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Abstract

Worldwide, more than 844 million people do not have access to clean drinking
water. With climate change accelerating the global water crisis, more sustainable
solutions are needed to combat rising water scarcity in regions like Middle East North
Africa (MENA). Seawater desalination plants are one solution for this challenge.
However, these plants continuously require high energy input to remove impurities and
also produces large volumes of waste brine which is typically discharged into the ocean,
contributing to marine pollution. The first objective of the thesis is to explore how solar
technologies can sustainably meet the high energy demands of seawater desalination
while also considering overnight energy storage options for uninterrupted freshwater
production. The second objective is to review the performance and cost capabilities of
waste brine recovery technologies when applied to seawater desalination practices. The
overall aim is to find sustainable and innovative solutions to reduce brine volumes,

minimize marine pollution, and power seawater desalination with clean energy.

Photovoltaics and concentrated solar power technologies were researched in
depth for their energy performance and cost effectiveness in water-scarce regions. Both
solar technologies were found to provide a competitive levelized cost of electricity
compared to traditional fossil fuel energy sources. Several research projects were
evaluated and found to produce similar or lower capital and operational costs than current
fossil-fuel powered seawater desalination. To tackle the second objective, integrated
membrane technologies were reviewed for their potential to recycle the waste brine from
seawater desalination. The results found that integrated membranes can increase
freshwater recovery percentages and treats the remaining brine into crystal salts via
nucleation using a membrane crystallizer. The crystals produced as a byproduct of
seawater desalination can be repurposed, recycled, and sold for additional economic

benefits instead of disposal as waste into the ocean.

Renewable energy systems can be combined with sustainable desalination
applications to meet rising water demand, reduce the environmental pollution and

increase the economic value of freshwater treatment plants
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Introduction

Fresh potable drinking water. A key resource that is essential to the existence and
well-being of billions and billions of living organisms. According to the World Health
Organization (WHO), half of the world population will be living in water-stressed countries
by 2025. Currently, 6.8 billion people have access to a basic service with improved water
sources. At least 2 billion people use water sources contaminated with feces, with 785
million lacking access to basic drinking-water services (and 144 million relying on surface
water). With millions exposed to contaminated drinking water, many diseases like
cholera, diarrhea, typhoid, dysentery, and polio can form and be easily transmitted into
vulnerable communities. It is estimated that contaminated drinking water causes 485,000
diarrheal deaths per year. The United Nations Sustainable Development Goals highlight
this issue in goal #6: “Universal & equitable access to clean sanitation and water” [UN,
2021]. 5.3 billion people manage to have access to clean safe drinking water however
the remaining 2.2 billion still consume unclean and unsafe drinking water. This inequality
can be attributed to different sociocultural, geographic, and economic factors. While the
world has made great developments to provide clean drinking water for more people, the
ever-present threat of climate change will make providing clean drinking water services,
for a rapidly increasing world population, an extremely difficult challenge in the future.
Management of water resources will become imperative to maintain quality and
provisions. While the earth is 70% covered in water, only 2.5% is fresh water that can be
consumed. The rest of the water is highly saline and/or ocean-based [Guppy, 2017].
Converting seawater into drinking water using seawater desalination practices. Modern
desalination technology treats saline water by evaporating or filtering it into freshwater
suitable for human consumption. However, desalination demands large quantities of
energy and pollutes marine ecosystems. Climate change is accelerating water scarcity
worldwide. The transition to clean energy and sustainable practices is being slowly
adopted and can help improve the existing traditional emission-emitting technologies.
Better desalination practices can help provide a better alternative solution to the water
scarcity challenges. The focus of this thesis will be on researching sustainable solutions
for improving current seawater desalination practices and the economic and

environmental benefits of these implementations.
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Chapter 1: Problem Definition & Scope

1.1 Global Water Scarcity Challenges

Water scarcity occurs when the demand for water from all sectors (agriculture,
industry, environmental, commercial, residential, etc.) is higher than the available water
that the region can provide. Hydrologists define a region’s water stress and scarcity by
the number of cubic meters (m?) of water available to an individual, annually. An area
experiences water stress, if less than 1,700 cubic meters of clean drinking water is
available for each person, annually. If annual water supplies drop below 1,000 m® per
person, then the area faces water scarcity. If this annual water supply drops below 500
m?® per person, the population will face absolute water scarcity [UNDESA, 2012]. Figure
1 below, highlights the regions in the world that are experiencing two types of water
scarcity (physical and economic). Physical water scarcity occurs when there is not
enough water in a region to meet the human consumption demand. Economic water
scarcity is the sever lack of investment into water infrastructure and resources or a lack
of human capacity to meet the demand for water.

Global physical and economic water scarcity

Little or no water scarcity
PIySICA] walar SCarcity
Approaching physical
wiater scarcity

W Economic waler scarcity
Mat estimated

Figure 1: Global Physical & Economic Water Scarcity
Source: UNDESA, 2012

An example of economic water scarcity would be in Sub-Saharan Africa, where
populations suffer from lack of funds and the investment means to utilize available water
resources in the region. Additionally, both political and ethnic conflicts typically result in

the unequal distribution of water resources. According to Figure 1, economic water
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scarcity is more concentrated in central and southern regions of Africa, parts of central
South America, and parts of south-central Asia. Physical water scarcity exists mostly in
Asia, the middle east, and in parts of the North America and Australia. Although only 1%
of Earth’s water is drinkable, this is still enough total water capacity to provide 7 billion
people with adequate drinking water. However, this 1% is unevenly distributed and too
much of it is polluted, wasted, or unsustainably managed. By 2025, 1.8 billion people will
live in areas with absolute water scarcity, with 2/3 of the world living under water-stressed
conditions. With the existing issues related to climate change, it is estimated that almost
half of the global population will be living in areas of high-water stress by 2030.
Additionally, 24 to 700 million people will be displaced by this water scarcity, creating
“Water Refugees” [UNDESA, 2012].

For years, humanity has faced water shortages and droughts. Water scarcity is
an age-old foe and since the ancient Greeks, solutions of all kinds have been developed
to combat the issue. The different solutions being implemented to tackle this issue today
are: water recycling, technological advancements in water conservation, improving
agricultural practices to consume less water, upgrading sewage and rain collection
systems, implementing clean water initiatives, and increasing educational awareness
regarding water conservation. Although these are great methods for water conservation
that most countries are implementing, there are several developing countries in the world
that cannot afford those solutions at the rate of rising water scarcity [World Bank, 2019].
Due to these factors, a more radical approach must be implemented to meet this issue
for the rising world population. Seawater desalination can be the solution to ensure a
continuous supply of potable water to water distressed regions facing physical and/or

economic scarcity.

1.2 Usage of Desalination Plants Worldwide

Desalination is the process of removing ionic compounds like salt from
contaminated water for human consumption and usage. With 97% of the world water
located in the oceans, seawater desalination can present humans with a limitless supply
of freshwater. Desalination methods can also be used to treat brackish water, river, and
wastewater. Two types of desalination methods that currently exist are thermal distillation

and reverse osmosis (RO). Thermal distillation relies on the evaporation of seawater, and
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then collecting and condensing the steam into pure water. RO is a process, where high-
pressure pumps are used to filter water through a semi-permeable membrane and
recover a certain percentage of freshwater from the separation. This semi-permeable
membrane separates the sodium and chlorine compounds and allows smaller water
molecules to go through. Thermal distillation is the oldest desalination method, while RO
technology was first developed in 1959, but did not become commercially popular until
the 1970’s [Kumar, 2016].

Desalination plants are most needed in the dry-arid regions of the world like the
Middle East, Mediterranean, Caribbean, Australia and parts of North & South America.
The first desalination plant for the production of domestic water was constructed in Kuwait
in 1951 using thermal distillation [Kumar, 2016]. Thermal distillation methods include:
multiple-effect (MED), multi-stage flash (MSF), and mechanical vapor compression
(MVC). Before the 1990s, RO technology was regarded as highly sophisticated and
expensive until the development of cheaper membrane materials and energy recovery
devices made it a more economical option, competitive with thermal distillation. Today,
over 18,000 desalination plants operate in more than 150 countries [Kumar, 2016]. Figure

2 displays the location and capacity of the major desalination plants worldwide by country.
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Figure 2: Worldwide Desalination Capacity Per Country

Source: Pacific Institute - The Worlds Water, 2009
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The Middle Eastern region contains more than 50% of the world’s desalination
plants. In recent years, California has struggled to meet its water demand due to
consistent droughts and the gradual population increase over the last 20 years. In 2015,
the largest desalination plant in the United States was commissioned in Carlsbad,
California, treating up to 190,000 cubic meters (m®) of water per day. Currently, the
largest desalination plant in the world is located in Ras Al Khair, Saudi Arabia and can
treat up to 1,036,000 m®/day [Kumar, 2016].

In the last few decades, there has been an increasing demand for desalination to
help meet water demand. Seawater desalination has been growing rapidly in the oil-
exporting countries of the Middle East. Other high-income countries with severe water
scarcity (like Singapore) are also increasing their desalination capacities. Desalination
worldwide produces over 32,000,000,000,000 m?® of freshwater per year, which supplies
over 300 million people. With the worsening global warming effects and growing water
scarcity, interest in desalination has risen in recent decades. Looking at the price drop
over the decades. In the 1980s, the price of desalinated water ranged from €2 - €44 per
m>. The cost range today is averaged at less than 1.3 €/m*®. Some plants are reporting
desalination costs as low as 0.45 €/m®. Although the price of desalinated water has
decreased over the years, it is still more costly to desalinate water than obtaining it from

a freshwater supply source like a lake, river, reservoir, or groundwater [Greenlee, 2009].

1.3 Rising Need for Sustainable Desalination Plants

Although membrane technology, specifically RO, has improved the percentage of
freshwater recovered from seawater, it's a very energy intensive process that typically
uses fossil fuels as the energy input needed to power and operate the high-pressure
pumps for filtering seawater. Most research and development has been invested in to
reducing the total energy demand of the RO desalination process however, other
challenges still persist. The desalination process, whether using thermal distillation or
membranes, produces a byproduct called brine concentrate (retentate). The main
disposal method for the retentate, adopted by most desalination plants, is to directly re-
inject it back into the ocean. This is the cheapest brine disposal practice. Other practices
exist, but are typically used only if environmental regulations issued by governments

requires the plant to do so. With rising water scarcity and the world pushing towards a
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carbon and pollution free future, the need for sustainable seawater desalination methods

will be needed to meet the increasing water demands of the future [Greenlee, 2009].

Sustainable seawater desalination can be defined as a desalination process that
relies on the usage of clean energy to power the operations and applying appropriate
brine disposal and treatment practices to reduce the risk to aquatic/marine life. The
economic, political and social costs for a society suffering from a water-scarce region can
be enormous. A water refugee crisis is a possible consequence, if no actions are taken
to help reduce water scarcity. If desalination is the method to meet the water scarcity
challenge, then more sustainable practices should be implemented to reduce the
negative impacts on marine ecosystems. The largest and highest polluting desalination
plants in the world are located near the Arabian Gulf in the Middle East. The cost of
desalination in this region are lower due to the vast subsidies and low-cost of fossil fuels
(compared to global oil prices). If fossil fuels continue to be the source of energy to
desalinate seawater in these regions, carbon emissions will only increase as more

desalination plants are built to meet the growing water demands.

Desalination is not environmentally friendly because it requires large quantities of
energy and the byproduct of the produced drinking water is a highly concentrated
(hypersaline) brine. The characteristics of this brine reject depends on the composition
of the feedwater being treated, the physical and chemical treatments involved, and the
type membrane technology used. The brine is made of highly concentrated dissolved
inorganic matter like sodium, chlorine, and sulphates. Additionally, other harmful
chemicals added in the pretreatment and posttreatment processes, can make brine a
toxic byproduct. When this high-density brine is pumped back into the ocean, it sinks to
the ocean floor which creates a deoxygenated “dead zone” or “sea deserts” that
negatively impact existing marine life near the desalination plant. It is estimated that
collectively desalination plants produce 141.5 million m® of brine per day [Folk, 2019].
With growing desalination markets in Asia, United States, and Latin America, the
environmental issues that come with desalination will only amplify the climate change
risks. Sustainable desalination is needed to help combat these environmental issues.
Clean/sustainable energy sources and appropriate brine disposal methods can help
reduce these risks to the environment. The aim of this thesis is to research different

solutions and propose new methods for future sustainable seawater desalination plants.
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1.4 Thesis Question & Work Objectives

Thesis Question: “What solutions & strategies exist & can be implemented to
reduce the environmental impacts of seawater desalination and increase its economic

feasibility in water-scarce regions (i.e. the Middle East)?”

