o

By assuming the maximum battery discharge to be 50% and considering 24 V

output is required from battery block

518.4

" 4%0.5%0.9
and

=484h;

C, =48*24 =1152Wh .

wh

In order to satisfy the power load of the battery block capacity, two batteries (each
one rated at 12 V/50 A h) were selected and connected in series to build a battery biock
with an output at 24 VDC/ 50 A h.

The charge regulator

An appropriate battery charge regulator should be able to cope with the short
circuit current of the PV array 3.2 Amp and it is necessary to protect the battery block
against deep discharge [119] and overcharge and prevent reverse current flow at night.

Hence a charge regulator was selected for 24 V and 10 A.

11.3.3 Economic analysis of RO system

The economic analysis was conducted in the way identical to that for a multi
stage still plant.

To study the economics of RO water desalination system coupled with
photovoltaic solar modules to produce potable drinking water from underground brackish
water with total dissolved solids up to 2500 mg/L, it was necessary to estimate the
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demonstrated that such variations had a very small affect on the output costs and could
be ignored.

The annual expected output of desalinated water was 66.15 m® and the annual
cost was 463 US$. Hence the cost of 1 m® of desalinated water was 7.0 US$
(463/66.15).

However, this cost varies greatly with the quality of the influent saline water. It
was found that the total dissolved solids concentration should be less than 2,500 mg/L
because TDS concentrations greater than that result in dramatic increases in the cost of
desalination. For example, the desalination cost of 1 m® of sea water using RO units is
five times the cost of 1 m? of brackish water.

From the above results it can be concluded that reverse osmosis desalination
units coupled with photovoltaic modules could help to solve the scarcity and shortage in
water in remote and rural areas and especially in poor regions such as the Gaza Strip.

Maximizing the size of a RO unit decreases the output cost because larger RO
units show dramatic increases in water production with smaller increases in the power
required. Increasing the time of operation of RO units would improve the water
productivity with most economical cost where the relation between the cost price and

RO unit size is not proportional linearly.
11.4 Summary

In summary, it can be concluded that the study of reverse osmosis units
connected to photovoltaic cells proved this to be a viable and feasible option with lower
costs compared with multi stage distillation but its high initial capital cost could restrict its
widespread use.

.The highly reliable multi stage solar desalination operation makes its installations
possible to help to solve water scarcity in remote and rural areas where there is a lack of
experienced technicians and especially in the poor areas like the Gaza Strip. Because
any serious fault during the operation of a RO unit can ruin its membranes, these plants
should be operated and maintained by skilled technicians. Also it is still expensive to

collect solar energy by photovoltaic cells and store it in batteries.
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Eventually in polluted areas, distillation processes especially in a multi stage solar still
are preferred for desalination because water is boiled and this ensures that the distilled

water does not contain any biological contaminants.
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12 Conclusion and Future Work
12.1 Conclusion

A new promising technology of solar water desalination has been thoroughly
studied through experimental investigation and theoretical analysis. A multi-stage solar
still coupled with an evacuated tube solar collector panel was tested and simulated
under conditions of a typical mid-summer day in the Middle East region.

It was found that the fresh water production capacity of the system was 4.94
litre/m?/day with a distillation efficiency of 89.7%. This is higher than that of both
conventional stills and stills coupled with flat plate collectors. An Engineering Equation
Solver program code was developed to calculate the experimental results and these
showed a good correlation with the results of the theoretical analysis.

It was also found that the depth of water body had a direct effect on the system’s
performance; when the depth of water in the still was increased, the water production
decreased and the system needed more time to reach a steady state condition.

A mathematical model based on differential equations of mass and energy
conservations was developed for transient numerical simulation and calibrated by the
experimental results. Experimental validation of the model demonstrated that it provides
an acceptable level of accuracy in the prediction of the performance of the system.
Therefore it can be used for the determination of rational design parameters of the multi-
stage basin for a given aperture area of the solar collector.

A rational design simulation analysis was carried out for design parameters, such
as the number of stages and the evaporation area relative to the solar collector area for
real dynamic variations in the solar insolation. This showed that the evaporation area of
the system should be increased by a factor of 2.

The simulation and optimization results also demonstrated that the performance
of the system could be considerably improved and that the production of fresh water
could reach as high as 11 kg/m?day.

A computational fluid dynamic (CFD) model using FLUENT 6.2 with multiphase
segregated solver and VOF model was developed to simulate the evaporation and

condensation processes inside one of stages of the solar still. At this stage the obtained
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CFD results can be used for qualitative analysis of certain details of the heat transfer
processes taking place inside the distillation still.

A water quality analysis for total dissolved solids, electrical conductivity and pH
was performed on the distilled water and the results showed that quality was well within
the range defined by the World Health Organization guidelines for drinking water.

An economic model was developed to determine the cost of the system and It
was found that the cost of the fresh water produced would be 0.016 US$/litre and that
the payback period would be 6 months based on the price for bottled water in Palestine.
The capital cost is relatively high, but the system could be viable if it is manufactured in
other regions, such as China, where the cost of the components and labour is lower.

However the proposed multi-stage solar desalination still is a prospective
technology which could prove to be viable in remote and rural areas and particularly in
politically unstable regions with an intermittent electricity supply like the Gaza Strip.
Though the operating costs are low, the capital costs of the system are likely to inhibit its
development and widespread use in the near future unless these capital costs are paid
or subsidised by international aid.

The other advantage of the desalination system is that it is powered by a
completely environment-friendly and sustainable energy source. This advantage could,
in itself, attract international aid from countries interested in reducing climate change,
especially if they were given credit for such aid by some of the carbon trading schemes

currently under international discussion.
12.2 Future Work

Potentially, a multi-stage solar still coupled with an evacuated tube solar collector
could achieve higher thermal efficiency and greater fresh water production. Hence,
further research should be conducted to investigate the effect of non-condensing gases
and pressure evacuation to enhance water evaporation at lower temperatures.

In practical terms, the recommendation would be to increase the evaporation area
of the still and to couple the fourth stage with a saline water storage tank in order to
utilize the latent heat of condensation in the last stage as much as possible. The
increase in salt concentrations during the distillation process also needs to be studied.

Finally, greater attention must be paid to reducing heat losses from the system.
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Appendix A: Engineering Equation Solver program code

Description of Engineering Equation Solver software - EES

EES is a powerful tool for solving engineering problems and it is particularly
useful in solving thermodynamic and heat transfer problems since it offers several built-
in libraries comprising of thermodynamic and thermo physical properties,

EES provides capabilities not found in any other equation solving program. EES
will solve large sets of non-linear algebraic and differential equations. EES also provides
publication-quality plots, linear and non-linear regression, optimization, unit conversion
and consistency checking, Built-in functions are provided for thermodynamic and
transport properties of many substances, including steam, air, refrigerants, cryogenic
fluids. Additional property data can be added. EES also allows user-written functions,
procedures, modules, and tabular data. EES can also interface with REFPROP and

other NIST fluid property programs.

