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August 2016

Chairman: Profesor Azni Idris, PhD
Faculty : Engineering

Desalination plants are known to discharge large value of brine as waste from the
distillation process which is increasing globally over time. Although the desalination
techniques has a positive impact to the eco-socio and industrial sector by solving the
problem of water shortage, it also contributes negatively to the environment during
discharge of the concentrated brine back to the sea or landfill. However, the treatment
of the brine could be effectively utilized by converting it into by-products via solar
pond technology. Generation of heat using solar pond technology has certain
limitations, but in case of Saudi Arabia all these limitations can be effectively
addressed.

This research focused on the use of a solar pond with the integration of heat, power and
the concentrated brine. The result from the characteristics of seawater and brine
demonstrated that the level of mineral and salt in brine was very high compared to sea
water. With respect to economic value of the minerals, it was found that a potential
revenue of 18.46 billion USD/per year in brine at AL-Khobar desalination plant is from
Na', Mg?*, K*, Ca*" and Cu*". To recover minerals, evaporation pond used to evaporate
water from brine with the integration of solar pond for heat generation. For the
designing and fabrication of the solar pond, it was found that the maximum
temperature of about 65°C could be generated from solar pond. The experiment on
evaporation rate using the evaporation pond showed that the best temperatures were
from 45 °C to 70 °C, where evaporation rate increases linearly over the increment of
temperature. This temperatures are used for faster evaporation to make brine more
concentrate which have about 5% moisture content. This moisture need to be dried
further to meet salt market specification over the world, and produced salt could be
used for multiple purpose.

This research used microwave oven for salt drying process which was powered by solar
PV technique. For harvesting maximum radiation of PV tracking surface, it should be
determine the angle of PV setup to use the output power for powering microwave



which required 700 watts power for operation. The gain made by this tracker relative to
flat plate collector was 35% and 81% in the summer and winter solstice days,
respectively. Four solar panels were set at 27 degree to obtain maximum output to
operate the microwave. It was found that, microwave drying process achieved faster
drying by 16 times compared to the conventional heating on an average. The research
has shown the best concept of recovering minerals from brine, using the integrated
solar pond with evaporation pond by utilizing a PV panel to powering microwave.
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Kilang-kilang desalinasi sangat terkenal dengan pembuangan air garam dengan
kuantiti yang besar sebagai sisa dari proses yang mana ia semakin bertambah di seluruh
dunia dari masa ke semasa. Walaupun teknik desalinasi ada impak positif kepada sosio-
ekonomi dan sektor industri dalam menyelesaikan masalah kekurangan air bersih tetapi
ia juga menyumbang secara negatif kepada alam sekitar semasa pembuangan sisa
kelaut atau tanah penambakan. Walau bagaimanapun, rawatan air garam boleh dibuat
secara berkesan dengan menukarkan cara penghasilannya melalui teknik kolam solar.
Penjanaan haba melalui kolam solar ada batasnya tetapi di Saudi Arabia semua batasan
ini boleh di atasi dengan berkesan.

Kajian ini memfokus dalam penggunaan kolam solar untuk mengintergrasi penjanaan
haba, tenaga, dan air garam pekat. Keputusan yang diperolehi dari ciri-ciri air laut dan
air garam di dapati panas garam galian-galian yang sangat tinggi. Dari segi nilai
ekonomi ,galian-galian seperti Na",Mg*", K*, Ca*" dan Cu®" yang didapati dalam air
garam di kilang desalinasi Al-Khobar boleh menjana pendapatan sebanyak USD 18.46
Billion setahun. Untuk mengambil galian-galian ini, kolam evaporasi telah digunakan
untuk mengeringkan air dari air garam dengan integrasi kolam solar untuk menjana
haba. Dalam rekaan dan fabrikasi kolam solar, didapati suhu lebih kurang 65 deg C
boleh dijana dari kolam solar. Eksperimen berhubung dengan kadar eveporasi
menggunakan kolam evaporasi menunjukkan suhu yang paling baik ialah dari 45 deg C
sampai ke 70 deg C di mana kadar evaporasi meningkat secara lurus dalam
peningkatan suhu tersebut. Suhu ini telah diguna pakai untuk peningkatan evaporasi
dalam menjadikan air garam lebih pekat di mana kelembapan adalah lebih kurang 5%.
Kelembapan ini perlu dikeringkan lagi untuk mencapai spesifikasi pasaran dunia dan
garam-garam yang diperolehi boleh dipelbagai gunaan.