The first part of the thesis will explore solar energy technologies and the different
energy storage options available to power the operations of the sustainable seawater
desalination plant. The second part of the thesis will explore economical methods of brine
disposal and treatment which will also reduce the environmental impact on ecosystems.
The core ideas of this thesis are to explore three objectives centered around seawater

desalination in water-scarce countries with high solar radiation. The objectives are:

1. To investigate how solar power combined with seawater desalination plants are
economically feasible and environmentally sustainable in water-scarce countries
with high solar radiation.

2. To explore suitable short and long-term energy storage solutions that can help
renewable powered seawater desalination become flexible to fluctuating weather
patterns and changing seasons.

3. To research different methods and technologies available for appropriate brine
disposal and/or treatment and minimize the impact to the marine life around

desalination plants.
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Chapter 2: Solar Power Technology Applications

2.1 Solar Powered Seawater Desalination

John F. Kennedy, the 35" president of the United States, once said: “If we could
produce fresh water from salt water at a low-cost, that would indeed be a great service
to humanity, and would dwarf any other scientific accomplishment.” At the time, JFK was
referring to the high cost of energy associated with desalinating seawater [O’Callaghan,
2019]. In recent decades, scientists and researchers have been studying different ways
for renewable energy to be coupled with desalination to provide a low-cost alternative to
traditional desalination methods. Two desalination systems exist: direct and indirect
systems. The first direct desalination system developed were solar stills. Solar stills have
been used by sailors for hundreds of years to desalinate seawater on long sea voyages.
Seawater flows and sits in the solar still (a glass container that can evaporate and
condense the water). A black basin at the bottom absorbs the sun’s rays as they
penetrate the glass. The heat is trapped by the roof which creates a greenhouse effect.
The seawater in the solar still boils and evaporates. The evaporating water condenses
on the glass roof of the solar still. The freshwater drips down into troughs on the edges,

where the freshwater is collected [Compain, 2012].

While direct desalination works wonderfully, it is not enough to desalinate water
at a large enough scale to meet the water demands of a city or town. Indirect desalination
is needed and uses two components. The first component consists of a solar collector or
photovoltaic system to capture the solar energy. The second component is a desalination
plant that applies the converted solar energy into freshwater [Baharoon, 2015]. In recent
years, seawater reverse osmosis (SWRO) has gained significant attention due to the
decreasing energy demand and unit cost of membrane filtration. Table 1 highlights the
energy needed to desalinate one cubic meter of seawater using the different desalination
methods. Desalination technologies will be covered in detail in Chapter 5. Table 1
compares the different desalination methods including SWRO, MSF, MED, and MED-
TVC. The most energy intensive desalination method is MSF because it requires both a
thermal energy and an electrical energy. RO membrane technology has become

commercially attractive because it only needs an electrical energy input. This lowers the
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overall energy demand of the technology (compared to other desalination methods).
Additionally, the unit cost of the membrane materials and operation & maintenance costs
have decreased in the last 20 years making it a more commercially attractive alternative
to traditional thermal distillation (MSF, MED, MED-TVC).

Table 1: Energy Demand Comparison of Different Desalination Methods

Source: Moser et. al, 2013

Technology Spec. el. Steam Thermal Equivalent  Total energy
Consumption pressure energy power loss requirements
kW hey/m’ bar kWhg/m'  kWhy/m’ kWhy/m’
SWRO (Med. Sea) 3.5 - 0 U] 3.5
SWRO (Gulf) 4.5 - 0 0 45
MSF 4-5 22-25 BO 10-20 14-25
MED-TVC 1-13 2321 80 10-20 11-215
MED 1-135 0.35-0.5 70 3 4-45

Water scarcity is an important and difficult challenge to overcome. The solution is
not as simple as building more desalination plants. A high concentration of desalination
plants can create more problems than it will solve. Some oceans have higher salinity than
others and therefore require more energy to filter salt and other ionic compounds out of
the feedwater. This is true when comparing the salinity levels in the Mediterranean Sea
to the Arabian Gulf. One reason is due to the high number of desalination plants in the
Gulf Cooperation Council (GCC) countries. The desalination plants in the GCC treat
seawater from the Arabian Gulf and reinject the brine back into the Gulf [Trieb, 2007].
The geography of the Arabian Gulf is shallow and semi-enclosed. The main entry/exit
point is the strait of Hormuz which is less than 50 kilometers wide. The Gulf has a
maximum depth of 100 meters, but an average depth of 35 meters [Bashitialshaaer,
2011]. In the future, more energy will be required to desalinate the same volume of water
because of higher feedwater salinity due to continuous brine disposal into a semi-
enclosed body of water. Additionally, the cheap cost of fossil fuels in this region make it
the main energy source powering seawater desalination. This adds to the environmental
impact of desalination but better alternatives in energy generation have been developed.
An emerging, sustainable alternative is to supply the high energy demand with
renewable/sustainable energy sources. Naturally, solar energy technologies would be the

best renewable energy source to use in regions with high water scarcity and high solar
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radiation (i.e. Saudi Arabia, Australia, California etc.). The next section will explore

photovoltaic technology and its potential to power the seawater desalination process.

2.2 Photovoltaic Technology Overview

Photovoltaic (PV) technology has been in development since 1954. Its costs have
significantly decreased over the last decades and has become favored to break through
to compete with fossil fuels. A PV module consists of a row of silicon wafers or solar cells,
wired into a series to create a greater surface area to absorb more sunlight or photons
[Calgary, 2021]. The panel absorbs the photon energy and generates direct current (DC).
Every PV system has an inverter, which can convert the generated DC current into
alternating current (AC). The DC is stored in batteries and converted to AC for other

applications such as long-distance electricity transmission.

There are mainly two types of solar panels on the market today. Mono-crystalline
(mono-Si) and poly-crystalline silicon wafers (poly-Si). Other types of PV modules (not
from silicon) exist but are still being developed and have not yet commercialized as well
as silicon wafer technology. Mono-Si wafers are more expensive and operate at higher
efficiencies than poly-Si wafers. The operational efficiency of mono-Si modules is
typically between 15-20%, while poly-Si modules operate at efficiencies between 13-

16%. Typically, solar panels contain 60 -72 solar cells [Taylor-Parker, 2019].

The physical components of a panel are shown in Figure 3. The aluminum frame,
tempered covered glass, EVA sheets, and junction box are all designed to protect the
silicon wafers and electrical wires from environmental hazards (e.g. fires, thunderstorms)
that could affect their performance. When these panels are arranged in rows together,
this forms a PV module. When the modules are placed alongside each other, this forms
a string. Strings placed in parallel to one another are called arrays. The design and
dimensioning of PV modules vary on the geographical and environmental characteristics

of the land surrounding the project site [Calgary, 2021].

10
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Encapsulant - EVA

— Solar cells

—— Encapsulant - EVA
—— Back sheet

Junction Box

Image Lnedit Trina Solar

Figure 3: Diagram of PV Module Components

Source: Svarc, 2020

The angle of tilt of the solar panel is perhaps the most important design parameter.
Each region in the world has its own angle of incidence (8) with respect to the sun. Solar
panels should face true south if located in the northern hemisphere and true north if
located in the southern hemisphere. The angle of incidence is the angle between the line
that points directly at the sun from the PV panel and the line normal to the surface of the
panel. The mounting of the PV modules is complimentary to the angle of tilt. If the
mounting system is not stable and functioning correctly, the angle of tilt will be affected,

consequently reducing the electrical efficiency of the modules [Landau, 2017].

There are several types of mounting structures including rooftop, building facade
and ground mounting structures/frames. If the ground is stable and flat enough, pole
mounts are good enough to hold the panel in place. If the surface is not flat or stable,
foundation or ballasted footing mounts may be used. These mounts are more expensive
as they require purchasing and laying concrete for the foundation slabs and footings
[Calgary, 2021]. There are two types of ground-mounting systems, fixed and tracking. A
fixed mount is the simplest and cheapest foundation for a PV module. Fixed mounting
allows for manual adjustment of the tilt for the different seasons. In the winter months,
the sun is located lower in the sky, so the panel should be tilted in a steep orientation. In

the summer, the sun is high in the sky, panels should tilt more in the horizontal orientation

11
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[Calgary, 2021]. Fixed mounts are the economical option for regions with high solar
radiation throughout the year. Tracked mounting uses a solar tracking system which
continuously adjusts the panel tilt configuration to follow the sun as it moves through the
sky during the day. These are costlier systems that have more importance in regions with
varied solar radiation throughout the year. The benefit to tracking systems is the higher
energy output from the solar panels [Landau, 2017]. The last components of the PV
module to consider is the Balance of System (B.0.S). The B.o.S includes components
like the inverter, transformer, switch gears, mounting system, DC & AC wiring, battery
bank and charger. There will always be electricity losses with any inverter so it is

important to choose an inverter with minimal losses [Zientara, 2019].

PV technology has great potential to supply energy in regions with high annual
solar radiation. Several studies have been published about the cost advantages of using
renewable energy systems in the water treatment sector. One study [Caldera, 2016],
developed and examined an energy model for meeting the 2030 global water demand
using only seawater reverse osmosis (SWRO) desalination in combination with various
renewable energy technology. They compared the levelized cost of water (LCOW) of
those technologies to fossil fuel powered SWRO to determine if it would be a feasible
undertaking. The model took into account the falling costs of solar PV and storage due
to productivity and learning curve effects along with the rising water desalination demand.
They concluded that a combination of single-axis tracking PV, fixed-tilt PV, wind energy,
batteries and power to gas (PtG) power plants, or a combination of renewable energy
technologies, has a competitive LCOW that can match the LCOW of fossil fuel powered
seawater desalination. They estimated that the LCOW of fossil powered SWRO
desalination ranges between 0.6 €/m® — 1.9 €/m°. The least cost system was found to be
fixed-tiit PV with an estimated LCOW between 0.7 €/m® — 2.00 €/m°. From the data
published, it can be concluded that SWRO plants powered by renewable energy can
produce water at prices that match those of today’s fossil fueled desalination plants. In
the future, this value will continue to decrease as the price of PV panels decreases.
Additionally, it was observed that the variable which led to higher LCOW is mostly
attributed to water transportation costs. If transportation costs are low or negligible then

the solar LCOW becomes very competitive with fossil fuel LCOW.
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Another publication [Caldera, 2018], investigated the benefits of integrating the
growing desalination and power sectors using renewable energy in Saudi Arabia. In one
reference, it is estimated that a 190,000 m®day SWRO desalination plant powered by
116 MW of single-axis tracking PV can yield a LCOW of 0.7 €/m>. The current price of
fossil powered desalination in Saudi Arabia ranges between 0.65 — 1.90 €/m?®. This price
can be attributed to the lower cost of petrol fuel and natural gas in the country. Many
governments in the GCC have pledged to reduce the usage of fossil fuels in an effort to
meet climate goals in the coming milestone years (2030, 2040, 2050). The research and
data exist and is available to provide policy makers more incentive to investment into

renewably powered desalination [Al-Karaghouli, 2018].

2.3 Concentrated Solar Power Technology Overview

The earliest use of concentrated solar power (CSP) technology was in 1866 by a
French inventor named Augustin Mouchot [Norman, 2021]. Using a parabolic trough to
concentrate solar energy onto a receiver, he was able to produce steam from water using
the world’s first solar steam engine. Over the coming years, different innovators would
experiment with different devices to harness concentrated solar power for different
purposes like refrigeration, irrigation, and locomotion. In 1913, the American inventor and
businessman Frank Shuman, built the first solar irrigation system in Al Meadi, Egypt. He
successfully used parabolic trough mirrors to produce steam from water, and this steam
drove a large water pump, pumping water at a rate up to 22.7 m*/minute to large areas
of desert land. CSP has been revolutionary for the renewable energy field. Its technology
continues to be developed and improved to help harness the full potential of the sun
[Baharoon, 2015].