"MODULE FOR CALCULATION OF FIRST STAGE PARAMETERS"

MODULE Evaporationl (Ts,Tc,Tci,Tco,As,mc,Ms,G:me,DT,mfresh,Qc,mehfgo,Collector_Effeciency)

cpc=(4.2101-0.0022*Tco+0.00005*((Tco)*2)-0.0000003*((Tco)*3))*1000 "Specific Heat [J/kg.°C]"
cp=(4.2101-0.0022*Ts+0.00005 *((Ts)*2)-0.0000003*((Ts)"*3))* 1000 "Specific Heat {J/kg.°C]"
hfg=((3165.5-2.40741*(Ts+273))*1000) "Latent Heat of Vaporization [J/kg]"
Hfg_o=hfg+cp*(0.68*(Ts-Tc)) " Refined Latent Heat of Vaporization [J/kg]"
Qc=mc*cpc*(Tco-Tci) "Solar collector heat inzput [wi"
ps=exp(25.317-5144/(Ts+273)) "Partial Pressure [N/m*] at Surface Water"
pc=exp(25.317-5144/(Tc+273)) “Partial Pressure [N/m?] at Bottom Surface of Next
Stage”

hsc=0.884*((Ts-Tc)+(Ts+273)*(ps-pc)/(268.9*1000-ps))*(1/3) "Heat Transfer coeficient [W/m’.C)"
hew=16.273*0.001*hsc*(ps-pc)/(Ts-Tc) ."Mass Evaporation Transfer coeficient {W/m%.C]"
me=(Ts-Tc)*hew*As/hfg "Mass Evaporation Flow Rate [kg/sec]”

mfresh=me*60

mehfgo=me*Hfg o

Qc-me*hfg=Ms*cp*dTdt

Ts=Ti+Integral(dTdt, time,0,60)

DT=Ts-Ti

Collector_Effeciency=(Qc*100)/(G) "Collector Efficiency [%]"

END
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"MODULE FOR CALCULATION OF THE SECOND STAGE PARAMETERS"

MODULE Evaporation2(Ts,Tc,heat],As,Ms:me,DT,mfresh,mehfgo)

cp=(4.2101-0.0022*Ts+0.00005*((Ts)*2)-0.0000003*((Ts)*3))*1000 "Specific Heat [J/kg.C]"
hfg=((3165.5-2.40741*(Ts+273))*1000) "Latent Heat of Vaporization [J/kg]"
Hfg_o=hfg+cp*(0.68*(Ts-Tc)) " Refined Latent Heat of Vaporization [J/kg]"
ps=exp(25.317-5144/(Ts+273)) "Partial Pressure [N/m?] at Surface Water"
pc=exp(25.317-5144/(Tc+273)) "Partial Pressure [N/mz] at Bottom Surface of Next Stage”
hsc=0.884*((Ts-Tc)+(Ts+273)*(ps-pc)/(268.9*1000-ps))(1/3) "Heat Transfer coefficient [W/m>.C]"
hew=16.273*0.001*hsc*(ps-pc)/(Ts-T¢c) "Mass Evaporation Transfer coefficient [W/m2.C}"

me=(Ts-Tc)*hew*As/(1000%(3165.5-2.40741*(Ts+273))) "Mass Evaporation Flow Rate [kg/sec]”
mfresh=me*60

mehfgo=me*Hfg_o

heatl-(Ts-Tc)*hew* As=Ms*cp*dTdt

Ts=Ti+Integral(dTdt, time,0,60)

DT=Ts-Ti

END

"MODULE FOR CALCULATION OF THE THIRD STAGE PARAMETERS"

MODULE Evaporation3(Ts,Tc,heat2,As,Ms:me,DT,mfresh,mehfgo)

cp=(4.2101-0.0022*Ts+0.00005*((Ts)*2)-0.0000003*((Ts)*3))*1000 "Specific Heat [J/kg.C]"
hfg=((3165.5-2.40741*(Ts+273))*1000) "Latent Heat of Vaporization [J/kg]"
Hfg_o=hfg+cp*(0.68*(Ts-Tc)) " Refined Latent Heat of Vaporization [J/kg]"
ps=exp(25.317-5144/(Ts+273)) "Partial Pressure [N/m?] at Surface Water"
pc=exp(25.317-5144/(Tc+273)) "Partial Pressure [N/m’} at Bottom Surface of Next Stage"
hsc=0.884*((Ts-Tc)+(Ts+273)*(ps-pc)/(268.9*1000-ps)*(1/3) "Heat Transfer coefficient [W/m?. °C]"
hew=16.273*0.001 *hsc*(ps-pc)/(Ts-Tc) "Mass Evaporation Transfer coefficient [W/m?.°C)"

me=(Ts-Tc)*hew*As/(1000*(3165.5-2.40741*(Ts+273))) "Mass Evaporation Flow Rate [kg/sec]”
mfresh=me*60

mehfgo=me*Hfg o

heat2-(Ts-Tc)*hew*As=Ms*cp*dTdt

Ts=Ti+Integral(dTdt, time,0,60)

DT=Ts-Ti

END

"MODULE FOR CALCULATION OF THE FOURTH STAGE PARAMETERS"

MODULE Evaporation4(Ts,Tc,heat3,As,Ms:me,DT,mfresh,mehfgo)

cp=(4.2101-0.0022*Ts+0.00005*((Ts)*2)-0.0000003*((Ts)*3))*1000 “Specific Heat [I/kg.°C]"
hfg=((3165.5-2.40741*(Ts+273))*1000) "Latent Heat of Vaporization [J/kg]"
Hfg_o=hfg+cp*(0.68*(Ts-Tc)) " Refined Latent Heat of Vaporization [J/kg]"
ps=exp(25.317-5144/(Ts+273)) "Partial Pressure (N/m?] at Surface Water"
pc=exp(25.317-5144/(Tc+273)) "Partial Pressure [N/m?] at Bottom Surface of Next Stage"”
hsc=0.884*((Ts-Tc)+(Ts+273)*(ps-pc)/(268.9*1000-ps))*(1/3) "Heat Transfer coeficient [W/m2. °C]"
hew=16.273*0.001*hsc*(ps-pc)/(Ts-Tc) “Mass Evaporation Transfer coeficient [W/m2. °C]"

me=(Ts-Tc)*hew*As/(1000*%(3165.5-2.40741*(Ts+273))) "Mass Evaporation Flow Rate [kg/sec]"
mfresh=me*60
mehfgo=me*Hfg o
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heat3-(Ts-Tc)*hew* As=Ms*cp*dTdt
Ts=Ti+Integral(dTdt, time,0,60)
DT=Ts-Ti

END

"PROCEDURE TO SOLVE THE NET HEAT INPUT TO THE DESALINATION
SYSTEM AND HEAT EXCHANGER EFFECTIVENESS"

PROCEDURE heattransfer(Thxci,Ts,Thxco,mc,Pa:uh,Qhe,efhx)

mu=Viscosity(Water,T=Thxci,P=Pa) "Viscosity |kg/m.s]"
re=4*mc/(3.14*0.015*mu) "Renold Number"
If re<=2300 then
nu=3.66
else
pr=Prandtl(Water,T=Thxci,P=Pa) "Prandil Number"
nu=0.023*re”0.8*pr"0.4 "Nussel Number”
endIf
k=Conductivity(Water,T=Thxci,P=Pa) "Conductivity[W/m.K]"

hf=nu*k/0.015
uh=1/(1/hf+0.0006)

cp=(4.2101-0.0022*Ts+0.00005*((Ts)*2)-0.0000003*((Ts)*3))* 1000 "Specific Heat [J/kg.°C]"
m=-3.14*0.015*7*uh/(mc*cp)

n=exp(m)

Qhe=mc*cp*(Thxci-Ts)*(1-n)

efhx=1-n "Heat exchanger effectiveness”

END

$ifnot ParametricTable

T1 "Temprature at Surface water ot stage 1 {°C|"

T2 "Temprature at Surface water of stage 2 [°C]"

T3 "Temprature at Surface water of stage 3 [°C]"

T4 "Temprature at Surface water of stage 4 [°C]"

Tcl "Temprature of condensing Surface at stage 1 [°C]"
Tc2 "Temprature of condensing Surface at stage 2 [°C]"
Tc3 "Temprature of condensing Surface at stage 3 [°C]"
Tcd "Temprature of condensing Surface at stage 4 [°C]"
Asl “Surface Area of Water Body at Stage 1 [m*]"

As2 “Surface Area of Water Body at Stage 2 [m?]"

As3 . "Surface Area of Water Body at Stage 3 [m?]"