Kajian ini mengunakan ketahur gelombang mikro untuk mengeringkan garam dengan
menggunakan tenaga yang dijana dari penggunakan teknik PV solar. Untuk menuai
radiasi maksima dari penjejakan lapisan PV, ia mesti menetapkan sudut letak PV untuk
menggunakan kuasa luaran sebagai penjana tenaga bagi gelombang mikro yang



memerlukan 700 watt. Nilai tambah yang diperolehi dengan cara ini berbanding
dengan dari menggunakan piring rata masing-masing 35% and 81% di musim panas
dan sejuk. Empat panel solar telah digunakan dengan sudut 27 darjah untuk
menghasilkan  keluaran maksima dan mengoperasi gelombang mikro. Proses
penggeringan menggunakan gelombang mikro dapat mencapai kekeringan 16 kali
ganda lebih cepat jika dibandingkan dengan cara biasa. Kajian ini telah menunjukkan
konsep yang paling baik untuk mengambil galian-galian dari air garam adalah dengan
mengintegrasikan kolam solar bersama kolam evaporasi dengan menggunkan panel PV
untuk menjana gelombang mikro.
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CHAPTER 1
INTRODUCTION

Recently, the rapid growth in human populations, increasing urbanization, industrial
escalation, and commercial developments are causing some concern, and has resulted in
a significant demand for potable water worldwide. This global development has led to
the pollution of available water resources, degradation of natural sources, deforestation
and climate change, resulting the global warming, all of which play a significant role to
reduce average rainfalls (Apps and Price, 2013).

Many semi-arid and arid regions in the world are suffering from regular water shortages,
which is detrimental towards economic, social, and human developments. However, the
shortage of water is already prevalent in many regions around the globe, where more
than one billion people do not have access to the potable water. It was also documented
that 90% of infections and diseases in developing countries are transmitted through
polluted water (Devabhaktuni et al., 2013). Furthermore, severe ecosystem damage may
inquire if water abstraction rates exceed natural renewal rates, leading to a depletion or
salinization of stocks, and land desertification (Lattemann and Hopner, 2008a). These
have become a leading environmental concern, both at national and international levels.
Therefore, to meet increasing demand and prevent damage to the ecosystems and the
aquifers, water management practices need to be employed to mitigate water scarcity
worldwide. In coastal regions, the desalination of seawater is the technology that is
generally employed to alleviate the water shortage. It also should be in consideration that
the worldwide production capacity is more than 74.8 million m%d (19,762 MGD)
(Pankratz, 2013).

Desalination of seawater separates saline seawater into two streams: a fresh water stream
containing a low concentration of dissolved salts, and a concentrated brine stream
(Khawaji et al., 2008). Hence, the desalination process has emerged as an essential source
of fresh water, especially in the arid region. The highest number of seawater desalination
plants could be found in the Arabian Gulf, which is a region responsible for 57% of the
global daily production (DesalData, 2012). The maximum amount of desalinated water
is produced in the Kingdom of Saudi Arabia (KSA) comparing other countries over the
world which is about 18%, while the Gulf Corporation Council (GCC) produces 41% of
total production in the world. Desalinated water production by KSA reaches 10 million
cubic meters per day (Mm?®/d). In the future, 1.6 Mm®/d need to be added on top of the
current 9.8 Mmd/d. Thermal-based desalination processes, especially the Multi-Stage
Flash (MSF) desalination, with a capacity of 5.6 Mm®/d, still play a dominant role in
KSA, however, Multi Effective Desalination (MED) and Reverse Osmosis (RO), both
consuming lesser amounts of energy, are fast becoming more popular (Ghaffour et al.,
2014).