There are four types of CSP technologies that exist today. Each CSP technology
uses a mirror configuration to help concentrate the sun’s energy onto a receiver that
converts this energy into heat using different heat transfer fluids like water, thermal oil,
and several others. This thermal energy is harnessed by cycling the heat transfer fluid
through a heat exchanger to produce steam. The steam is used to drive a turbine to
produce electrical energy or industrial heat [Baharoon, 2015]. All concentrated solar
power plants contain some kind of thermal energy storage for electricity generation in

times of little to no sunlight or a fossil fueled back up system like a diesel generator or
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natural gas turbine. Thermal energy storage is an alternative that allows CSP technology
to be a flexible and readily available source of renewable energy. Thermal storage

systems will be covered in more detail in chapter 4.

The four different CSP systems on the market today are: Power tower systems,
Linear Fresnel system, the Parabolic Dish system, and the Parabolic trough collector
(PTC) systems [SolarPaces, 2019]. Since 2017, the fastest growing CSP technology has
been power tower systems. Power tower systems or central receiver systems rely on
heliostats (sun-tracking mirrors). The heliostats reflect the sunlight to the top of a central
receiver (tower). A heat transfer fluid located in the receiver is heated to temperatures of
up to 1,000°C and used as the thermal energy medium to produce steam, which is then
used to generate electricity. These systems are typically grid-connected plants that are
more advantageous for large electrical or heat generation purposes (co-generation
plants). The larger the collector field, the higher the system’s energy yield. Better
economies of scale are achieved with larger solar energy generation plants. This can
make investments in larger systems more attractive than smaller systems. Figure 4 below

diagrams the process.

Receiver
Hot Air
l Steam
—l
Power
Thermal Block
Storage
Water
Blower Blower
-
} S J > Cold Air O
Heliostats Tower

Figure 4: Diagram of Power Tower with Combined Electricity Generation

Source: Goel et. al, 2014

The Linear Fresnel system consists of long concentrating collectors that sit
together in parallel in specific orientations to maximize the annual energy collection.
These collectors are placed on the ground and reflect the sunlight onto a pipe above. The
pipe contains the heat transfer medium. This fluid is cycled through a heat exchanger to
convert the energy into steam. The advantage with these systems is that they can be

directly applied for steam-generation purposes in thermal power plants. These collectors
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are readily available and conventionally cheaper due to their lower manufacturing cost.
The operating temperatures for these systems range from 200-550°C. Figure 5 below

diagrams a schematic of the process.

i H -
i ..L.-‘.J; Electricity
AE

Steam condenser

_-‘-:1-;;

I - Linear Fresnel
: Q'/ Reflectors

Figure 5: Diagram of Linear Fresnel System

Source: Breeze, 2016

The parabolic dish system uses a parabolic-shaped concentrating mirror which
reflects solar radiation onto a receiver mounted at the focal point of the mirror. The dish
comes equipped with a two-axis sun tracking system allowing it to rotate and follow the
sun throughout the day. Extremely high temperatures of heat are achieved because of
the geometry of the parabolic mirror. Like the other CSP technologies, the parabolic dish
system uses a heat transfer medium as the energy transportation carrier. The parabolic
dish system has operating temperatures between 250-750°C. Although, there have been
recorded temperatures of over 1,000°C. These systems are coupled with a steam or
Stirling engine cycle for energy conversion and generation. Parabolic dishes can be
advantageous because they can be utilized in stand-alone systems for small off-grid
applications. It is also possible to arrange or cluster large dishes together into dish parks
which can help produce large quantities of energy. Figure 6 diagrams the process
[SolarPaces, 2019].
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Figure 6: Diagram of Parabolic Dish System
Source: Shufat et. al, 2019

PTC systems take the prize for common solar thermal plants commercially
operated worldwide. They were firstimplemented in the mid-1980’s in California’s Mojave
Desert. Generating large capacities, their early success helped them become the most
commercially developed solar plant. Researchers and companies are continuously
working to reduce their costs, automate the operations & maintenance, and improve the
design of the collectors for higher efficiencies. The three working parts of a PTC system
consists of: A mirror with a parabolic-shaped trough, a receiver tube (which is typically
vacuum sealed to reduce thermal losses), and a tracking device that rotates the system
with the suns movement across the sky. The geometry of the parabolic trough collects
allows the solar radiation to be concentrated along the receiver tube at all times. The
receiver tube contains the heat transfer fluid which is cycled through a heat exchanger to
convert the thermal energy into steam for electricity or heat applications. The collector
system itself is placed on mounts with supporting pylons. The parabolic mirrors are
connected to each other in parallel rows. The mirrors are typically very large (width
between 1 to 2 meters) to increase the surface area to allow for more radiation to be
reflected at the receiver tube. Figure 7 diagrams the typical set up for PTC systems [Price,
2002].
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Figure 7: Diagram of Parabolic Dish System

Source: Boretti et. al, 2020

2.4 Parabolic Trough Collector System Applications

A study carried at the Mehran University of Engineering & Technology [Soomro,
2019] examined the performance improvement and energy cost reduction of parabolic
trough solar power plant in Abu Dhabi, UAE (GCC region). The objective was to study
the utilization of a 50 MW CSP plant using a PTC system in Abu Dhabi. Different
technologies were selected to find the best combination to reduce environmental pollution
and energy costs of PTC systems. They analyzed seven PTC plant cases using different
technologies/parameters. The 8" case analyzed the previous 7 cases into a “best case
scenario” and evaluated it in terms of energy production and cost reduction. Case 1
compared the energy and cost performance of a PTC plant with different solar multiples.
Case 2 compared the usage of different solar collector assembly (SCA). Case 3
compared the usage of different receivers or heat collection elements (HCE). Case 4
compared the usage of different heat transfer fluids. Case 5 compared the usage of
differently sized thermal energy storage tanks, for longer storage durations (4 hours, 6
hours, and 12 hours). Case 6 compared usage of different types of cooling systems. Case

7 compared the usage of different fossil fueled backup systems. Case 8 viewed each
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case, choosing the best/suitable system from each case, and evaluated the performance
and cost of this combined. Their evaluation used the System Advisor Model (SAM) from
the National Renewable Energy Laboratory (NREL) to calculate the solar parameters in
each case. This software allowed them to conduct a performance assessment, where
they compared the annual energy production, gross-to-net conversion factor, and the
capacity factor. The cost analysis compared the different calculated nominal (short term)

and real (long-term) levelized cost of electricity (LCOE) for each scenario.

All costs from the study have been converted into euros (EUR). Case 1 found that
as you increase the solar multiple (solar multiple represents the solar field capture area
as a multiple of the power block capacity), the annual energy output increases. This is
because a larger solar collection field will have a higher solar energy capture by the PTC
system. Additionally, economies of scale can be achieved with larger solar multiples,
which lowers the LCOE. Nominal costs look at the costs on an immediate/short term basis
while real costs evaluate the costs on a long-term basis. It was found that the optimal
solar multiple is 4 yielding a nominal LCOE of 3 €¢ per kWh (€¢/kWh) and a real LCOE
of 2.4 €¢/kWh, but if a solar multiple of 5 is used, the LCOE increases to the nominal (3.6
€¢/kWh) and real (2.8 €¢/kWh ) values. This increase in LCOE due to increasing the solar
multiple is a result of increased thermal energy beyond the limits of the thermal energy

storage and power block capacities.

Case 2 and 3 compared the performance and cost of different SCA and HCE
technologies that are available on the market today. According to their simulation, using
different technical components/parameters, the Luz LS-3 system was found to be the
best SCA due to its higher performance and low real LCOE of 2.3 €¢/kWh. The HCE
performance and cost results were observed to have minimal differences in terms of cost
and performance, the best selected system was the SchottPTR70 2008 at a real LCOE
of 2.9 €¢/kWh.

Case 4 compared the different heat transfer fluids commercially available today
and their respective performance and cost analysis. Therminol VP-1 was the HTF found
to have the greatest benefit because it had the highest annual energy output (288,502
GWh), gross-to-net conversion (94.8%), capacity factor (73.2%), and lowest real LCOE
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(2.22 €¢/kWh) compared to the other heat transfer fluids (although the cost did not differ

much). A more detailed analysis of heat transfer fluids will be done in chapter 4.

Case 5 compared the costs and performance of different thermal energy storage
systems for varied times. The thermal energy storage compared were a 4-hour, 6 hours,
and 12-hour system. It was found that the 12-hour thermal storage system was more
advantageous than the 4 hour or 6-hour system because, the annual energy production
(288 GWh from 191 GWh) and capacity factor (73% from 48%) increases with a larger
storage system. A larger thermal storage system allows for energy production to continue
during the night time which is critical for a commodity like freshwater. This increase in
electricity production leads to a lower LCOE (2.22 €¢/kWh) compared to a 4-hour (2.9
€¢/kWh) or 6-hour (2.4 €¢/kWh) system.

Case 6 results showed that the best cooling technique for this PTC plant would
be evaporative cooling and air cooling. However, evaporative cooling requires the
consumption of large volumes of water. This poses a large expense to desalination
plants, so an alternative method would be using seawater in the evaporative cooling

process instead of freshwater.

Case 7 results found that the best back up fossil fuel system is a natural gas
system because of its lower CO, emissions, low-cost, and rapid response. All the best
options from each case were selected in a “best case scenario” for Case 8. Evaluating
the annual energy production (415.404 GWh), gross-to-net conversion factor (95.7%),
and the capacity factor (105.4%), and LCOE’s, they found that a system like this had a
nominal LCOE of 2 €¢/kWh and a real LCOE of 1.6 €¢/kWh. This is an electricity

production cost that is competitive with the current prices of electricity in Abu Dhabi.

Electricity in Abu Dhabi is priced differently depending on the end usage
(domestic, agriculture, industrial, etc) and the end user (local or expat). According to the
Abu Dhabi Electricity & Water Authority, the current cost of electricity per kWh ranges
between 4.5 — 8.1 €¢/kWh, averaging at 6 €¢/kWh. The experimentation and research
conducted in this study shows that a 50 MW PTC system in Abu Dhabi can produce an
LCOE that is very competitive with current electricity prices. The data shows thata PTC

system can yield high economic and energetic benefits in a city like Abu Dhabi, which
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has similar solar conditions to other major GCC cities. The GCC region attracts lots of
opportunities and investment due to its vast oil and gas reserves. This has led to the rapid
industrialization of many capital cities like Abu Dhabi, Kuwait City, Doha, Manama,
Riyadh, and Muscat. These cities are experiencing an economic boom which prompted
a rapid increase in the populations. For example, from the year 2000 to 2020, the
population of UAE increased from 3,134,062 to 9,890,402 [Worldometer, 2021]. The UAE
gets 96% of its domestic water through desalination [Moser, 2015]. This population
increase is projected to keep growing, so the need to power desalination using
sustainable energy is vital in reducing the release the greenhouse gases. The next
chapter will explore the key issue with renewable energy technologies which is the long-
term energy storage challenge. Once the storage challenges are addressed, PTC
systems will have the advantage of providing continuous energy to the desalination

process during periods of low solar radiation and the night time.
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Chapter 3: Energy Storage Options

3.1 Energy Storage Technology Overview

Solar and wind energy systems are not always reliable as they depend on the
energy cycles and seasons in nature to produce electricity. One competitive advantage
traditional fossil fuel-based power plants have over solar and wind power plants is the
transportability of fossil fuels and the practicality of their stored form. To compete with
these stored energy forms, cost-effective energy storage options are needed alongside
solar or wind energy generation to compete with natural gas and coal power plants. For
a stand-alone desalination plant to always be operational, there must be a secure energy
supply. If desalination is to become more sustainable and rely on clean energy
generation, it must rely on an energy storage system that can store excess generated
energy for later usage. Stored energy can take multiple forms including mechanical,
thermal, and chemical. The first battery was developed in the early 1800s. Pumped
storage hydropower is the most popular form of energy storage in the United States. It
accounts for 95% of utility-scale energy storage today. Although this form of energy
storage is growing in the United States, other countries and researchers are focusing on
newer energy storage technologies. This section will focus on exploring the different ways
of storing energy and a comparison of the storage methods. The different storage
technologies that will be reviewed are pumped storage hydropower, compressed air,
molten salt reactors, lithium-ion batteries, lead-acid batteries, flow batteries, hydrogen,

and flywheel storage [Zablocki, 2019].