As4 "Surface Area of Water Body at Stage 4 [m*)"

Msl "Mass of Water at Stage 1 [kg]"

Ms2 "Mass of Water at Stage 2 [kg]”

Ms3 "Mass of Water at Stage 3 [kg]"

Ms4 "Mass of Water at Stage 4 [kg]"

Tci "Temprature of Influent Solar Collector [°C]"

Tco “Temprature of Effluent Solar Collector [°C]"
Thxci : "Temprature of Influentof Heat Exchanger [°C]"
Thxco "Temprature of Effluent Heat Exchanger [°C]"

Gl “Solar Radiation Insolation [W/m’]"
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mcl _ : "Mass Flow Rate of Fluid through the Collector”
Pl "Atmospheric pressure [Pa]"
$endif

CALL Evaporationl(T1,Tcl1,Tci,Tco,Asl,mc1,Ms1,Gl:mel,DT1,mfresh1,Qcl,mehfgol,Collector_Effeciency)
heatl=mehfgol

CALL Evaporation2(T2,Tc2,heatl,As2,Ms2:me2,DT2,mfresh2,mehfgo2)

heat2=mehfgo2

CALL Evaporation3(T3,Tc3,heat2,As3,Ms3:me3,DT3,mfresh3,mehfgo3)

heat3=mehfgo3
CALL Evaporation4(T4,Tc4,heat3,As4,Ms4:me4,DT4,mfreshd,mehfgod)

CALL heattransfer(Thxci, T 1,Thxco,mc1,P1:uh,Qhe,efhx)

School of Engineering A-4



Appendix B MATLAB Simulation Model Program Code

Appendix B: MATLAB Simulation Model Program Code

%%%%%¥Matlab Water Desalination Modelling Code for Water Prediction %%%%%%%%%
FEEEEEL%%% Optimization of Different Evaporation Area $%%%%33%33%%3%%3%3%%%%%%

L=[(0.4,0.6,0.8,1,1.2,1.5,1.75,2,2.25,2.5,2.75,3,3.5,4] %%Multi stage still
length
for n=1:max(size (L))
for Ll1l=L{n)
L2=L(n)
L3=L(n)
L4=L(n)

h1i=0.04; h2i=0.025; h3i=0.025; h4i=0.025; %%% initial height
of water stages - dimention in m
Msl=0.4*L1*h11*1000-1.24; %%/mass at first stage= volume*rho

Ms2=(0.2*L2* (h2i}))*1000; $%/mass at second stage= volume*rho
Ms3={(0.2*L3*(h3i))*1000; $%/mass at third stage= volume*rho
Ms4=(0.2*L4* (h4i))*1000; $%/mass at fourth stage= volume*rho

Asln=0.4*L1l; %%/ area of water surface at the beginning
As2n=0.4*L2; %%/ area of water surface at the beginning
As3n=0.4*L3; %%/ area of water surface at the beginning
Asdn=0.4*L4; %%/ area of water surface at the beginning

Ta=18.44;Ts1=12.5;Ts2=12.4;Ts3=12.3;Ts4=12.2; %// Initial Temperatures of each
stage

Qc=[483,740,923,1048,1116,1106,1017,857,658,422,0,0,0,0,0,0,0,0,0,0,0,0,0,0};
%//Variation of Solar radiation(W/m2)during the day

Mwl=Msl; Mw2=Ms2;Mw3=Ms3;Mwd=Ms4d; %//Initial Mass of water at each stage
time=1; %Time in second

BEEIEELELE5995%39%%%%Loop iteration for period division %%%%333¥2H32HH2EBH3%%

FEELELLBELEILEELE92%%%% loop for segmentation and interpolation of the solar
insolation for each second $%%%%3EHFLBBE852%%%

s=1;
for i=1:(max(size(Qc))-1);
dk=(Qc{i+1)-Qc(i))/3600;
Q(s)=Qc(i); %#ok<AGROW>
for j=2:3600;
s=s+1;
Q(s)=Qc(i)+(j-1)*dk; %#ok<AGROW>
end
end

Q(s+1)=Qc(i+l);
for i=l:max(size(Q))};

Qci=Q(i);
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EEEBLLEEL3BEEE%%%% Call function for Stage (l)Calculations $%%3%%5%%%%5%%%%%%%

[epl,hfgl,Tcl,hscl,mel, mfreshl,DT1, Tsnl,mehfgl,Mnl,Asl,hl]=Evaporationl (Tsl,Ts
2,Ta,Qci,Msl,Ll,time);%// First Stage Function

Tslo(n,i)=Tsnl; $%#ok<AGROW>

melo(n,i)=mel; %$#ok<AGROW>

meclo(n,i)=Mwl-Mnl; $%$#ok<AGROW>

Tclo(n,i)=Tcl; %#0k<AGROW>

Aslo(n,i)=Asl;

Tsl=Tsnl;

Msl=Mnl;

Mtlo{(n)=Mwl-Mnl; %%% Total production of water

Mnetlo(n,i)=Mnl; %% net stage water mass for each iteration decreasing
hlo(n)=h1*100; %%//height in cm

hlof(n)=hli; $%$%%1lstage water depth(Mwl+1.24)*100/(As1*1000)
Aslof(n)=Asln; %%%% Area of 1lst stage at the begining
Llo(n)=L1 .

DTlo(n,i)=DT1l; %%// Temperature difference at the 1lst stage
heat2=mehfgl;

FEEEEH395%2%539%%%%3%%Call function for Stage (2) Calculations %3%%3%%%%33%%%%%

[cp2,hfg2,Tc2,hsc2,me2, mfresh2,DT2, Tsn2,mehfg2,Mn2,As2,h2]=Evaporation2 (Ts2,Ts
3,Ta,heat2,Ms2,L2,time); %// First Stage Function

Ts20(n,i)=Tsn2; %#ok<AGROW>

me2o0(n,i)=me2; %#ok<AGROW>

mec20(n, 1) =Mw2-Mn2; %#ok<AGROW>

Tc2o0(n,1i)=Tc2;

As20(n,i)=As2;

Ts2=Tsn2; $#0k<AGROW>

Ms2=Mn2;

Mt2o0(n)=Mw2-Mn2; %%% Total production of water

Mnet2o(n,1i)=Mn2; %% net stage water mass for each iteration decreasing
h20(n)=h2*100; %%//height in cm %%% the remaining depth
TEELEBILBILLBEBLEB33%%%

As2of(n)=As2n; %%%% Area of 4th stage at the beginning

L20(n)=L2

DT20(n,i)=DT2; %%// Temperature difference at the 2nd stage
heat3=mehfg2;

FEFEELEBEITEXED%%%83%% Call function for Stage (3) Calculations %%%%%%3%%3%%%%

[cp3,hfg3,Tc3,hsc3, me3, mfresh3,DT3, Tsn3,mehfg3,Mn3,As3,h3]=Evaporation3 (Ts3,Ts
4,Ta,heat3,Ms3,L3,time); %// First Stage Function
Ts3o(n,i)=Tsn3;

me3o(n,i)=me3;

mec3o{(n, i) =Mw3-Mn3;

Tc3o(n,i)=Tc3;

As3o(n,i)=As3;

Ts3=Tsn3;

Ms3=Mn3;

Mt3o(n)=Mw3-Mn3; %%% Total production of water
Mnet3o(n,i)=Mn3; %% the remaining net water mass at each stage
h3o(n)=h3*100; %%//height in cm %%% the remaining depth
heatd=mehfg3;

As3of (n)=As3n; %%%% Area of 3rd stage at the beginning
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L3o(n)=L3
DT3o0(n,i)=DT3; %%// Temperature difference at the 3rd stage

TEEITELLTEELIBYEEH%%% Call function for Stage (4) Calculations $%%3%%%3%%%%%

[cpd4.hfgd,Tcd4,hscd,med ,mfreshd,DT4,Tsnd,mehfgd,Mnd,Asd, hd] =Evaporationd (Ts4, Ta
,heatd4 ,Ms4,1L4,time); %// First Stage Function

Tsd4o0{(n,i)=Tsn4; %$#ok<AGROW>

medo({n,i)=med; $#ok<AGROW>

mecdo(n, i) =Mwd-Mn4; %H#ok<AGROW>

Asdo(n, i)=As4d;

Tcdo(n,i)=Tcd; %#ok<AGROW>

Tsd4=Tsn4;

Mtd4o(n)=Mwd-Mnd; %%% Total production of water

Mnetdo(n,i)=Mnd; %% net stage water mass for each iteration decreasing
h4o(n)=h4*100; %%//height in cm %$%% the remaining depth