Despite the fact that the desalination of seawater is responsible for the provision of quite
a number of benefits to people and the environment via its constant supply of high quality
drinking water without damaging natural freshwater ecosystems, there is an underlying
negative effect, especially to the environment, due to concentrated (brine) and chemical
discharges, capable of decreasing the quality of coastal water and the marine ecosystem
(Vidalis, 2010). Brine has the comparatively higher value of salinity, alkalinity, and
temperature gradient compared to the seawater, and these factors are especially



detrimental to the development of marine species, survival of larvae, and reproductive
traits and breeding of marine organisms (Chang, 2015).

This research investigated the best alternative that could minimize the potential
environmental impact caused by brine disposal and other chemical concentrates. It has
been established that the use of solar pond could be an alternative towards the effective
management of brine, energy generation, and desalination.

1.1  Demand for fresh water

The human population has been recorded significant growth in the past few decades,
which could be attributed to the enormous supply of provisions such as food, discovery
of new resources for fresh water, and increased number of settlements. This unexpected
population growth creates problems, amongst them shortages of potable water, which is
projected to be the most prevalent problem in the near future (Li et al., 2010).

The world average baseline consumption of fresh water is 300 L per day per person,
which is equivalent to about 100,000 L of fresh water per person annually. However,
higher demands from the Arabian Gulf region have always been common. For example,
the demand for fresh water in Saudi Arabia was estimated to be over 3,000 million cubic
meters of potable water per annum for 2010. This alone entailed that there is an urgent
need to find new alternative sources of fresh water, which lead to desalination technology
being employed extensively in KSA in particular, and the gulf region in general (Raut
and Kulkarni, 2012).

The solutions to the water challenges involve the creation of alternatives to water
sources, preferably inexpensive ones. Dams and artesian wells have traditionally been
used to provide fresh water, but these sources of water could only produce insufficient
or unpredictable quantities of water (Danoun, 2007). The creation of alternative sources
of water is a significant issue at the global level. In this context, desalination plants are
one of the most vital and valuable alternative resources for many countries around the
globe.

1.2 Desalination

The need for fresh or potable water in many countries due to the shortages of natural
resources. It is therefore necessary to plan and create new methods, such as desalination
technologies, which will provide fresh water that is potable for humans and animals, and
irrigation for agriculture (Raut and Kulkarni, 2012). Desalination plant removed salt
from seawater, in order to making the water potable (Linares et al., 2014).

The identification of desalination as an alternative supply strategy for fresh water helps
meet the ever-increasing demand of water. Desalination describes the removal of salts
and non-ionic minerals from sea water sources to a level suitable for human
consumption. The desalination process can treat a variety of existing water with 5,000-
10,000 mg/L total dissolved solids (TDS) and seawater (~35,000 mg/L TDS) from
different sources (Bashitialalshaeer et al., 2011).



Desalination is made up of two main processes, which are evaporation and condensation
via the application of heat. Reverse osmosis (RO), multi-stage flash (MSF), and multi
effect distillation (MED) technologies are used by the desalination plants. In the Gulf
region, the thermal processes (MSF: multi-stage flash; MED: multi effect distillation)
account for 90% of production, while the main process in Spain is reverse osmosis (RO),
where 95% of plants utilizing this technology (Latteman and Hopner, 2008a). It was
envisaged that RO and MSF accounted for 83.7% of worldwide desalination capacity in
2004 (McCormick, 2007). Basically, the technique behind desalination plants is to
separate saline into two streams: the first produces low concentrations dissolved salt and
inorganic material suitable for human consumption, while the second produces unwanted
concentrated dissolved salt solution called brine. Desalination is currently recording an
annual increment of 9.5%. However, rejected brine is a common problem encountered
from desalination process, as it kills many marine organisms and pollutes the sea. It was
discovered that reject brine has the potential of increasing the salinity of water and soil
when disposed into both water and soil (EI-Naas, 2011).