Pumped storage hydropower (PSH) consists of pumping water to a higher
elevation and storing it in a reservoir during low-cost energy and/or high renewable
energy generation periods. During times of high energy demand, the stored water is
released from the high elevation point and flows through a turbine to generate electricity.
This is an appropriate storage option if a very large capacity of storage is needed and
there is suitable geography with a continuously flowing water source nearby. Figure 8
below highlights a diagram of the process. PSH can have a maximum power rating of up
to 3,000 MW, has a lifetime of 30-60 years, and can operate at efficiencies up to 85%.
According to the Electric Power Research Institute, the installed cost of PSH can vary

between 1,400 and 4,211 €/kW. PSH can also provide up to 10 hours of storage electricity
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during times of peak energy demands. The disadvantage with this technology is the long-
term investments needed and the time required to permit and construct the facility.
Permitting and construction can take between 3-5 years, which makes this storage option
reliable however, fast-changing markets and technology advancements can make this

storage option less attractive in the future [West, 2017].

Lower Basin

Figure 8: Diagram of Pumped Storage Hydropower Plant

Source: Prasad et. al, 2013

Compressed Air Energy Storage (CAES) works similar to PSH. It uses excess
renewable energy during low-cost energy periods to compress air and store it in a sealed,
underground storage area. When the energy demand is high, the compressed air is
pumped back to the surface where it enters a heat exchanger. In the heat exchanger the
air is heated and expands. The resulting expansion energy is enough to spin a turbine
and produce electricity. These storage systems can theoretically reach an overall system
efficiency of up to 70%. However, only two projects today have achieved an overall
system efficiency of up to 55% due to the lost compressed heat and not utilizing it. CAES
has a theoretical maximum power rating of 1,000 MW and can reach lifetimes of up to 40
years. It is relatively affordable with a capital cost of 1240 €/kW. Figure 9 highlights the
process of CAES [Wesoff, 2011].
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Figure 9: Diagram of Compressed Air Energy Storage

Source: RICAS, 2017

Thermal energy storage (TES) facilities rely on the usage of temperature to store
energy as heat. The process works by using excess energy to heat a medium like hot
rocks, salts, or water. This medium is kept insulated and once the energy is demanded,
the heated medium undergoes a heat exchange to produce steam. The steam is either
cycled through a steam turbine to generate electricity or is used in other applications.
Thermal energy can be stored as sensible or latent heat. These types of heat absorb or
release energy in the atmosphere. Sensible heat is related to changes in temperature of
a gas or object with no change in phase. Latent heat is related to changes in phase
between liquids, gases, and solids. Three different kinds of TES systems are sensible
heat storage, latent heat storage, and thermochemical storage. Sensible heat storage is
based on storing thermal energy by heating or cooling a liquid or solid storage media
such as sand, molten salts, rocks, or water (cheapest option). Latent heat storage uses
a phase change material. Thermo-chemical storage uses thermal energy to drive
reversible endothermic chemical reactions to store and release energy. Sensible heat
storage is the most economical option and cheaper than latent or thermo-chemical
storage (IEA, 2013].
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Lithium-lon Batteries were first commercially used by Sony in the 1990s. They
were initially used to supply small-scale consumer items like cellphones with a power
supply. The usage of these batteries became widespread as they had a high energy
density and are lightweight. With more research and development, the batteries became
cheaper to develop. The cost of a lithium-ion battery pack for an electric vehicle is now
less than €144/kWh with an average lifetime of 15 years. The price of these batteries is
expected to fall to less than €100/kWh by 2025. Lithium-ion batteries are the most popular
battery storage option and hold more than 90% of the global grid battery storage market.
There are environmental concerns related to the mining of lithium as its extraction from
the earth can cause harm to the soil and air. With the increasing demand for long-term
energy storage, the strain on these natural resources is increasing. Kang et. al published
a scientific paper on the potential environmental and human health impacts of Lithium-
ion batteries and concluded that lithium mining damages soil, increases water pollution
and depletion. Additionally, toxic chemicals are used to process lithium. These chemicals
can be exposed to the environment through leaching, spills or air emissions which can

harm local ecosystems and food production [Kang, 2013].

Redox Flow Batteries are an alternative to lithium-ion batteries. These batteries
are less popular than lithium-ion, taking up only 5% of the battery market. While lithium-
ion batteries store energy in solid electrode material like metal, redox flow batteries store
energy in an electrolyte medium or liquid. The electrolyte liquid contains one negatively
charged cathode and one positively charged anode. Since the exchange of charged
particles is done through a liquid, the flow battery can produce an electric current without
degradation. The advantage of this battery is no solid electrode is used. This provides a
longer life cycle for flow batteries and gives them an advantage over lithium-ion batteries.

The costs for vanadium redox flow batteries are estimated at €82/kWh.

Hydrogen fuel cells have gained attention in recent years as their potential to be
combined with renewables (green hydrogen) can help substitute the natural gas used as
a backup fuel source in some renewable energy generation plants. The cost to produce
hydrogen from a renewable energy source ranges from $3-6/kg of hydrogen. During
extremely sunny or windy days and low energy demand, excess energy that is generated
from solar panels or wind turbines can be used to produce hydrogen gas through

electrolyzers using water electrolysis. The hydrogen can be stored for long periods and
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used in times of low energy supply from renewable energy technologies. Hydrogen has
the potential to replace natural gas as it can be easily implemented in the existing gas
line networks. This technology still needs some time to become cost-competitive with
existing hydrogen production methods. Table 2 below summarizes the characteristics of
different energy storage technologies available today and their respective power ratings,

lifetime, energy density, and efficiency [Zablocki, 2019].

Table 2: Comparison of Commercialized Energy Storage Systems

Source: Bazaar et. al, 2020

Technology Energy Power @ Lifetime Efficiency
density density orcycles (per cent)

(Wh/1) (W)
Pumped hydro  0.2-2 0.1-0.2 30-60 70-85

storage years
Compressed air 2-6 0.2-06 20-40 40-75
energy storage years
Li-ion batteries 200-400 1300- 1,000 - 85-08
10000 10,000
cycles
Molten salt 70-210 | N/S 30 years  80-90
Hydrogen 600 0.2-20 h-30 25-45
years
Flywheals 20-80 5000 20,000 - 70-95
100,000
cycles

3.2 Molten Salt Thermal Energy Storage Applications

Molten salt thermal-based energy storage has gained significant attention and
investment in the last two decades. Not only does it have a high energy density and
operating efficiency, but it also has a lifetime of 30 years and its energy can be discharged
within hours for usage. It is also a lower-cost alternative to lithium-ion batteries [Kang,
2013]. The storage costs range from 30 — 50 €/kWh (compared to at 144 €/kWh). Using
different heat transfer fluids in recent years has yielded higher operating efficiencies. For
example, an indirect two-tank molten salt storage system has an overall efficiency of
93%. This is due to the higher energy storage capacity of molten salts compared to

conventional heat transfer mediums. Direct and indirect storage systems and heat
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transfer mediums will be discussed in more detail in chapter 4. To power a commercial
sustainable seawater desalination plant, a parabolic trough collector system combined
with molten salt energy storage is a suitable option to provide the large quantity of energy

needed to desalinate water during the day and night [Moharram, 2020].

The Institute of Technical Thermodynamics, Solar Research Department
conducted a techno-economic analysis of several configurations of combined
concentrated solar power with seawater desalination to study its performance and
determine its feasibility in Agaba, Jordan. Olwig et. al explores the potential of CSP for
electricity production in combination with MED and RO desalination plants at two sites
along the Red Sea. One particular site, in Agaba Jordan, was designed to desalinate
24,000 m*/day of fresh water, of which 2,000 m*® were desalinated using RO. The CSP
system evaluated included a solar collector field, a thermal storage system, and a
conventional steam turbine power block. Since coastal land in Agaba is more expensive,
the CSP system was assumed to be inland. A parabolic trough system was designed to
use oil as the heat transfer medium (in the PTC receivers) and use molten salts as the
storage medium combined with a traditional Rankine steam power cycle. The three
storage durations examined had 0, 6- and 12-hour molten salt heat retention capacities.
The study examined two cases, one with CSP + MED and another with CSP + RO. They
concluded that the CSP + RO yielded a lower LCOW than the former case. Additionally,
thermal energy storage systems allowed for more electricity production from the steam
turbines thus increasing revenues and reducing overall LCOW. The high irradiance in
Aqaba, Jordan allowed higher energy generation yields and lead to an LCOW of 0.82
€/m® and an electricity price of 0.2 €/kWh, if a CSP system is used. They conclude that
there are economic advantages to using thermal energy storage systems to increase the
economic payback of a solar thermal energy generation plant when combined with a
seawater RO desalination plant. The next chapter will explore applications of thermal

energy storage.
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Chapter 4: Heat Transfer Fluids & Storage Medium
Applications

4.1 Overview of Heat Transfer Fluids

As mentioned in section 2.2, the trough mirrors in a PTC system are used to
concentrate sunlight onto a vacuum-sealed tube or receiver which transfers thermal heat
into the HTF. The high-temperature liquid can then be cycled through a heat exchanger
which can boil water and produce steam. The most economical and commercial
concentrated solar power systems are the PTC systems. In the last decade, technology
has reached industrial maturity and commercial availability [Price, 2002]. The most used
HTF for PTC systems are petrol-based synthetic oils (Therminol VP-1). Many HTFs are
available on the market today and the following section will review four different heat
transfer fluids including Therminol VP-1, Solar Salt, Hitec Salt, and pressurized water
[McDowell, 2010].

Therminol VP-1is an example of a commonly used synthetic HTF. It is a mixture
of 73.5% diphenyl oxide and 26.5% diphenyl and can be heated and reach a maximum
temperature of 393°C. The vapor pressure is high when the fluid is heated. The
advantage of synthetic oils is the low freezing points (15°C). This makes them a more
flexible fluid to work within environments with varying temperatures. The main issue with
these synthetic oils is their negative impact on the environment concerning production
and usage. In addition to their toxicity and flammability, synthetic oils have a higher global
warming potential as they are made from fossil fuel derivatives. Unforeseen system
leakages that occur will harm any soil or wildlife indirect exposure to the synthetic oils. In
recent years, molten salt HTFs have gained significant popularity due to their ability to
withstand higher operating temperatures and lower unit costs. Molten salts have high
thermal and chemical stability, higher heat capacity and density, low vapor pressure, no
harmful effects on the environment, and improvements in thermal efficiency for solar
thermal power plants. Two molten salt HTFs on the market today are Solar Salt and Hitec
Salt [Merrouni, 2016].
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Solar Salt (referred to as binary salt) is a 60/40 mixture of sodium nitrate and
potassium nitrate, respectively. Its output temperature can reach up to 600°C. It's high
energy density and valued exchange coefficient have already helped prove itself for
thermal energy storage applications. It is also cheaper than traditional thermal oils
however, its main disadvantage is that it has a high freezing point of 220-240°C. Solar
salt is more environmental to use than synthetic oils but not as safe as Hitec Salt due to
the lack of reduction in harmful chemicals like sodium nitrate (60% of the chemical make-
up) [Merrouni, 2016].

Hitec Salt is a mixture of sodium nitrite (40%), sodium nitrate (7%), and
potassium nitrate (53%). It has similar properties as the solar salt (reaching operating
temperatures of 593°C) however, the main advantage with Hitec salt is its lower freezing
point of 120-130°C [Merrouni, 2016].