Asdof(n)=Asdn; %%%% Area of stages at the begining

L4o(n)=L4

DT40(n,i)=DT4; %%// Temprature diffrence at the 4th stage

h4o0f(n)=2.5+ (Mw4*100/(1000*As4))-0.0125*100; %%% the depth of water at the
begining

Ms4=Mn4;

end
end

TotalDistillatel (n)=sum(melo(n, :));
TotalDistillate2(n)=sum(me2o0(n, :));
TotalDistillate3 (n)=sum(me3o(n, :});
TotalDistillate4d (n)=sum(medo(n, :));
AllTotalDistillated (n)=TotalDistillatel (n)+TotalDistillate2 (n)+TotalDistillate
3(n)+TotalDistillated (n);
end

FTEEBLBLLIBILBBLEBE%3%%% First Stage Function 3%%33E33T4EFLLLELL3L589%92%%%%%

function

(cp.hfg, Tc,hsc,me, mfresh, DT, Tsn,mehfg, Mn, As,h]=Evaporationl (Ts,Tsc,Ta,Qci,Ms,L
, time)

cp=(4.2101-0.0022*Ts+0.00005*((Ts)"~2)-0.0000003*((Ts)~3))*1000; %//

"Specific Heat [J/Kg.C]"

hfg=(3165.5-2.40741*(Ts+273))*1000; %//"Latent Heat of Vaporization {J/Kgl"

if Ts<=100
Ts=Ts;
else
Ts=100;
end

if Tsc+2.0<=Ts;

Tc=Tsc+2.0;

else
Tc=Ts-0.0000001;
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end

As=0.4*L;

h=(Ms+1.24)/(0.4*L*1000); %%% Depth of water in m and 1.24kg=heat exchanger
weight volume
cpc=(4.2101-0.0022*(Tc)+0.00005*((Tc)"2)-0.0000003*((Tc)"3))*1000; %//
“Specific Heat [J/Kg.C]"

ps=exp(25.317-5144/(Ts+273)); %// "Partial Pressure [N/m2] at Surface Water"
pc=exp(25.317-5144/ (Tc+273)); %$// “"Partial Pressure [N/m2] at Bottom Surface
of Next Stage"

hsc=0.884*((Ts-Tc)+(Ts+273) *(ps-pc) /(268.9*1000-ps) )"~ (1/3); %//"Heat
Transfer coeficient [W/m2.C]"

hew=16.273*0.001*hsc* (ps-pc)/ (Ts-Tc) ; %// "Mass Evaporation Transfer
coeficient [(W/m2.C}"

me=(Ts-Tc) *hew*As/ (1000*(3165.5-2.40741*(Ts+273)) ) ; %// "Mass Evaporation

Flow Rate (Kg/sec]"
mfresh=me*time;

Hfg_o=hfg+cp* (0.68* (Ts-Tc)) ; %$//"Modified Latent Heat of Vaporization
{J/Kg]™"
Ut=((1/hsc)+(0.15/0.044))"~-1; %//"Total heat loss transfer coefficient
(W/m2.K}"
if Ta>=Ts

Ta=Ts;

else
Ta=Ta;
end

if (Ms-me*time)>0

DT=((Qci*2.2*0.7517-me*hfg-me*cpc* (Tc+273) -
((UE)*(0.16*(1.2*2+0.4*2)+0.4*1.2))*(Ts-Ta) ) *time)/((Ms-me*time) *cp) ;
else
DT=0
end

Tsn=Ts+DT;

mehfg=me*Hfg_o; %%// The input heat of the next stage
Mn=Ms-me*time; %%The remaining water mass at each stage
As=As;

5558532392998 %Second, Third, and Fourth Stages Function %$$%%%3%%%%%3%%%%%

function

[cp,hfg, Tc,hsc,me, mfresh, DT, Tsn,mehfg,Mn, As, h]=Evaporation2 (Ts, Tsc, Ta, heat,Ms,
L,time)

cp=(4.2101-0.0022*Ts+0.00005*((Ts)"2)-0.0000003*((Ts)"3))*1000; %//

"Specific Heat [J/Kg.C]"

hfg=(3165.5-2.40741* (Ts+273))*1000; %//"Latent Heat of Vaporization {J/Kg]"

if Ts<=100
Ts=Ts;
else
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Ts=100;
end

if Tsc+2.7<=Ts;

Tc=Tsc+2.7;

else
Tc=Ts~0.0000001;

end

h=sqrt (Ms/ (8000*L)); %% length in (m)

As=16*h*L; %% Area in (m2)

cpc=(4.2101-0.0022* (Tc)+0.00005*( (Tc)~2)-0.0000003*((Tc)"3))*1000; %//
"Specific Heat [(J/Kg.C]"

ps=exp(25.317-5144/ (Ts+273) ) ; %$// "Partial Pressure [N/m2] at Surface Water"
pc=exp(25.317-5144/ (Tc+273)) ; %// "Partial Pressure [N/m2] at Bottom Surface
of Next Stage"

hsc=0.884* ((Ts-Tc)+(Ts+273) *(ps-pc)/ (268.9*1000-ps) )"~ (1/3); %//"Heat
Transfer coeficient [W/m2.C]"

hew=16.273*0.001*hsc* (ps-pc)/ (Ts-Tc) ; %$// "Mass Evaporation Transfer
coeficient [W/m2.C]1"

me=(Ts-Tc) *hew*As/ (1000*(3165.5-2.40741* (Ts+273))); %// "Mass Evaporation

Flow Rate [(Kg/sec]"
mfresh=me*time;
Hfg_o=hfg+cp*(0.68* (Ts-Tc) ) ; $//"Modified Latent Heat of Vaporization
[J/Kgl"
$%//hfg_c=(3165.5-2.,40741* (Tc+273))*1000 %//"Latent Heat of Vaporization
[J/Kgl"
Ut=((1/hsc)+(0.15/0.044))"-1;
if Ta>=Ts
Ta=Ts;
else
Ta=Ta;
end
if (Ms-me*time)>0
DT=(heat- (Ts-Tc) *hew*As-me*cpc* (Tc+273) - (Ut) *(0.125*%(1.2*2+0.4*2) * (Ts-
Ta))) *time/ ( (Ms-me*time) *cp) ;

else

DT=0;
end
Tsn=Ts+DT;

mehfg=me*Hfg_o;
Mn=Ms-me*time;
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Appendix C ' FLUENT 6.2 CFD Simulation Model Input File

Fluent input file

1. Step 1: Set up and read case model
¢ Read the mesh file Multi-stage-still. msh
e Check and display the grid
2. Step 2: Model
o Select Solver Unsteady
¢ Define Multi phase model
(a) Select the Volume of Fluid multiphase model.
(b) Enable the Implicit Body Force formulation.
3. Step 3: Enable the Energy Equation.
4. Step 4: Materials '
¢ Create two new fluid materials, liquid water and vapour water, and steel material
solid from the fluent build in library
5. Step 5: Phases
¢ Define the primary phase as water vapour phase.
¢ Define the secondary phase as water liquid phase.
o Specify the interphase interaction and specify the surface tension coefficient
value 0.0608 N/m
6. Step 6: Operating Conditions
¢ Define Operating Conditions...
(a) Enable Gravity and set the Gravitational Acceleration in the Y direction to -
9.81 m/s?,
(b) Enable specified Operating Density and set the Operating Density to
0.5542 kg/m®.
7. Step 7: User-defined Function - UDF
In this model a UDF is used to specify the mass transfer between the phases.
The mass transfer terms for each phase (vapor and liquid), are equal and have Opposite
signs. They are specified as source terms in volume fraction equations and have units of
kg-sec/m>. In addition, there is an energy source temperature to take into account the
latent heat absorbed/released, which has units of W/m3 and is prescribed for mixture
energy equation as shown in the UDF code.
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UDF - Heat and Mass Transfer