1.3  Reject Brine

Brine is the waste fluid discharge from a desalination plant, containing high
concentration of salts and dissolved minerals. It is a highly concentrated waste product,
consisting of everything that was removed from seawater to produce potable water
(Danoun, 2007). Generally, brine might be rejected directly either in the ocean alongside
or in the form of a combination of other byproducts. The discharged brine has the ability
to change the salinity, alkalinity, and temperature (EI-Naas, 2011), and it is much harmful
to a marine environment (Latteman and Hopner, 2008b).

There are many brine disposal alternatives that are widely acceptable today. Most of
them are being used or currently under investigation, however, these alternatives are site-
specific. Hence, all disposal methods, from an environmental and economical point of
view, have to be assessed based on their respective sites (Vidalis, 2010). Examples of
disposal methods are included (Vidalis, 2010) deep aquifer injection, deep well injection,
aquifer re-injection, discharge to wastewater treatment plants, discharge of sewage
system, discharge to open land, reuse for agriculture or landscaping, discharge of inland
surface water, and solar gradient ponds. Among these techniques, the solar gradient
pond, also known as solar pond, seems to be the best option, based on the fact that it
leads to many important applications while reducing damage to the environment.
Remarkable research has been done on a solar pond for the last 50 years (Saifullah et al.,
2012), and it is now applied in many countries, such as Israel, China, USA, India, and
Australia (Akbarzadeh et al., 2009). Meanwhile, countries such as KSA and other Gulf
nations are also actively engaged in solar ponds research.

1.4 Solar Ponds

A solar pond is a shallow body of water that serves as a solar collector, equipped with an
integral heat storage that supplies thermal energy. There are two types of solar ponds,
convective and non-convective. The former permits convection, but prevent evaporation,
and is exemplified in a shallow solar pond. It consists of a large bag with a blackened
bottom, and a sheet of plastic or glass on top. Solar energy heats the bag during the day,
while at night hot water is pumped into a large heat storage tank to minimize heat loss



(Saifullah et al., 2012). A non-convective solar pond is a large shallow body of water
with an average depth of 3 - 4 m, set up in a way that its temperature gradient is opposite
to the ones normally observed, which allows for the collection of radiant energy into
heat, up to 95 °C in the system.

There are three types of non-convective solar ponds, these are salinity gradient solar pond
(SGSP), membrane solar pond, and polymer gel layers solar pond. SGSP is a pool of
water ~1-5 m deep containing dissolved salts that stabilizes the density gradient. This is
further divided into three layers, the upper layer which is known as the upper convective
zone (UCZ) of the clear fresh water, it serves as the solar collector or receiver, followed
by the lower convective zone (LCZ) with the highest salt concentration, also serving as
the heat storage zone, and finally the non-convective zone (NCZ), which is much thicker
and occupies more than half of the depth of the pond (Saifullah et al., 2012).

SGSP is the most eco-friendly of solar energy desalination systems, as it can be used for
electricity generation, heating, and cooling. Generally, solar ponds could be used for
thermal applications, due to its ability to store thermal energy for long periods of time.
This stored energy can be used for low-temperature thermal applications, such as thermal
desalination (Lisa, 2009; DSE Capital Projects, 2008; Bashitialalshaeer et al., 2011),
greenhouse heating (Benli, 2013), process heating (Devabhaktuni et al., 2013), space
heating (Raut and Kulkarni, 2012), and agricultural applications.