Table 3: Comparison of Commercial Heat Transfer Fluid Characteristics

Source: Kearney et. al, 2003

Solar Hitec Hitec LiNO, Therminol
Property Salt ccili;m mixture Di::;}‘l

Composition, % h::,:; x mr:hjeﬂt}ll

NaNO, 60 7 7

KNO, 40 53 45

NaNO, 40

Ca(NO,), 48
Freezing Point, C 220 142 120 120 13
Upper Temperature, C 600 535 S00 550 400
Density @ 300C, kg/m? 1899 1640 1992 815
Viscosity @ 300C, cp 3.26 3.16 6.37 0.2
Heat capacity @ 300c, 1kg-K 1495 1560 1447 2319

A life-cycle assessment (LCA) was prepared [Batuecas, 2017] to compare the
environmental impacts of three HTFs used in parabolic trough collector systems. The

study used several LCA indicators to measure the difference between the HTFs and their
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impacts. These indicators are the levels of abiotic depletion, global warming potential,
ozone layer depletion, human toxicity, terrestrial ecotoxicity, photochemical oxidation,

acidification, and eutrophication. Figure 10 below graphically represents the ranking of

each HTF to the LCA indicators.
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Figure 10: LCA Comparison of 1 kg of Hitec Salt and 1 kg of Binary Salt to 1
kg of Therminol Oil

Source: Batuecas et. al, 2017

Therminol VP-1 measures the highest in each LCA indicator category. Hitec salt
measures the lowest in each LCA indicator category due to its usage of sodium nitrite
over sodium nitrate. The LCA study concluded that the sodium nitrate in binary salts
contains higher levels of toxicity towards humans than sodium nitrite. Hitec salt takes
advantage of this by minimizing its usage of sodium nitrate to 7%, and supplementing it
with the safer alternative of sodium nitrite (53%). Hitec salt is an environmentally safe
and highly efficient HTF that can compete to replace petrol-based HTFs in CSP systems
[Kearney, 2003]. Therminol VP has advantageous properties such as a low freezing point
compared to molten salts. This makes their operability much more flexible than molten
salts. Using the advantageous properties of both HTF’'s can lead to better long-term
thermal energy storage. The next section will explore different storage system

configurations for these HTF’s.
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4.2 Two-Tank Molten Salt Thermal Storage Application

Since the focus will be on seawater desalination for water-scarce countries, solar
energy generation can be an effective energy source as solar radiation is higher in these
regions. Solar energy generation coupled with thermal energy storage is a promising
option to help meet the high energy demand required for seawater desalination.
Additionally, the system can be sized larger than the energy needs of a desalination plant
to increase economic payback through the sale of excess electrical or thermal energy.
The challenge with using molten salts as the HTF in parabolic trough systems is the high
freezing points of the nitrate salts, which range from 120-220°C. The salt can freeze if
not maintained at the minimum temperature threshold. This can pose a serious challenge
to operations as special attention must be given to ensure that the salts do not freeze in

the pipes and valves [McDowell, 2010].

Two types of molten salt TES are available today, indirect and direct storage.
For indirect two-tank storage systems, synthetic oil is used as the heat transfer medium
in a parabolic trough collector field, once the heat transfer fluid is heated in the solar field,
it enters an oil-to-salt heat exchanger to transfer that thermal energy into another thermal
storage medium (molten salts) coming from a cold salt storage tank. This is referred to
as the charging process. After being heated, the nitrate salts are stored for a certain
duration (duration lengths are based on the size of the storage tanks) until the evening
where it is injected back into the oil-to-heat exchanger, heating the synthetic oil which
flows into the power block and continues to provide steam to the power cycle. This is
called discharging [Herrmann, 2004]. Figure 11 diagrams this process. Indirect storage
systems are more commonly used for commercial purposes to minimize the risk of salt
freezing in the solar field collectors and receivers in a PTC system. The oil-to-salt heat
exchanger is an important component in the indirect two-tank storage system. The most
commercial oil-to-heat exchanger design is the shell and tube design. A schematic of the
design is displayed in Figure 12. The synthetic oil flows into the shell, while another HTF
(like molten salt) flows into the tubes of the heat exchanger, where the thermal energy is
transferred. The heated salts continue to another heat exchanger containing water, where

the steam is produced and used to produce electricity [Caranese, 2017].
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Figure 11: Diagram of Indirect Two-Tank Thermal Storage System

Source: Li et. al, 2017
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Figure 12: Shell and Tube Oil-To-Salt Heat Exchanger Diagram

Source: Parisher et. al, 2012
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A direct two-tank storage system is more typical for CSP plants that use solar
tower technology. In this case, one fluid the main transfer medium throughout the entire
system as both the HTF and the thermal storage fluid. Figure 13 below diagrams a direct

two-tank system, with molten salt as the HTF and the storage medium.
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Figure 13: Direct Two-Tank Storage System with CSP Tower

Source: Bauer et. al, 2012

The system components that make up two-tank molten TES consists of nitrate
salt storage tanks, salt inventory, oil-to-salt heat exchangers (for indirect two-tank
storage), and nitrate salt circulation pumps. The storage tanks must be well insulated to
maximize the heat retention of the nitrate salts. The storage tanks can be constructed
vertically so that the high temperature nitrate salt maintain a low vapor pressure. A high
vapor pressure would lead to faster evaporation of the liquid. Salt storage tanks are
typically fabricated with carbon steel. The heat is retained by insulated walls and roofs
from material like calcium silicate and mineral wool. The foundation of the tank is a
concrete slab layered with thermal insulation, foam glass, insulating fire bricks, a thin
steel plate liner, and sand. The insulating firebricks help support the weight of the walls
and roof [Zaversky, 2013].

The salt inventory used must be selected wisely, depending on the desired design
output, as the various mixtures of nitrate salts available today yield different retention
times, freezing points, and melting points. The last component of nitrate salt storage

systems is the nitrate salt circulation pumps. Since these pumps will handle high
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temperatures, they must be extremely durable and equipped with anti-freezing
technology. The high temperature of the liquid handled requires a type of vertical shaft
pump. For a direct two-tank system, two pumps are needed. One at the cold salt storage
tank, to pump the HTF through the solar collector field, into the heat exchanger, or in the
hot salt storage tank. Another pump is needed at the hot salt storage tank to pump the
heated salts into a heat exchanger with water to produce steam for electricity generation.
Two different pump systems are needed for an indirect two-tank storage solution. One
pump system is used for the desired HTF and another pump system is used for the

storage fluid [Zaversky, 2013].

The sizing of the storage system and material components will determine the
storage capacity of the thermal tanks. Larger, more insulated tanks will have longer
storage capacities than smaller, less insulated ones. Longer storage capacities also
mean higher investment costs but the tradeoff is the economic benefits of increased
hours of operation. The storage duration times for molten salt thermal tanks range
between 2 to 18 hours [McDowell, 2010].

4.3 Direct Molten Salt Storage with PTC Application

The Archimedes Solar Energy Demo Plant was launched in July 2013 and was
the first direct two-tank molten salt storage applied to a PTC plant. It is located in Sicily,
Italy, and showcased the manageability, efficiency and robustness of using one HTF in
CSP plants. This research was carried out, in part, to consider different ways to reduce
the LCOE for CSP plants. According to the publication, the data between 2013 and 2014,
indicated that freezing and thawing protection measures can be incorporated into the
solar collector assemblies. During extraordinary phases where salt cannot maintain a
high temperature due to lack of solar radiation, it can be drained out of the system and
refilled during ordinary operational phases [Maccari, 2015]. Figure 14 below highlights

the plant layout of the solar energy demo plant.
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Figure 14: Direct Two-Tank Storage System with PTC Technology
Source: McDowell et. al, 2010

The ASE demo plant operated under three different conditions depending on the
time of year. The three operating modes are normal tracking mode, off-tracking mode,
and long-term stand-by-mode. Normal tracking mode is the operating mode when steady-
state conditions exist. This means there is a sufficient amount of solar radiation for the
tracking systems to function efficiently and keep the molten salt inlet temperatures at a
minimum threshold of 120-290°C (depending on molten salt HTF type used) and a
maximum outlet temperature of 500-550°C. During unsteady state conditions (cloudy
days or nightfall), the off-tracking mode is used. This is when the tracking systems are
turned off, parabolic trough collectors are stowed at a rest position and the HTF must be
kept at the minimum temperature of 150°C to avoid solidification of the molten nitrate
salts. The HTF is circulated through the solar field. The circulation is aided by warming
the pipes with heat trace cables and using an auxiliary heater to maintain the temperature
of the HTF above the minimum threshold. The cold salt tank acts as a thermal reservoir

for the salt, so it can continue circulating through the system until optimal operations
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return. Long-term stand by-mode is used during the winter months when the conditions
make it hard to keep the salt in liquid form. In this operating mode, all the salt in the solar
field is drained into the molten salt storage tanks. Electric heaters keep the salt in the

liquid phase throughout the winter months until optimal conditions return [Maccari, 2015].

Direct two-tank molten salt storage coupled with parabolic trough collector
systems are not common and have yet to commercialize. The success of the demo plant
in Sicily gave the ASE company confidence to invest in two larger capacity plants to
demonstrate the commercial feasibility of such systems. The advantage of these systems
over current commercial practices is the higher allowable operating temperature of the
HTF (increasing plant efficiency), the reduction of overall thermal energy losses in the
process, and the usage of a more sustainable and less harmful HTF compared to
conventional thermal oil. However, the disadvantage of using an HTF with a high freezing
point is the additional investment needed into freeze protection equipment. Several
freeze protection measures that can be incorporated into the plant design are heat trace

cables, impendence heating, and auxiliary heaters [Gabbrielli, 2009].

In May 2019, a feasibility study was carried out by Abengoa Energia to assess
the freeze recovery options in PTC systems working with molten salt as the HTF. They
concluded that recovery of salt from freezing is possible but the threat of HTF freezing
does not invalidate the concept of molten salt as the HTF. In their modeling, they
experimented with two freeze protection measures; heat trace cables and impendence
heating. Heat trace cables are used to preheat the piping system to avoid initial thermal
shock on the equipment. Heat trace cables are highly resistant, mineral insulated cables
that provide enough heat to keep salt above the freezing threshold. Impendence heating
works by heating the receiver tubes by sending electrical currents through the fluid from
connected standalone panels and transformers along with the solar collector assembly.
Auxiliary heaters are backup fossil fuel-fired systems that can provide the needed heat
to maintain the HTF temperatures. In the study, these protection measures were found
to be effective against freezing. Hitec salt was found to require less heating than solar
salt (binary), reducing the overall freeze protection costs. Additionally, in the event of
improper maintenance and freezing in the pipes occurs, the re-melting time required to

resume normal operations ranges from 100-300 days. This represents a significant
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financial penalty for freezing and therefore demonstrates the need for anti-freezing

protection measures along with good operation and maintenance practices [Prieto, 2019].

Applying this technology in water-scarce countries that rely heavily on seawater
desalination would be advantageous as the average temperatures in the GCC are high
enough to use a direct two-tank system (with anti-freezing protection measures) instead
of an indirect two-tank system. According to Statista, the average temperature in Dubai,
UAE from 2013 to 2019 was 29.6°C. This ambient temperature allows for the usage of a
direct two-tank molten salt thermal storage system to be applied and provide energy
overnight for 24-hour desalination operations. Not only does this increase the number of
hours of operation of the desalination plant, but it yields higher economic benefits as
water production can continue during the night using the stored thermal energy in molten

salts.
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Chapter 5: Seawater Desalination Technology Applications

5.1 Overview of Seawater Desalination Methods

The Greeks and Romans were the earliest humans to use evaporation and
filtration techniques to desalinate seawater. Romans built clay filters to capture and trap
the salt and Greek sailors would boil seawater and condense it into freshwater. The aim
of desalination is to desalt seawater (salinity between 30,000 — 40,000 mg/L) or brackish
water (<10,000 mg/L) to produce potable water. The methods have improved over the
years to bring down the capital and operational costs of desalinating seawater/brackish
water. Brackish water can be easier to desalinate as it has a lower salinity level than
seawater, allowing it lower treatment costs. Water with higher salinity is harder to
desalinate and treat as it requires more energy to remove dissolved solids. Brackish
water desalination tends to be cheaper than seawater desalination because it requires
less energy to power the process. To this day, the two most commercial methods of water
desalination are thermal distillation and membrane-filtration, specifically RO. lon-based
technology exists and is being developed to meet large-scale commercial operational
success. RO membrane technology is the most commercially dominant desalination
technology on the market today due to the decrease in system costs and energy demand
compared to thermal distillation. Currently, almost 70 - 75% of operational desalination
plants use RO membrane technology, while older thermal desalination methods are used
in 25% of operational plants [Victoria, 2019]. Thermal desalination methods are energy-
intensive processes that use heat to increase the temperature of feedwater. Manipulating
the evaporation stages of seawater is what separates the types of thermal distillation
methods. The dominant thermal evaporation technologies are Multi-effect distillation
(MED), Multistage flash (MSF), and Mechanical Vapor Compression (MVC). MED uses
several flash chambers with seawater being preheated and pumped into different
chambers or stages. A separate boiler (typically powered by fossil fuels) is used to
produce steam which is fed into a connected heat exchanger in each stage. The seawater
is showered or sprayed over the heat exchanger to produce distilled water vapor which
enters the next stage. The distilled water vapor is transported through to the next stage
as more seawater feed is showered over the pipes to produce additional distilled vapor.