#include "udf.h"
#include "sg_mphase.h"
#define T_SAT 373
#define LAT_HT 1.e3

DEFINE_SOURCE(ig_src, cell, pri_th, dS, eqn)
{

Thread *mix_th, *sec_th;
real m_dot_I;

mix_th = THREAD_SUPER_THREAD(pri_th);
sec_th = THREAD_SUB_THREAD(mix_th, 1);
if(C_T(cell, mix_th)>=T_SAT){
m_dot_l =-0.1*C_VOF(cell, pri_th)*C_R(cell, pri_th)*
fabs(C_T(cell, pri_th) - T_SAT)/T_SAT;
dS[eqn] = -0.1*C_R(cell, pri_th)*
fabs(C_T(cell, pri_th) - T_SAT)/T_SAT;

}
else {
m_dot_I = 0.1*C_VOF(cell, sec_th)*C_R(cell, sec_th)*
fabs(T_SAT-C_T(cell,mix_th))/T_SAT;

dS[eqn] =0.;

}

return m_dot_I; -

}

DEFINE_SOURCE(vap_src, cell, sec_th, dS, eqn)

{
Thread * mix_th, *pri_th;
real m_dot_v;

mix_th = THREAD_SUPER_THREAD(sec_th);
pri_th = THREAD_SUB_THREAD(mix_th, 0);
if(C_T(cell, mix_th)>=T_SAT){
m_dot_v = 0.1*C_VOF(cell, pri_th)*C_R(cell, pri_th)*
fabs(C_T(cell, mix_th) - T_SAT)/T_SAT;
dS[egn] =0.;
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}

else {
m_dot_v = -0.1*C_VOF(cell, sec_th)*C_R(cell, sec_th)*
fabs(T_SAT-C_T(cell,mix_th))/T_SAT;

dS[eqn] = -0.1*C_R(cell, sec_th)*
fabs(C_T(cell, sec_th) - T_SATYT_SAT;

}

return 'm_dot_v;

}

DEFINE_SOURCE(enrg_src, cell, mix_th, dS, eqn)
{
Thread *pri_th, *sec_th;
real m_dot;
pri_th = THREAD_SUB_THREAD(mix_th, 0);
sec_th = THREAD_SUB_THREAD(mix_th, 1);

if(C_T(cell, mix_th)>=T_SAT){
m_dot = -0.1*C_VOF(cell, pri_th)*C_R(cell, pri_th)*
fabs(C_T(cell, pri_th) - T_SAT)/T_SAT;

dS[egn] = -0.1*C_VOF(cell, pri_th)*C_R(cell, pri_th)/T_SAT;,
}

else {
m_dot = 0.1*C_VOF(cell, sec_th)*C_R(cell, sec_th)*
fabs(T_SAT-C_T(cell,mix_th))/T_SAT;
dS[egn] = -0.1*C_VOF(cell, sec_th)*C_R(cell, sec_th)/T_SAT;}

return LAT_HT*m_dot;
}
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Appendix D Experimental results and theoretical calculations

Appendix D: Experimental results and theoretical calculations
Measurements and calculations of calibration of Insolation variable simulator

20 0.964 0.233 0.666 | 0.04 0.04 0.04 | 0.05 0.05 0.05 12 15 14
30 0.964 0.233 0.666 | 0.185 | 0.185 0.18 | 0.23 0.23 0.23 55 69 62
40 0.964 0.233 0.666 | 0.38 0.41 0.55 0.57 0.59 0.51 133 165 149
50 0.964 0.233 0.666 | 0.83 0.79 1.07 1.07 1.08 1.07 273 322 297
55 0.964 0.233 0.666 | 1.08 1.13 1.58 1.44 1.5 1.58 379 449 414
60 0.964 0.233 0.666 1.4 1.47 1.78 1.91 1.96 1.98 463 582 523
65 0.964 0.233 0.666 | 1.72 1.81 216 | 2.27 2.33 2.42 567 699 633
70 (0.964 0.233 0.666 | 2.09 2.18 267 | 2.85 3 2.98 693 875 784
72 0.964 0.233 0.666 | 2.29 2.4 2.91 31 3.28 3.34 758 962 860
75 0.964 0.233 0.666 | 2.54 2.63 3.21 3.45 3.65 3.68 837 1067 852
78 0.964 0.233 0.666 | 2.84 2.99 3.61 3.99 3.84 4.05 940 1198 1069
80 0.964 0.233 0.666 | 2.91 3.07 3.82 | 4.08 4.29 4.23 77 1248 1112
a2 0.964 0.233 0.666 | 3.23 3.38 4.05 4.2 4.37 4.41 1063 1289 1176

Measurement results and calculation of simulator Voltage versus Insolation
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Experimental results and theoretical calculations

Experimental Results of Multi Stage still

Date: 12/03/2008 coupled with Evacuated Tube Solar Collector Condition: Partially Insulated
L F o amts = ._"*-
e : S T-Outiet | T-0u | Ta |staget |Stagez| 3 | Staged|
08:00 483 60.04 12.9 127 | 124 | 129 | 124 | 127 | 128 | 124 12.9 13.3 13.5 13.1 13.1
08:20 569 63.32 16,1 149 | 134 | 122 | 121 | 123 | 124 | 120 | 278 26.4 28.1 25.9 16.7
08:40 654 66.28 18.5 160 | 129 | 124 | 124 | 125 | 122 | 374 | 3589 37.7 35.3 17.9 17.8
08:00 740 £8.99 35.6 243 | 209 | 144 | 131 | 126 | 128 | 124 | 468 45.0 46.9 44.2 18.8
09:20 801 70.79 448 320 | 281 | 172 | 149 | 180 | 128 | 128 | 551 53.5 55.6 52.7 19.5
09:40 852 72.50 53.3 398 | 364 [ 216 | 182 | 139 | 135 | 130 | &30 £1.3 63.4 60.3 20.2
10:00 923 74.14 60.7 473 | 452 [ 275 | 232 | 155 | 147 | 135 | 700 68.3 70.5 §7.3 20.4
10:20 965 75.21 676 560 | 534 | 349 | 301 | 183 | 170 | 142 | 765 74.8 77.0 73.8 20.6
10:40 1006 76.25 73.7 B41 | 613 | #1.6 | 383 | 2256 | 207 | 154 | &824 BO.6 83.0 79.5 21.2
11:00 1048 77.26 79.1 711 | 682 | 505 | 468 | 288 | 260 | 175 | 874 B5.6 88.0 84.5 21.5
11:20 1071 77.80 83.9 774 | 748 | 594 | 552 | a55 | 331 | 212 | 919 80, 1 92.5 89.0 22.4 423 172
11:40 1083 78.34 B86.3 B31 | 805 | 669 | 626 | 435 | 410 | 260 | 960 94.1 96.5 93.0 229
12:00 1116 78.86 91.8 Ba1 | 857 | 747 | 700 | 522 | 496 | 318 | 983 571 99.9 85.9 233
12:20 1113 78.78 54.7 g21 | 900 | 811 | 769 | 611 | 584 | 377 | 1024 100.0 1027 58.8 23.4 219 175 165
12:40 1109 78.71 87.6 952 | 032 [ Bso | 819 | 673 | 648 | 426 | 1038 101.4 104.2 100.3 23.0
13:00 1106 7863 | 1000 | 980 | 962 | 903 | 863 | 726 | 70.1 | 469 | 1039 101.8 104.5 100.6 229 230 210 194 155
13:20 1076 77.94 | 1004 | 9911 | 9785 | 94.18 | 9052 | 7728 | 7473 | 52.7 | 10404 | 10184 | 10462 | 100.67 | 2252
13:40 1047 7723 | 1004 | 9945 | 98.63 | 96513 | 93.06 | 8047 | 7768 | 566 | 10396 | 101745 | 10454 | 10059 | 2216 176 271 310 245
14:00 117 76.51 1004 | 9954 | 98.81 | 9672 | 9394 | 8196 | 7888 | 589 | 10382 | 10184 | 10439 | 100.49 222
14:20 964 75.18 | 1004 | 9965 | 99.06 | 97.19 | 94.51 | 8356 | 80.49 | 61.63 | 10373 | 101.61 1043 | 10046 | 22.08 96.3 282 295 288.5
14:40 2910 7380 | 1004 | 9952 | 9883 | 9621 | 9335 | 818 | 7873 | 336 | 10365 | 101.54 1042 | 10043 | 2213
15:00 857 7237 | 1003 | 992 |98.16 | 94.26 | 9050 | 7841 | 75.13 | 57.20 | 103.26 | 101.415 | 103.81 | 10032 | 2215 141 255 336 305
15:20 791 7049 | 1003 | 9913 | 98 | 9339 | 896 | 7653 | 73.44 | 47.82 | 10317 | 101.39 1037 | 10032 | 2275
15:40 724 68.51 1001 | 98.99 | 9778 | g2.77 | 8017 | 7717 | 744 | 5414 | 10299 | 101285 | 1035 | 10026 | 22a
16:00 &58 6640 | 9954 | 9793 | 9697 | 9222 | 8862 | 7699 | 741 | 5436 | 10252 | 101.015 | 103.02 | 10001 | 2284 230 260 33z 35
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Experimental results and theoretical calculations