15  Recovery of minerals from the sea water desalination

The recovery of minerals from seawater desalination resulted in reduced production costs
and increased revenues. The extraction of materials and brine conditioning for surface
storage is another advantage of desalination plants, as it makes them environmentally
friendly (IAEA, 2007). Brine rejected by the desalination units contained the concentrate
form of all the sixty elements from the periodic table. The utilization of brine in
appropriate processes could yield calcium, magnesium, sodium, potassium, chlorine,
sulfate, and bromine, as well as sodium chloride (Husain and Al-Rawajfeh, 2009).

It is therefore preferable to have a mineral recovery process in the reverse osmosis (RO),
multi-stage flash (MSF), and multi effected desalination (MED) techniques. Minerals
recovery of such resources will be considered very attractive in KSA and the Gulf region,
due to its limited natural resources. There are deficiencies in the quantities of a majority
of these elements on the land, as they are expensive, especially potassium and sodium
salts.

1.6  Problem Statement

As pointed out previously, the tremendous population growth and increasing pressure
on the available water resources, mostly in the arid regions, led to the establishment of
desalination technologies. These technologies are a step-forward towards the mitigation
of the scarcity of water resources worldwide. The introduction of desalination
technology and the increases in the number of desalination plants around the world due
to the rising shortage of fresh water source has been associated with several negative
environmental impacts, the most important of which is the discharge of concentrated
brine into land or marine environment, resulting damage in arable land, coastal water



quality, and marine life, and air pollutant emissions attributed to the energy demand of
the processes (Das et al., 2014; Ahmad & Baddour, 2014; Naser, 2013).

However, limited efforts had been made to characterize large quantities of and assess
the impacts of brine discharge into an ambient environment. A feasible approach, which
holds considerable promise, is a salinity gradient solar pond (SGSP), because it is a
form of renewable energy source that collects solar radiation and stores it in the form of
thermal energy for long periods of time (Sakhrieh & Salaymeh, 2013). SGSP is a cost
effective method with a considerably lower technical know-how. Therefore, this
research was intended to highlight the treatment of discharged brine from desalination
plants based on solar pond application, identify potential mineral recovery and
enhancement options alongside the cost reduction considerations. Figure 1.1 shows the
summary of the problem statement.

From the integrated solar pond in the evaporation process, important salts could be
recovered which has potential economic value. Daily disposal of brine globally reaches
571.8 million m%/day which could be turn into revenue. However, this salt is not usable
due to the moisture content in the salt, which not complies with the market standard
(Geise et al., 2014). Due to this, it is necessary to dry moisture from the salt. If we use
the dryer or heater for drying moisture, it needs a power source to operate the dryer but
need to the expensive energy to dry. Using renewable sources to power up the dryer
could reduce environmental impact (Devabhaktuni et al., 2013). This study used
renewable energy for evaporation pond to speed up the evaporation of brine using heat
exchanger and also microwave for salt drying which is more economical. It is necessary
develop a model to know the maximum radiation to determine the PV setup angle and
estimate output power for microwave. Choosing a method for fast drying makes it more
practical for commercialization.
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Figure 1.1: Summary of the problem statement

Research Objectives

The objectives of the research are:

1.

Characterization of the sea water and the rejected brine from AL-Khobar
desalination plant and update detailed assessment of the economic value of
the rejected brine,

Assessment and evaluation of the integrated solar pond, fabrication,
operation, and testing solar pond,

Simulation of the impact of generating heat in the integrated solar pond in the
evaporation process with and without heat exchanger,

Radiation modeling and performance evaluations of fixed, single and double
axes tracking surfaces: A case study for AL-Khobar city, Saudi Arabia,

Drying the remaining moisture in the salt after the evaporation by using a PV-
powered microwave device.



1.8 Case Study

The study is conducted in KSA, because it has a large capacity of desalination inventory
and sources for raw waste brine. The work was carried out at the Saline water Conversion
Corporation (SWCC) at Al-Aziziyah, which is 10 km away from the city of Al-Khobar
at the phase 3 section, in the coastal area of the eastern province in KSA.