The distilled vapor is collected and is condensed into fresh water. Brine/retentate is a by-
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product in the first stage (when the first distilled vapor is produced for the second and
third stages). The number of stages can vary between 4 — 40 (depending on the
desalination capacity), and the maximum water desalination capacity for a single MED
unit is 40,000 m®day. The total plant capacity can be increased with multiple unit
installations [Ghalavand, 2014].

Electrical energy must also be supplied to power water pumps for the
transportation of seawater/freshwater throughout the system. Thermal energy is used to
preheat seawater, between 90-120 °C before the evaporation process. MED was the
earliest thermal desalination method developed but issues related to scaling and fouling
on heat exchanger piping led to the development of MSF. MSF works similarly to MED
but uses a flash boiling mechanism for the evaporation of seawater and heat transfer.
The convective heating of seawater takes place and the brine/retentate is collected and
handled separately (typically by direct disposal into the ocean). The maximum water
desalination capacity for a single MSF unit is 47,000 m®day. Figure 15 highlights a
diagram of the MSF desalination process. Thermal water treatment plants can be coupled
with power plants to co-generate water and power, where waste heat is collected and
provides the thermal energy needed for MED or MSF distillation. MVC uses compressed
vapor to deliver heat which is what evaporates the water. The water is condensed and
collected while the heat is recycled and used in the feedwater again. The vapor
compression used to deliver the heat is done by mechanical means, typically using

electrically-driven technology [Ghalavand, 2014].
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Figure 15: Diagram of Multistage Flash Distillation Process

Source: Ghalavand et. al, 2014

The next desalination method to explore is membrane filtration technology. Two
types of membrane filtration technology exist commercially today: RO membranes and
electrodialysis technologies. RO membrane filtration technology has dominated the
desalination market in the last decade due to the significant decrease in RO membrane
costs, lower operation and maintenance costs, and lower energy costs compared to
thermal distillation. It uses electrical energy to power the entire process and requires no
thermal energy input. The RO process works by reversing the naturally occurring process
of osmosis to move salt ions from an area of high concentration to low concentration,
through a series of semi-permeable membranes. The is only possible by applying
pressure high enough to overcome natural osmotic pressure to remove salt ions and
other impurities. RO membranes are reliant on high-pressure pumps that apply high-
pressure to reverse the osmosis process. If the salinity level or concentration of the salt
ions and other impurities is high then more energy is needed to move the ions across the
membrane. The remaining filtered impurities are discharged as brine/retentate. Brine
management and disposal can significantly increase the operational costs of the plant if
not properly accounted for in the plant design. Disposal methods and management will

be discussed in more detail in the next chapter [Voutchkoy, 2016].

Electrodialysis Reversal (EDR) membranes use electrical currents to migrate
dissolved salt ions through a membrane consisting of alternating layers of cationic and
anionic ion exchange surfaces. The electrical potential difference created allows the
negatively charged chlorine ions and positively charged sodium ions to migrate to the
cathode (+) and anode (-). The alternating layers help to filter and separate the ions to
allow water to pass through. This water purification method is more efficient and
advantageous when desalinating water with low salinity content (Total Dissolved Solid
Content of < 3,000 parts per million). It is not suitable for large-scale desalination

applications yet [Ghalavand, 2014].
The main technical challenge associated with desalination is the energy demand

of the technologies. It takes large quantities of thermal energy to evaporate large volumes

of water and vast amounts of electrical energy to apply a high-pressure force through
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semi-permeable membranes. Figure 16 is a comparison of the energy demand for three
seawater desalination methods. The methods were evaluated using an energy input from
a combined cycle (CCPP) and oil-fired (OFPP) power plant. The different MSF and MED
plant efficiencies were compared to each other and with RO systems used in the Arabian
Gulf and the Red Sea. The comparison shows that SWRO generally demands much less
energy to desalinate seawater [lhm, 2016]. Renewable energy sources like PV and wind
turbines, which generate electricity instantly, can be applied to sustainable desalination
plants and not lose energy from converting electrical into thermal energy for the MSF and
MED processes. SWRO has the additional advantage of decreasing membrane costs

and research into better membrane materials [Voutchkoy, 2016].
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Figure 16: Energy Consumption of Different Desalination Methods

Source: lhm et. al, 2016

5.2 Seawater Reverse Osmosis Plant Design & Layout

An important design consideration for a seawater desalination system is the
chemical composition of the seawater treated. Not all ocean compositions are the same.
For example, the Arabian Gulf have a much higher total dissolved solids content, between
45,000-50,0000 parts per million (ppm), than the Red Sea (33,000-36,000 ppm) and
Mediterranean Sea (38,000-40,000 ppm). The total dissolved solids (TDS) of the Arabian

Gulf has increased over the years due to the high number of desalination plants (mostly
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from GCC) and the lack of good brine dispersion due to geographical constraints. Water
with a higher TDS content requires more energy to desalinate. This explains why in figure
16, the fossil fuel energy requirements are higher for a RO system in the Arabian Gulf
than a RO system in the Red Sea [Youssef, 2014].

Well-developed RO systems are capable of removing more than 99% of the
dissolved salts, bacteria, organics, colloids, particles, and pyrogens from the seawater.
In terms of the size of particles that get filtered through the membrane, reliable
membranes are capable of removing any contaminant with a molecular weight bigger
than 200 (a water molecule’s molecular weight is 18). The design of any good RO
membrane filtration system relies on maximizing the total freshwater recovery (%). The
most popular and commercially employed membrane type is the spiral wound
membrane. Figure 17 highlights a diagram of a typical section of a spiral wound RO
membrane. It consists of three membrane flat sheet layers. The outermost layer
consists of a polyester fabric support base, a microporous polysulfone layer, and a 0.2-
micron thick polyamide barrier layer. The polyamide layer aids in the removal of
nutrients, chemicals, bacteria, and viruses from the water. The polysulfone layer is
much thicker and acts as a support for the polyamide layer. The next layer is a feed
spacer which helps provide turbulence for the feed water and space between the flat
sheet layers. The innermost layer is a permeate carrier layer which enables the final
recycled water to flow evenly in the membrane, even under high-pressure conditions.
These three layers are glued together and rolled around the core feed-in tube or
permeate collection tube. A RO membrane array consists of 7 spiral wound membrane
elements aligned in a pressure vessel. Once the pressure vessel is sealed, the RO

membrane array is ready for use [PureTec, 2019].
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Figure 17: Diagram of Reverse Osmosis Membrane Unit

Source: Kim et. al, 2019

Since the deployment of RO membrane technology, research and development
efforts have been focused on maximizing the water recovery (%) from the feedwater. For
brackish water reverse osmosis (BWRO) systems, a higher water recovery between 70-
97% can be achieved due to a low TDS content of less than 5,000 mg/L. Seawater is
typically has a TDS greater than 25,000 mg/L. A higher TDS content means more energy
must be applied to filter the water in the membranes. The membranes can typically handle
a maximum internal pressure of 85 bar. If more pressure is applied, then the bursting of
the membrane casing becomes a risk. This is the reason SWRO systems have lower
water recoveries. The membranes can only handle a certain maximum pressure which
inversely impacts how much water is recovered. For SWRO systems, depending on the
type of membrane and manufacturer, water recovery can reach between 35-45%
[Rabiee, 2018].

Different system configurations for RO membrane filtration units can be utilized
for increased water recovery. The main layout options for SWRO are one-stage and two-
stage systems. In a one-stage RO system, feed water enters as one stream and exits the
membrane in two streams as permeate or concentrate water. In a two-stage system, the
concentrate water from the first stage becomes the feedwater in the second stage. The

permeate water from the first stage is combined with the permeate from the second stage.
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Figure 18 highlights this difference graphically. Additionally, the permeate water can be
cycled through the RO system multiple times to undergo a higher water recovery
percentage (at a higher energy demand). This is classified as single pass or double pass
RO [PureTec, 2019].

RO Membrane

Feed Water —— b%—b Permeate Water

Concentrate Water

. y, Permeate
RO Membrane Water

Feed Water - e 3
RO Membrane

Figure 18: One stage vs. Two-stage RO Membrane Filtration Systems

Source: PureTec, 2019

Figure 19 simplifies the layout of an SWRO treatment plant. As can be observed,
the raw seawater is not immediately cycled through the RO membranes. The first stage
of SWRO is raw feedwater pretreatment. RO pretreatment is a critical step before
membrane filtration as it protects the RO membranes from fouling, scaling, and costly
premature membrane failure. The first stage of any seawater desalination plant is the raw
seawater intake. The intake is an initial filter against large debris or marine organisms
and is critical to protecting both the environment and the desalination plant equipment.
The intake should be placed in locations with low marine organism productivity and be

designed to induce a low-velocity current which allows marine organisms to escape if
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caught in the intake path. Typical estimates for the energy consumption of the intake
stage are 0.45 kWh/m?[Voutchkoy, 2010].

The next stage of the SWRO desalination plant is pretreatment. Conventional
pretreatment configurations consist of sedimentation tanks and prefiltration technology.
The sedimentation tanks allow particulates to settle to the tank floor. Additionally, it gives
the desalination plant a chance to pretreat the water for particulates that increase the
chances of fouling and/or scaling. The biggest threats to an SWRO desalination plant are
the build-up of contaminants on the membrane surfaces (fouling). The contaminant build
up is caused by particulate or colloidal matter (silt, clay, dirt), organics, or microorganisms
(bacteria). This phenomenon is called fouling or scaling and can eventually decrease the
water recovery of the RO system. When fouling occurs, the RO membranes need to be
cleaned or in extreme cases, replaced with a new RO membrane. Regardless of how well
a pretreatment system is designed, fouling will eventually occur after enough desalination
cycles. A proper pretreatment system can help minimize the resources and time needed
to address fouling-related problems. In addition to a good pretreatment system,
scheduled cleanings are needed for the membranes to prevent extreme fouling and a
potential shutdown of an SWRO desalination plant. RO membranes typically have a 5-
year life period and need replacement to ensure efficient freshwater production.
Additional filtration membranes (like microfiltration or nanofiltration) in the pretreatment
process can help reduce the amount of brine produced in the RO membrane process.
Microfiltration/Ultrafiltration (MF/UF) and nanofiltration (NF) are among the available
filtration technologies that can increase water recovery and reduce reject brine volumes.
These technologies will be discussed in more detail in section 6.3. Typical estimates for
the electrical energy demand of the pretreatment process is 0.24 kWh/m? [Voutchkoy,
2010].

Pretreatment systems are important measures needed to protect membranes
against fouling and scaling. Two pretreatment system types are granular media filtration
and membrane filtration unit. They can be implemented to reduce the rate of fouling and
scaling. Granular media filtration uses gravity or pressure-driven filtration methods and is
the dominant pretreatment technology for medium to large-scale desalination plants.
These filters make use of granular material like sand, gravel, pumice, and anthracite.

They are effective at removing particles smaller than 0.1 um and use hydraulic
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backwashing for cleaning. Membrane filtration technology applies ultrafiltration (UF) or
microfiltration (MF) membrane modules that filters seawater by either vacuum or
pressure. UF and MF have the advantage of being able to remove a wider variety of
particles than conventional media filters. Membrane filtration technologies are more
effective because they do not rely on the efficiency of chemical flocculation and
coagulation ahead of the filtration process as media filters do. The difference between
pretreatment technologies comes down to the quality and source of the water intake. If
the water intake source is far from the “surf zone” or close to shore, then granular media
filters offer a more cost-effective pretreatment but a longer intake pipe will need to be
built. Additionally, if the ocean area is subject to algal blooms, granular filters are more
advantageous. This is because membrane filters rely on high-pressure applications. This
breaks existing algal cells and releases harmful biodegradable organic matter which
accumulates on the filters as a biofilm. Gravity-down granular filters help to gently remove
micro-algae from the intake water. If the seawater quality experiences seasonal variations
and/or contains high pathogens, particulate organics contamination or fine particles,

membrane filtration is a more cost-effective option [Voutchkoy, 2010].