Experimental Results of Multi Stage still

coupled with Evacuated Tube Solar Collector

Condition:

Partially Insulated

16:40 501 60.75 9734 | 8571 | 544 | 883 | B48T | 7251 | 6987 | 493 | 100.85 99.64 101.32 | 98.89 22.65 172 243 304 288

17:00 422 57.46 959 | 9392 | 9288 | B7.57 | B4 | 7223 | 69.68 | 54 89.173 | 98,125 89.63 gr.21 22.57 102 143 195 188

After 24 hours 110 180 380 480
Total 1899.3 I 2191 | 2521 2262.5
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Water quality analysis and experimental results

Appendix E: Water quality analysis and experimental results

Water quality results
Condition 1 -Fully Insulated

(uSfem) (mg/L) | (uSfcm) (mg/L) | (uSlem) (mg/L) | (uS/cm) (mglL) | (uSfcm) (mg/L)
08:00
09:00
10:00
11:00
12:00 3136 7.3 2407 359 | 6.47| 2311| 3695| 686 | 242
13:00 40.12 | 648 | 2588 | 17.35| 722| 1071 21.35] 7.25 | 13.26
14:00 1432 | 6.15 B.85 19.57 | 7.28 12 2398 | 757 | 148 J6.48 | 7.22 | 22.83
15:00 32.47 | 577| 20.34 276| 698| 17.04| 3698 | 757 | 2304 | 4452 | 7.38 | 28.02
16:00 245| 52| 161| 49.39| 664 | 31.1| 7531 747 | 4773 | 7322 | 7.09 | 46.51
17:00 2046 | 6.01| 18.86 | 61.40| 7.00] 39.07| 39.41| 747 2471 | 51.41] 7.23| 3245
Average | 3136 | 73 | 2407 | 2946 | 6.01 | 1886 | 30.17 | 700 | 1903 | 39.41 [ 747 [ 2471 | 51.41 | 7.23 [ 32.45

EC: Electrical conductivity (uS/em)

TDS: Total dissolved solids (mg/L)

School of Engineering




Appendix E

Water quality results
Condition 2 -Partially Insulated - 1

Water quality analysis and experimental results

g L UEe T
_4thStage
(pS/cm) (mg/) | (uSicm) (mgA) | (uS/em) (mg/L) | (uS/cm) (mglL) | (uS/cm) (mg/L) |
08:00
09:00
10:00
11:00
1200 | 3056 | 7.07 | 2323 | 40.31 | 6.74 | 2578 | 464 | 762 | 2624 | 373 | 7.73 | 2351 | 49.01 | 7.5 | 31.25
13:00 2288 | 66 | 1412 | 3034 | 7.83 [ 1872 | 27.11 | 8.01 | 1696 | 4565 | 8.1 | 28.91
14:00 6348 | 7.61 [ 39.86 | 2941 | 7.93 [ 17.91 | 2569 | 804 | 156 | 3883 | 7.7 | 24.08
15:00 35.75 7.8 | 2226 | 29.13 | 8.01 17.9 28.18 8.16 | 17.41 35.75 7.8 | 2228
16:00 265 | 791 | 1659 | 272 | 774 | 1678 | 2991 | 8.01 | 1843 | 3068 | 8.1 | 18.91
17:00 4418 | 6.14 | 2888 | 26.94 | 6.65 | 17.34 | 28.07 | 7.45 [ 18.08 | 2998 | 7.4 | 19.34
Average | 3056 | 7.07 | 2323 | 3885 | 7.13 [ 2458 | 3157 | 7.63 | 19.15 | 29.38 | 7.90 | 18.33 | 38.32 | 7.77 | 24.13

EC: Electrical conductivity (uS/cm)
TDS: Total dissolved solids (mg/L)
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Water quality analysis and experimental results

Water quality results
Partially Insulated — 2

08:00

09:00

10:00

11:00

12:00 | 2888 | 2196 | 7.11 1523 | 622 | 949 49| 66 3164

13:00 12.39 | 648| 7.73| 2551 7.3 16| 3167 7.1 | 20.06

14:00 1392 | 641| 86| 2848| 755| 17.8| 26.48| 726 | 1662

15:00 15.95| 6.23| 929| 2914| 7.78 | 18.19| 27.85| 7.65 | 17.49

16:00 16.33 | 6.09| 1027 | 28.95| 7.85| 18.22 | 2923 7.72 | 18.32 | 46.11 | 7.04 | 29.55
17:00 1862 | 6.05] 1192 29.76] 7.03| 19.1| 28.18| 7.23 | 18.06

Average | 2888 [ 2196 [7.11 | 1541] 625] 955| 3181 ] 735] 20.16] 2868] 7.39] 1811 4611] 7.04] 2955
EC: Electrical conductivity (uS/cm)

TDS: Total dissolved solids (mg/L)
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Appendix F: Economic study

PV Module catalogues

MIL-PV-50W-M01

Features & Benefits

& High efficiency - maximizing
power and reducing installation
costs.

& High energy generating
kWh/kWp performance.

B High power tolerance.

B High reliability through
enhanced processing technology.

Millennium’s photovoltaic modules
offer industry-leading
perfermance, durability, and
reliability for a variety of electrical

- power requirements. Using -

- breakthrough technoliogy, these
modules use a textured cell
surface to reduce reflection of
sunlight, and structure to improve

' conversion efficiency. An anti-
reflective coating provides uniform
blue color and increases the
absorption of light in all weather
conditions.

- Common applications include grid
connected houses, solar houses,
solar power stations, telecom
and cellular base stations,
beacons and lighting equipment.
Designed to withstand rigorous
weather conditions, a junction
box is also provided for easy
electrical connections in the field,

- making Millennium's modules the
perfect combination of advanced
technology and reliability.

™ High Performance

High-power module using 36 125mm square multi-crystalline silicon cells with
14.3 % module conversion efficiency. Photovoltaic modules with bypass diodes
minimize the power drop cause by shade.