1.9  Research Scope

This research explained the concept of the application of solar pond for the disposal of
treated brine from desalination plants. Characteristics of seawater and disposal brine, and
the economic value of rejected brine was investigated as well. A solar pond was
designed, fabricated, operated, and tested to determine the stable temperature of
generating heat. The effect of heat generated from solar pond in the evaporation process
was investigated as well. A simulation that models a small-scale solar pond that comes
equipped with a heater that was fabricated as the requirements of this work.

Solar radiation was studied in order to design a suitable PV system that provide electrical
power to the microwave device that will be responsible for removing the moisture from
the acquired salt post-evaporation. Furthermore, the performance of the solar tracking
systems for the electrical power generated by the PV system was investigated for future
works, as it might be a commercial endeavor at larger scales. However, in the context of
this work, a tilted PV panel was fixed due to the small size of the solar pond, which helps
keep the cost of the project low.

1.10 Contributions

The salinity gradient solar pond (SGSP) is an alternative solution to the indiscriminate
disposal of brine onto land and sea by desalination plants, as it is a cost effective method
with a considerably low technical know-how. Recent work involves the employment of
solar ponds on its own to increase the evaporation rates of seawater, while the generated
heat is utilized elsewhere. However, using the solar pond to increase the evaporation rate
of the rejected brine from the desalination plant has not been under intense scrutiny.
Drying these minerals are also a time consuming process, and afterwards, it still requires
further refinements. This study reported the results of the application of solar pond for
heat generation to enhance the rate of evaporation of rejected brine in the evaporation
pond, which is novel in the context of the desalination plants of KSA. This part of this
research aims to address objectives 2 and 3.

The recovered mineral was totally dried by a microwave device, powering from a PV
system, as pointed out in objectives 4 and 5. Following objective 1, the characteristics of
the minerals were analyzed by acquiring rejected brine from desalination plant as well
as seawater, and also the economic value of the minerals from the rejected brine was
calculated. Generally, this strategy will result in a significant economic advantage via
the creation of jobs and decreasing the total cost of the desalination technique.



1.11 Thesis Organization

This thesis is divided into 9 chapters. Chapter 1 briefly introduces desalination and solar
ponds, the global need for fresh water, the desalination technique, and its impact on the
environment. Then, the application of solar pond for minimizing brine disposal is
explained, followed by the possibility of mineral recovery from desalination plants,
problem statements, objectives, scopes of the study, and the contribution of the work is
presented.

Chapter 2 presents the reviews of the literatures associated with the general concepts of
desalination, brine disposal and management, solar pond, mineral recovery, evaporation
pond, solar radiation, and PV and microwave applications. Moreover, the modeling and
simulation of solar pond equipped with an evaporation pond are presented.

Chapter 3 presents a detail of the materials and methods employed in this work. It also
discusses the modeling, simulations, and experimental procedures and the subsequent
analyses of the data.

Chapter 4 analyses the specifications of seawater, as well as rejected brine from the
desalination plant and discuss the economic value of the minerals present in the brine.

Chapter 5 shows the results of operation of the fabricated small-scale solar pond for 60
days and 2-day tests.

Chapter 6 presents the impact of generated heat of the solar pond in the evaporation
process simulated by a heater at different temperatures. The evaporation rate of a normal
evaporation process and the one with the extra heat from the solar pond is compared.

Chapter 7 shows the results of solar radiation modeling and the amount of solar energy
that can be harvested via fixed, single, and double-axes tracking surfaces in Al-Khobar
city, Saudi Arabia.

Chapter 8 describes the assembly of a PV system that could power a microwave device
that used to remove the remaining moisture in the salt post-evaporation.

Chapter 9 concludes the work and recommends future work in the context of industrial
applications. The references and appendices are compiled at the end of the thesis,
description about modeling, simulations, calculations and pictures of the different steps
of practical sections of the work is illustrated in the appendices section.
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