SWRO requires an applied pressure over the membranes in the range of 60-85
bar. The pressure needed to aid the membrane filtration is proportional to the TDS of the
water. Higher TDS content requires more pressure for desalination. After prefiltration, the
water is pumped by a low-pressure centrifugal feed pump before being pressurized by a
high-pressure pump (HPP). This gives the water the correct pressure required for the
osmotic membranes. This portion of the SWRO plant is what creates the highest costs
associated with this technology, the energy costs for the pumps. HPP’s are one of the
most important design components of any SWRO desalination plant. To reduce energy
consumption from the HPP, the correct pump technology with the highest efficiency is
required. Typical estimates for the electrical energy demand of the RO membranes can
range from 2 - 8 kWh/m®. A two-pass RO system is typically 15-30% more costly than a
single-pass system. This value of the energy demand varies because due to the TDS
content of raw water, the quality of the membrane filters, and whether an Energy
Recovery Device (ERD) is used [Pinto, 2020].

After the prefiltered seawater goes through the osmotic membranes, post-

treatment of both the permeate and brine concentrate is needed. After membrane
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filtration, the permeate can be further purified into drinking water, irrigation water, or
process water. Since RO membranes do not selectively remove ions, desalinated water
is poor in minerals like calcium and magnesium. This is why post-treatment is necessary
to add required minerals. Typical estimates for the electrical energy demand of the post-
treatment process are 0.4 kWh/m?®. The objectives of post-treatment are to adjust the
filtered water (permeate) and add chemicals to achieve drinking quality standards. The
filtered water requires the removal of sodium chloride and boron, the addition of calcium
and magnesium, and the neutralization of the pH to +/- 7. To remove further sodium
chloride and boron from the water, a second pass RO could be implemented in the
design. A second pass RO will help filter any remaining sodium chloride. Additionally,
caustic soda can be injected before the second pass to treat the additional boron. The
addition of calcium and magnesium is accomplished through remineralization.
Remineralization can be done in four different processes. The most cost-effective option
is to re-mineralize water by adding calcium chloride (CaCl;) and sodium bicarbonate
(NaHCO3). After remineralization, the pH of the water can be adjusted through the
addition of sodium hydroxide (NaOH) or hydrochloric acid (HCI). The NaOH should be
added if the water pH is below 7, and the HCI should be added to the water if the pH is
above 7. Once the water is purified, it can be stored in a tank for later transport and
distribution. Typical estimates for the electrical energy demand of permeate water
distribution are 0.22 kWh/m? [Ludwig, 2010].

The brine/retentate that results from RO membrane filtration is highly
pressurized. Pressure exchangers or an ERD can be implemented to recover the energy
from the brine/retentate, and the recovered energy can be reused for HPP’s [Stover,
2007]. The outfall system is an essential part of an SWRO plant. Brine concentrate is
much denser than seawater so when it is diffused back into the ocean it can sink to the
ocean floor and damage marine organisms and ecosystems. Therefore, proper brine
concentrate management is needed in all desalination plants. New and existing
mechanisms are in place to help manage brine disposal including diffusers, dilution,
infiltration trenches, and zero liquid discharge [Humood, 2014]. More details on this

subject will be explored in chapter 6.
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Figure 19: SWRO Desalination Plant Layout and Energy Consumption

Source: Kim et. al, 2019

5.3 Seawater Reverse Osmosis Plant CAPEX & OPEX

The capital and operational costs of seawater desalination can be expensive.
Energy consumption alone accounts for 20-45% of the associated operational costs.
Capital Expenditure (CAPEX) costs can be placed into two categories. Direct CAPEX
includes raw water and intake conveyance, pretreatment system, RO membrane system,
post-treatment system, high-pressure pumps and back pumps, electrical and
instrumentation system, plant buildings including civil and site works, brine discharge and
solids handling, and other miscellaneous engineering and site development costs are
needed to build an SWRO plant. Indirect CAPEX includes the financing interest and fees,
legal, engineering, administrative and contingency costs. Indirect CAPEX is the capital
needed to pay for the project and expertise needed to ensure safe and secure
construction and operation [Davies, 2016]. Figure 20 displays the cost breakdown of the
CAPEX for a SWRO desalination plant.

47



Die approbierte gedruckte Originalversion dieser Masterarbeit ist an der TU Wien Bibliothek verfligbar.

The approved original version of this thesis is available in print at TU Wien Bibliothek.

thek,

[]
10
ledge

know|

o
i
r

M You

TYPICAL SWRO CAPEXBREAKDOWN - Advisian

Misc. Eng. & Develop
Costs
12%

Brine Discharge &
Solids Handling
%

Civil, Site, Permitting, _‘
BOP e Pretreatment

Electrical &
Instrumentation
Fil’":l

Desal System
20%

Product Storage &
Distribution Post Treatment
10% 2%

Figure 20: Capital Costs of Seawater Desalination

Source: Worley, 2020

Operational Expenditure (OPEX) costs also fall into two categories: fixed and
variable costs to operate the desalination plant. Fixed costs include the cost of labor,
membrane and equipment replacement/maintenance, administrative, and applicable
property taxes/fees. Variable costs are the costs of chemicals needed for pre and post-
treatment, energy for the pumps, and other consumables needed for fouling and scaling
prevention. The biggest operational costs for SWRO desalination are the energy cost
needed for the membrane filtration processes. The energy consumption of the HPP can
account between 20-44% of the total operational costs. The energy needed to desalinate
seawater was and continues to be the biggest challenge facing all types of desalination
plants. Figure 21 below provides a visual display of the operational cost breakdown for
typical SWRO plants [Voutchkov, 2013].
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Desalination methods are constantly being improved to require less energy to
lower the overall cost of operations. Sustainable SWRO treatment plants can become a
reality if successfully integrated with renewable energy generation with reliable energy
storage. Integrating PV technology with seawater desalination has been studied in
numerous research publications. One publication [Kaya, 2019] analyses the Levelized
cost of PV + RO desalination in Abu Dhabi. They convey that the declining costs of PV
and RO systems can present an ideal combination for sustainable desalination in Abu
Dhabi. Using conservative assumptions, for a 90,000 m*/day RO treatment plant powered
by a 1.1 GW solar PV field in a 5 square kilometer (km?) area, they evaluated 5 cases in
a sensitivity analysis for the LCOW for a PV + RO plant. The case study compared
baseline conditions to a low-cost RO, high permit costs, low-cost PV, and low energy RO
scenarios. The baseline case was assumed to have a 1% decrease in RO system per
year, PV costs of 165 €/m?, permit costs of 5% of total CAPEX, and a RO system energy
consumption of 3.5 kWh/m?®. Assuming that the land is freely given, they found that the
LCOW of a PV + RO system, for the baseline conditions, was 0.29 €/m?. For the best-
case scenario, the LCOW was 0.23 €/m?®. According to the Abu Dhabi Electric and Water

Authority, the average price of residential, commercial, and industrial water in Abu Dhabi

49



Die approbierte gedruckte Originalversion dieser Masterarbeit ist an der TU Wien Bibliothek verfligbar.

The approved original version of this thesis is available in print at TU Wien Bibliothek.

thek,

L]
lio
nowledge

b

o
i
r

m YOu

is 1.75 €/m?>. Water for agriculture is 0.7 €/m>. Non-expatriates or locals of the UAE pay
lower water tariffs (0.47 €/m?®). This study shows the economic feasibility of a PV system
combined with a RO system for seawater desalination in Abu Dhabi (which desalinates
water from the Arabian Gulf). The LCOW for a PV + RO system calculated is lower than

the average cost of water sold by the local water authority.

The benefit of using PV for seawater desalination in coastal areas with high solar
radiation is not only the lower-cost of energy generation but the environmental advantage
of using clean, CO, emission-free energy to produce fresh drinking water for human
consumption. This improves the quality of life for humans as well as minimizes the
pollution sustained by environments and ecosystems. The next section will explore the

potential for concentrated solar power technology to power seawater desalination.
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Chapter 6: Brine Management & Recovery Applications

6.1 Overview of Brine Effluent and Environmental Impacts on
Arabian Gulf

The first MSF evaporation process was installed in Lanzarote, Canary Islands
(1964). Today there are over 700 desalination plants spread throughout the islands with
a total installed capacity of close to 800,000 m*/day. The challenges with SWRO water
treatment are the high-energy demand from the high-pressure pumps and the resulting
CO; emissions if this energy is derived from fossil fuels. In GCC countries, coal and/or
natural gas plants operate in coordination with desalination plants to produce water and
power. Soon the possibilities will exist for using renewable energy to power electrolyzers
to produce hydrogen gas (green hydrogen) and extract electricity via fuel cells. In the
near future, desalination can be powered by hydrogen energy. Excess renewable energy
will generate hydrogen via water electrolysis and extract electricity from fuel cells and

store energy over long periods. [Roberts, 2010].

Brine discharge in the Arabian Gulf has increased its salinity over the last several
decades [Bashitialshaaer, 2011]. The brine discharged into the sea is 1.3 — 1.7 times
more saline than the feedwater concentration. The environmental impacts are negative
effects on water quality due to the high salinity and other chemical additives, the
extinction of larvae and younger individuals near MSF brine discharges (due to the high
temperature and pressure of brine released from this process), the effect on coral reefs
which can be sensitive to sudden changes in environmental conditions (temperature),
decrease in seagrass photosynthesis because of the lack of sunlight reaching seagrass
and algae due to high turbidity of brine. Additionally, there have been measured effects
on several seagrass species, including marine angiosperms which have been detected

to be sensitive to hypersaline brine effluent [Humood, 2014].

The extent of this environmental impact is dependent on the number of seawater
desalination plants located in the area and the ocean and geological factors that exist
nearby. The waves, currents, and depth of the water column are factors that influence

how well brine can mix into the sea. If more than one seawater desalination plant operates
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in the same area, over time, the water salinity will increase in that region faster. In addition
to the high concentration of NaCl in the brine, chemicals used in the pretreatment stages
are contained in the brine discharge. These chemicals are mainly antifouling materials
like anti-sealants, sodium hypochlorite (NaOCI), ferric chloride (FeCls), sulphuric or
hydrochloric acid, or sodium bisulphite (NaHSOs3). Additionally, a case study
[Bashitialshaaer, 2011] reported the chemical impact of an SWRO plant in the northern
Red Sea. The effects of copper and chlorine (which were used as an anti-biofouling agent
in RO membranes) contained high amounts of chlorine. The direct disposal of these
elements leads to the accumulation of copper in the silt and sediment, as the brine sinks
to the ocean floors. Anti-scaling agents used in pretreatment have also shown to have
low degradability in the ocean. It is estimated that for every 1 m® of desalinated water, 2
m? is generated as waste brine. This means that for large-scale desalination plants,
environmental brine management poses a serious challenge due to the large volumes
that need to be treated. The easiest solution is discharging the brine directly back into

the sea [Palomar, 2011].

The ability of the marine environment to dissipate the brine discharge depends on
the conditions of dispersion and the mixing potential of the brine and seawater with the
ocean currents. The first influence is the direct increase in the ambient seawater salinity
within the vicinity of the plant. When the salinity increases around the desalination plant,
the dissolved oxygen levels are decreased. The concentration and saturation of oxygen
decrease due to the high salinity of the brine. Additionally, cogeneration power plants
located near the ocean, providing thermal energy to an MSF or MED system, will increase
the nearby seawater temperature by at least 7 or 8°C above the ambient ocean
conditions. While most marine organisms can adapt to minor changes and even extreme
temporary conditions in water salinity and temperature, continuous exposure can lead to

undesired living conditions and degraded ecosystems [Dawoud, 2012].

The RO brine reject is high in density and when reinjected back into the ocean,
can behave like a gravity current and sink to the ocean floor. When the reject brine “sinks”
to the seafloor, it lowers the dissolved oxygen levels of the water and creates dead zones
that make it difficult for marine life to flourish. Figure 22 displays the different behavioral
characteristics of brine and plume movement after it is discharged back into the ocean.

If the conditions of the receiving water body are enclosed, shallow, and contain abundant
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marine life, then it is a sensitive ecosystem and proper brine disposal methods should be
implemented to prevent long-term marine damages [Al-Mutaz, 1991]. Figure 23 displays
images of a brine solution with dyed rhodamine (to give it color) and its dispersion near

a beach in Maspalomas, Spain.

Figure 22: Physical Movement of Reject Brine After Discharge into Ocean

Source: Palomar et. al, 2011

Figure 23: Reject Brine Movement after Discharge into Ocean

Source: Palomar et. al, 2011
The Arabian Gulf has always been a source of economic prosperity for a many

nations scattered along its coasts because it is home to 55% of the world’s oil reserves.