¥ High Quality

Advanced EVA encapsulation with highest quality strengthened glass
embedded with years of manufacturing experience and quality assurance

procedures.
¥ Lifetime Guarantee

Manufacturer lifetime guarantee for 25 year. Warranty for module 80%

performance after 20 years

. o
S8 et o .'S‘?‘A " : )
- | > |
A o e e
24 ~ = i o ¥ 4
.g o= fupa s...‘,'.-__‘ .“e‘ j; o 1293
H 2 7 .ilv‘ "3
X 1
£ £
, . M :1 —s ra =
- ; o
" ; - _
% i Weight:5.3kg
L] L]
) s 0 - » s = = e

Max power 50 watt peak +-5%
Max power voltage 17.3 Volts
Max power current 2.9 Amps
Open circuit voltage 21.7 Volts
Short circuit current 3.2 Amps

Cells Multicrystalline Si, textured and anti-
reflectivity layered

Contacts Redundant contact on each cell for circuit
reliability

Laminate EVA

Front face Tempered glass with improved light
transmission

Note: Test conditions 1 Kw/m, 25°c, AM1.S5

Back face Tough multi layered back sheet tedlar
Frame Anodized aluminum

Connection Box 1xIP65 with built-in bypass diodes
Grounding connection Yes

Specification 1EC 61215, class II TUV certificate
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Economic Study

Stainless Steel Multi stage still
Optimization of various stages with different R ratios for the capital cost (US$):

Economical analysis calculations

0.075

0.115

| 15 848 5% 5% 0.096 | 0.046 82 4 16 70 933 607 2.2
2 15 972 5% 5% 0.096 | 0.046 94 5 18 80 1447 | 0.055 | 941 | 0.085 1.6
3 15 | 1095 | 5% 5% 0.096 | 0.046 106 5 20 91 1723 | 0.053 | 1120 | 0.081 1.6
4 15 | 1219 | 5% 5% 0.096 | 0.046 117 6 23 101 1866 | 0.054 | 1213 | 0.083 1.6
5 15 | 1343 | 5% 5% 0.096 | 0.046 129 6 25 [l 1941 | 0057 | 1261 | 0.088 1.7
6 15 | 1467 | 5% 5% 0.096 | 0.046 141 7 27 121 | 1989 | 0.061 | 1293 | 0.094 1.8
7 15 | 1590 | 5% 5% 0.096 | 0.046 153 8 29 131 | 2036 | 0.065 | 1324 | 0.099 1.9
1 15 | 1056 | 5% 5% 0.096 | 0.046 102 5 20 87 1505 | 0.058 | 978 | 0.089 1.7
2 15 | 1179 | 5% 5% 0.096 0.046 114 6 22 97 2359 | 0.041 | 1533 | 0.064 1.2
3 15 | 1303 | 5% 5% 0.096 | 0.046 126 6 24 108 | 2836 | 0038 | 1843 | 0.058 1.1
4 15 | 1427 | 5% 5% 0.096 | 0.046 137 7 26 118 | 3094 | 0038 | 2011 | 0.059 1.1
5 15 | 1551 | 5% 5% 0.096 | 0.046 149 7 29 128 | 3233 | 0.040 | 2101 | 0.061 1.2
6 15 | 1674 | 5% 5% 0.096 | 0.046 161 8 31 138 | 3313 | 0042 | 2153 | 0.064 1.2
7 15 | 1798 | 5% 5% 0.096 | 0.046 173 9 33 149 | 3374 | 0044 | 2193 | 0.068 1.3
I 15 | 1263 | 5% 5% 0.096 | 0.046 122 6 23 104 | 2087 | 0.050 | 1357 | 0.077 1.5
2 15 | 1387 | 5% 5% 0.096 0.046 134 7 26 115 | 3285 | 0.035 | 2135 | 0.054 1.0
3 15 | 1511 | 5% 5% 0.096 | 0.046 146 7 28 125 | 3967 | 0.031 | 2579 | 0.048 0.9
4 15 | 1634 | 5% 5% 0.096 | 0.046 157 8 30 135 | 4347 | 0.031 | 2826 | 0.048 | 0.9
5 15 | 1758 | 5% 5% 0.096 | 0.046 169 8 33 145 | 4555 | 0032 | 2961 | 0049 | 09
6 15 | 1882 | 5% 5% 0.096 | 0.046 181 9 35 155 | 4673 | 0.033 | 3038 | 0.051 1.0
7 15 | 2006 | 5% 5% 0.096 | 0.046 193 10 37 166 | 4754 | 0.035 | 3090 | 0.054 1.0
1 15 | 1504 | 5% 5% 0.096 | 0.046 145 7 28 124 | 2673 | 0.046 | 1737 | 0.072 1.4
2 15 | 1627 | 5% 5% 0.096 | 0.046 157 ) 30 134 | 4215 | 0032 | 2739 | 0.049 | 09
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3 15 1751 5% 5% 0.096 0.046 169 8 32 145 5102 0.028 | 3316 | 0.044 0.8
4 15 1875 5% 5% 0.096 0.046 181 9 35 155 5604 0028 | 3643 | 0.043 0.8
5 15 1999 5% 5% 0.096 0.046 193 10 37 165 5884 0.028 | 3825 | 0.043 0.8
6 15 2122 5% 5% 0.096 0.046 204 10 39 175 6043 0.029 | 3928 | 0.045 0.9
7 15 2246 5% 5% 0.096 0.046 216 11 42 186 6146 0.030 | 3995 | 0.046 0.9
1 15 1711 5% 5% 0.096 0.046 165 8 32 141 3260 0.043 2119 | 0.067 1.3
2 15 1835 5% 5% 0.096 0.046 177 9 34 152 5143 0.029 | 3343 | 0.045 0.9
3 15 1959 5% 5% 0.096 0.046 189 9 36 162 6233 0.026 | 4052 | 0.040 0.8
4 15 2082 5% 5% 0.096 0.046 201 10 39 172 6858 0.025 | 4458 | 0.039 0.7
5 15 2206 5% 5% 0.096 0.046 213 11 41 182 7211 0.025 | 4687 | 0.039 0.7
6 15 2330 5% 5% 0.096 0.046 224 11 43 192 7412 0.026 | 4818 | 0.040 0.8
7 15 2454 5% 5% 0.096 0.046 236 12 45 203 7539 0.027 | 4900 | 0.041 0.8
1 15 1919 3% 5% 0.096 0.046 185 9 36 159 3847 0.041 2501 | 0.063 1.2
2 15 2042 5% 5% 0.096 0.046 197 10 38 169 6070 0.028 | 3945 | 0.043 0.8
3 15 2166 5% 5% 0.096 0.046 209 10 40 179 7360 0.024 | 4784 | 0.037 0.7
4 15 2290 5% 5% 0.096 0.046 221 11 42 189 8104 0.023 | 5268 | 0.036 0.7
5 15 2414 5% 5% 0.096 0.046 233 12 45 199 8530 0.023 5544 | 0.036 0.7
6 15 2537 5% 5% 0.096 0.046 244 12 47 210 8774 0.024 | 5703 | 0.037 0.7
7 15 2661 5% 5% 0.096 0.046 256 13 49 220 8927 0.025 | 5803 | 0.038 0.7
1 15 2126 5% 5% 0.096 0.046 205 10 39 176 4434 0.040 | 2882 | 0.061 1.2
2 15 2250 5% 5% 0.096 0.046 217 11 42 186 6992 0.027 | 4545 | 0.041 0.8
3 15 2374 5% 5% 0.096 0.046 229 11 i 196 8479 0.023 | 5512 | 0.036 0.7
4 15 2497 5% 5% 0.096 0.046 241 12 46 206 9343 0.022 | 6073 | 0.034 0.7
5 15 2621 3% 5% 0.096 0.046 253 13 49 217 9840 0.022 | 6396 | 0.034 0.7
6 15 2745 5% 5% 0.096 0.046 264 13 31 227 10128 | 0.022 | 6583 | 0.034 0.7
7 15 2869 5% 3% 0.096 0.046 276 14 53 237 10307 | 0.023 | 6699 | 0.035 0.7
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Aluminum Multi stage still
Optimization of various stages with different R ratios for the capital cost (US$):

e

1 15 709 5% 5% 0.096 0.046 68.3 3.4 13.1 58.6 933 0.063 607 0.097 1.9
2 15 833 5% 5% 0.096 0.046 80.3 4.0 154 68.8 1447 0.048 941 0.073 1.4
3 15 957 5% 5% 0.096 0.046 92.2 4.6 17.7 79.0 1723 0.046 1120 | 0.071 1.4
4 15 1052 5% 5% 0.096 0.046 101.4 5.1 19.5 87.0 1866 0.047 1213 | 0.072 1.4
5 15 1204 5% 5% 0.096 0.046 116.0 5.8 223 99.5 1941 0.051 1261 | 0.079 1.5
6 15 1328 5% 5% 0.096 0.046 127.9 6.4 24.6 109.7 1989 0.055 1293 | 0.085 1.6
7 15 1452 5% 5% 0.096 0.046 139.9 7.0 26.9 1199 | 2036 0.059 1324 | 0.091 1.7
1 15 825 5% 5% 0.096 0.046 79.5 4.0 15.3 68.1 1505 0.045 978 0.070 1.3
2 15 948 5% 5% 0.096 0.046 914 4.6 17.6 78.4 2359 0.033 1533 | 0.051 1.0
3 15 1072 5% 5% 0.096 0.046 103.3 5.2 19.9 88.6 2836 0.031 1843 | 0.048 0.9
4 15 1179 5% 5% 0.096 0.046 113.6 5.7 219 97.4 3094 0.031 2011 | 0.048 0.9
5 15 1320 5% 5% 0.096 0.046 127.1 6.4 245 109.0 | 3233 0.034 | 2101 | 0.052 1.0
6 15 1443 5% 5% 0.096 0.046 139.1 7.0 26.8 119.3 3313 0.036 | 2153 | 0.055 1.1
7 15 1567 5% 5% 0.096 0.046 151.0 7.5 29.1 129.5 3374 0.038 2193 | 0.059 1.1
| 15 940 5% 5% 0.096 0.046 90.6 4.5 17.4 17.7 2087 0.037 1357 | 0.057 1.1
2 15 1064 5% 5% 0.096 0.046 102.5 5.1 19.7 87.9 3285 0.027 2135 | 0.041 0.8
3 15 1188 5% 5% 0.096 0.046 114.4 e 22.0 98.1 3967 0.025 2579 | 0.038 0.7
4 15 1306 5% 5% 0.096 0.046 125.9 6.3 2472 107.9 | 4347 0.025 2826 | 0.038 0.7
3 15 1435 5% 5% 0.096 0.046 138.3 6.9 26.6 118.6 | 4555 0.026 2961 | 0.040 0.8
6 15 1559 5% 5% 0.096 0.046 150.2 7.5 28.9 128.8 | 4673 0.028 3038 | 0.042 0.8
7 15 1683 5% 5% 0.096 0.046 162.1 8.1 312 139.0 | 4754 0.029 3090 | 0.045 0.9
1 15 1089 5% 5% 0.096 0.046 104.9 52 20.2 89.9 2673 0.034 1737 | 0.052 1.0
2 15 1212 5% 5% 0.096 0.046 116.8 5.8 22.5 100.2 | 4215 0.024 | 2739 | 0.037 0.7
3 15 1336 5% 5% 0.096 0.046 128.7 6.4 248 1104 | 5102 0.022 3316 | 0.033 0.6
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4 15 1470 5% 5% 0.096 0.046 141.6 7.1 27.2 1214 | 5604 | 0.022 | 3643 | 0.033 X

5 15 1584 5% 5% 0.096 0.046 152.6 7.6 294 130.8 | 5884 | 0.022 | 3825 | 0.034 0.7
6 15 1707 5% 5% 0.096 0.046 164.5 8.2 31.6 141.1 | 6043 | 0.023 | 3928 | 0.036 0.7
7 15 1831 5% 5% 0.096 0.046 176.4 8.8 33.9 1513 | 6146 | 0.025 | 3995 | 0.038 0.7
I 15 1204 3% 5% 0.096 0.046 116.0 5.8 223 99.5 3260 | 0.031 | 2119 | 0.047 0.9
2 15 1328 5% 5% 0.096 0.046 127.9 6.4 24.6 109.7 | 5143 | 0.021 | 3343 | 0.033 0.6
3 15 1451 5% 5% 0.096 0.046 139.8 7.0 26.9 1199 | 6233 | 0.019 | 4052 | 0.030 0.6
4 15 1597 5% 5% 0.096 0.046 153.8 7.7 29.6 1319 | 6858 | 0.019 | 4458 | 0.030 0.6
5 15 1699 5% 5% 0.096 0.046 163.7 8.2 31.5 1404 | 7211 0.019 | 4687 | 0.030 0.6
6 15 1823 5% 3% 0.096 0.046 175.6 8.8 33.8 150.6 | 7412 | 0.020 | 4818 | 0.03] 0.6
7 15 1946 5% 5% 0.096 0.046 187.5 9.4 36.1 1608 | 7539 | 0.021 | 4900 | 0.033 0.6
1 15 1319 3% 5% 0.096 0.046 127.1 6.4 24.5 109.0 | 3847 | 0.028 | 2501 | 0.044 0.8
2 15 1443 5% 5% 0.096 0.046 139.0 7.0 26.8 1192 | 6070 | 0.020 | 3945 | 0.030 0.6
3 15 1567 5% 5% 0.096 0.046 151.0 7.5 29.0 129.5 | 7360 | 0018 | 4784 | 0.027 0.5
4 15 1724 5% 5% 0.096 0.046 166.1 8.3 32.0 1424 | 8104 | 0.018 | 5268 | 0.027 0.5
5 15 1814 5% 5% 0.096 0.046 174.8 8.7 33.6 1499 | 8530 | 0.018 | 5544 | 0.027 0.5
6 15 1938 3% 5% 0.096 0.046 186.7 9.3 35.9 160.1 | B774 | 0018 | 5703 | 0.028 0.5
7 15 2062 3% 5% 0.096 0.046 198.6 9.9 38.2 170.4 | 8927 | 0.019 | 5803 | 0.029 0.6
1 15 1435 5% 5% 0.096 0.046 138.2 6.9 26.6 1185 | 4434 | 0027 | 2882 | 0.041 0.8
2 15 1559 5% 5% 0.096 0.046 150.2 7.5 28.9 128.8 | 6992 | 0.018 | 4545 | 0.028 0.5
3 15 1682 5% 5% 0.096 0.046 162.1 8.1 31.2 139.0 | 8479 | 0.016 | 5512 | 0.025 0.5
4 15 1851 3% 5% 0.096 0.046 178.3 8.9 34.3 1529 | 9343 | 0.016 | 6073 | 0.025 0.5
2 15 1930 5% 5% 0.096 0.046 185.9 23 35.8 1594 | 9840 | 0.016 | 6396 | 0.025 0.5
6 15 2054 5% 5% 0.096 0.046 197.8 9.9 38.1 169.7 | 10128 | 0.017 | 6583 | 0.026 0.5
7 15 2177 5% 5% 0.096 0.046 209.8 10.5 40.4 179.9 | 10307 | 0.017 | 6699 | 0.027 0.5
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Iti stage still
Sensitivity analysis for various rates of interest and annual maintenance percentages on the economical calculations.

14

9343

1 15 5% 2% 0.096 0.046 142 27 129 0.014 0.021
2 15 3% 3% 0.096 0.046 142 14 27 129 | 9343 | 0.014 | 6073 | 0.021 0.41
3 15 5% 10% 0.096 0.046 142 14 27 129 | 9343 | 0.014 | 6073 | 0.021 0.41
4 15 7% 2% 0.110 0.040 161 16 23 154 | 9343 | 0.016 | 6073 | 0.025 | 043
5 15 1% 3% 0.110 0.040 161 16 23 154 | 9343 | 0.016 | 6073 | 0.025 | 043
6 15 1% 10% 0.110 0.040 161 16 23 154 | 9343 | 0.016 | 6073 | 0.025 | 043
A I 2;\}_%
>/ Beverse osmosis desalination system

1 : :

2 20 3% 5% 0.080 0.030 452 45 34 463 | 66150 42998 | 0.011 7.9
3 20 3% 10% 0.080 0.030 452 45 34 463 | 66150 | 0.007 | 42998 | 0.011 ds,
4 20 1% 2% 0.094 0.024 532 53 27 557 | 66150 | 0.008 | 42998 | 0.013 8.1
5 20 1% 5% 0.094 0.024 532 53 27 357 | 66150 | 0.008 | 42998 | 0.013 8.1
6 20 1% 10% 0.094 0.024 532 53 27 557 | 66150 | 0.008 | 42998 | 0.013 8.1
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