With this economic prosperity, came a population and industrial boom for several
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decades. With this rapid growth, came the modern day demands of a highly functioning
society, including higher living standards, clean drinking water, expansion of agriculture,
and green land irrigation. This posed a major issue to most nations as the dry and arid
desert climate limited the sources of natural freshwater for adequate economic
development. To meet this problem, seawater desalination was invested in to increase
water production and meet the demands of a rapidly growing region. Now, more than half
of the world’s water is desalinated in this region. Today [Worldometer Water, 2021], the
estimated water consumption of the average person in the UAE, Kuwait, and Qatar is
over 400 liters per person/day. Comparing this value to other nations around the world,
in Germany it is estimated to be 120 liters per person/day, or USA where it is 300 liters
per person/day. The higher water consumption rate per capita requires more water to be
desalinated to meet the demand. Brine effluents are discharged directly back into the
Arabian Gulf, except for Iraq which discharges some of its brine into rivers and upstream
lakes [Dawoud, 2012].

The countries that surround the Arabian Gulf are Iran, Iraq, Kuwait, Saudi Arabia,
Qatar, Bahrain, Oman, and the United Arab Emirates (UAE), all of whom desalinate
seawater every day from the Gulf. The Gulf is a shallow and semi-enclosed sea with a
maximum depth less than 100 meters, and an average depth of 35 meters. The water
temperature fluctuates between 15-36°C in the winter and summer months. The total
water volume is 8,400 km®. Freshwater does flow from the Tigris and Euphrates rivers in
the north and it is estimated that 48 km?®/year of freshwater enters the Gulf. The average
annual evaporation rate is estimated at 1.5 meters/year. The Arabian Gulf is connected
to the Gulf of Oman by the Strait of Hormuz. This strait is less than 50 kilometers wide.
Due to the high latitude position of the Gulf, high evaporation rates and shallowness of
the ocean, create less than ideal conditions for brine effluent mixing. The estimated
flushing time of seawater in the Arabian Gulf is 3 — 5 years meaning that the pollutants
and effluent brine is likely to reside in the Arabian Gulf for a few decades. Figure 24 below
shows the past, present, and estimated brine effluent discharges (per millions of cubic
meters per day) into the Arabian Gulf. Qg is the sum of the brine discharges in the regions
and Qr is the sum of the brine discharges including wastewater which is mixed together
before release. Qr contains more organic matter in addition to the treatment chemicals
added to the brine in the pretreatment and posttreatment stages seawater desalination
[Bashitialshaaer, 2011].
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Figure 24: Past and Predicted Brine Effluent Discharge Values into Arabian
Gulf (106/m3/day) in 1996, 2008, 2050

Source: Bashitialshaaer et. al, 2011

Despite these conditions, the Gulf supports a wide range of marine and coastal
ecosystems like seagrass beds, coral reefs, mud and salt flats, and mangrove swamps.
This adds to the biodiversity and provides valuable economic and ecological functions
like providing an environment for feeding and nursery for a wide variety of important
marine organisms. These ecosystems are under increasing pressure from the activities
associated with the rapid industrial, social and economic developments in the GCC
countries. Due to the heavy pollution, industrial waste, daily brine discharges, oil spills
and domestic sewage, the Arabian Sea eco-region has been labeled “critically
endangered” by the International Union for the Conservation of Nature and the World
Wildlife Fund. This unique environmental setting has made the Gulf an international
interest to the scientific community who want to study the effects and extreme
environmental conditions that marine life can thrive in and the potential impacts of climate
change on the integrity of marine ecosystems. The demand for desalinated water in the
Gulf is only projected to keep increasing. This means more desalination plants will be
built in the future and more brine effluent will be discharged into the Arabian Gulf if no
alternative disposal methods are implemented in the treatment process. This rise in
salinity will only accelerate the decay of the ecosystems that surround the desalination
plants. The next section will review the different brine management options available

today to help combat the brine effluent’s environmental impacts [Bashitialshaaer, 2011].
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6.2 Brine Management and Treatment/Recovery Options

Brine discharge into the ocean is still the most widely practiced disposal method
in GCC desalination plants. Policy makers can implement strict environmental regulations
which prompt industries to focus on waste minimization through other disposal options,
and brine treatment. Other than direct discharge into the ocean, other disposal methods
have been developed over the years including sewer discharge, deep-well injection,
evaporation ponds by solar evaporation, zero liquid discharge, irrigation of salt tolerant
crops, and fish farming salt tolerant species. Sewer discharge is a suitable disposal option
for small quantities of brine. It can be mixed with wastewater effluent and treated together
in a wastewater treatment plant. For larger volumes of brine, deep well injection is an
alternative option if the price of digging wells is feasible. This is when brine is directly
discharged into deep wells that have been excavated in advance and act as brine
storage. The disadvantages are high capital costs and the risk of contaminating nearby
groundwater sources. Additionally, digging deep wells can trigger earthquakes
depending on the metamorphic geography. Evaporation ponds are another option that
use the natural evaporation cycle of the sun to evaporate brine solution and leave
crystallize salt in the process. They are easy to construct, require little labor to operate,
and no mechanical equipment except for pumps. The disadvantage is that this disposal
method requires large areas of land leading to higher capital costs. Another option is zero
liquid discharge (ZLD) which uses a evaporation/crystallization technique in the form of
a distillator and crystallizer to recover salt crystals. Zero liquid discharge applications will
be discussed in detail in chapter 6.3. Land application disposal methods can be employed
such as irrigating certain salt tolerant crops or farming salt tolerant fish. This solely
depends on land availability, vegetation and fish tolerance to salinity, local climate, and

location of groundwater table [Wenten, 2016].

6.3 Zero Liquid Discharge Applications and Integrated
Membrane Systems

As discussed in the previous section, the need for an environmental and
economic solution for brine disposal is needed in areas with high concentrations of

desalination plants like the Arabian Gulf. Integrated membrane systems have been
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researched and proposed as a means appropriate brine treatment. Integrated membrane
systems can increase the fresh water recovery in RO membranes, improve the overall
water quality, reduce cost for desalinating seawater, and environmentally dispose of the
brine. Integrated membrane systems can help achieve this concept of zero-liquid brine
discharge [Macedonio, 2007].

The main components of an integrated membrane system are the pretreatment
technology which consist of microfiltration/ultra-filtration, nanofiltration and a membrane
evaporator and/or crystallizer. RO membranes are the main water treatment stage,
followed by membrane distillation and crystallization technologies which are utilized to
extract the valuable minerals from the brine/retentate. The advantages of using MF, UF,
and NF in pretreatment stages are they can adjust to water quality changes when
seasonal variations occur and a reduced carbon footprint of 20-60% less than
conventional granular media filtration. This results in a higher quality drinking water
product. The disadvantages include the higher costs (5-10%) compared to conventional
granular media filtration and the need to replace the membranes every 3 to 5 years
[Macedonio, 2007].

The purpose of MF/UF is to separate and remove suspended solids and bacteria
from the feedwater by applying pressure and filtering raw sea water through a porous
membrane between 0.1 and 10 um. Nanofiltration is the next step and aids in the removal
of specific compounds like calcium, magnesium, and sulphates. This will be an important
step as it can help increase the volume of NaCl in the membrane crystallizer. Additionally,
it reduces the hardness of the water by removing hardness ions resulting in a lower TDS
content. By lowering the TDS in the NF unit, less energy is required to remove additional
TDS in the RO membrane units. This lowers the energy demand required by high-
pressure pumps. After additional pretreatment filters are used to produce a higher quality
product, a post-treatment system is needed to treat the brine/retentate. A combination of
membrane distillation and membrane crystallization technologies, called membrane
distillation crystallization (MDC), can extract additional water and valuable minerals from

the brine/retentate coming from the pretreatment and RO filtration units [Choi, 2013].

Membrane Distillation (MD) technology works by evaporating the brine solution to

recover additional water (evaporation/condensation) and produce the desired
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supersaturation for crystal precipitation. MD is a thermal separation process which
involves the flow feed stream (reject brine) heated between 40 - 80°C and flows along a
hydrophobic membrane. The hydrophobic membrane keeps the feed stream from
entering and heating the feed stream to 80°C creates vapor which flows through the
membrane as a gas and into a permeate stream, where the vapor condenses into water.
This allows for a higher water recovery from the highly concentrated brine and creates a
higher quality or supersaturated brine that can be treated to increase the yield of mineral
recovery in a crystallizer. Different MD technologies exist but the most commercial
technology is the direct contact membrane distillatory (DCMD). Implementation on an
industrial-scale has become attractive but challenges remain regarding crystallization

fouling and membrane wetting as main issues to be addressed [Choi, 2013].

Membrane Crystallization (MCr) is the next step in the integrated membrane
process. The crystallizer’s function is to produce crystals of a specific size from a feed
solution at a specific rate. Unlike conventional crystallizers, MCr involves the use of
membranes which aids controlled nucleation and crystal growth. The MCr uses moderate
temperatures between 20 - 40°C. This aids in the production of high-quality crystals in
terms of size distribution and purity. To recover a larger amount of crystals, adequate
supersaturation of the feed is needed. The brine can reach this level of supersaturation
through the use of a membrane distillation unit. The membrane distillation unit or
evaporator helps to remove 2 — 5% of water in the reject brine which results in a higher
yield of crystallized product. Implementing a membrane in the crystallizer can result in a
higher purity of the crystal product due to the high porosity and large surface area of the
membrane. Figure 25 shows a diagram of a DCMD closed loop crystallization process.
Before the feed enters the crystallizer, the membrane distillator is used to evaporate
water molecules still in the brine/retentate and is condensed into a distillate tank for water
recovery. The byproduct retentate stream from the evaporation process is sent to a
cooling crystallizer (temperature of 25°C) where the retentate nucleates and grows into
salt crystals [Choi, 2013].
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Cooling crystallizer Heater for MD feed
T=25'C T=40 -T0°C

Figure 25: Schematic of Membrane Distillation & Crystallization Setup

Source: Choi et. al, 2013

The advantage of combining both MD and MCr processes is good crystallization
control. Feed flowrate and temperature are key parameters to optimize to minimize
technical issues such as polarization or wetting. At higher flow rates and temperatures,
the possibility of wetting increases. At lower flow rates and temperatures, the energy
consumption decreases but possibilities of polarization increase. An optimal balance
must be achieved to avoid both. A study [Chen, 2014], proposed a zero-water discharge
system by using continuous membrane distillation crystallization (CMDC) that combines
DCMD with crystallization. They observed that a decrease in NaCl and water production
occurs when the permeate temperature increases and the flowrate decreases. They also
claim that high flow feed rates decrease the residence time of the retentate in the
crystallizer, which leads to lower NaCl production and lower water evaporation
(decreased water recovery). Another study [Edwie, 2013], proposed a similar system but
with a cooling crystallizer, called a simultaneous membrane distillation crystallization
system (SMDC). This system yielded the highest production of salts at 34 kg per 1 cubic
meter of feed solution operating for 200 minutes at 70°C. The specific energy
consumption of an MDC system is in the range between 15 - 40 kWh/m? [Drioli, 2006].
Other sources [Kim, 2017] say that the specific energy consumption can be as low as
28.2 kWh/m?, under ideal optimal conditions. Salmén et. al [Salmon, 2017], examined 28
publications related to membrane systems integrated with brine recovery applications.

They conclude that from all the publications about desalination brine treatment, few
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works include the mass transfer coefficient parameter needed to compare the different
experimental results. This data was not measured or not shared and makes it hard to
compare the results of different membrane system configurations. More studies have to
be carried out to test this application at an industrial scale, and not just laboratory results.
An integrated membrane system would need a secure energy supply to continuously
treat large volumes of brine. The average specific energy consumption for each cubic
meter of brine treated is very high. An energy system that can generate and store large
quantities of energy for continuous desalination and brine treatment. In the GCC
countries, a large-scale CSP plant combined with a desalination and brine treatment
system can provide the large quantities of thermal and electrical energy needed for both

systems.

The following section will review an economic and energetic evaluation of an
integrated membrane system and a SWRO desalination unit and show the economic and

environmental feasibility of brine treatment.

6.4 Seawater Desalination and Brine Recovery Applications

The Institute of Membrane Technology has released several publications
regarding integrated membrane systems functioning to treat brine effluent from
desalination plants, wastewater treatment plants, and industrial manufacturing. Drioli et.
al published data regarding an energy and exergy analysis of an integrated membrane
filtration system using MF, NF, and RO in combination with a membrane distillation and/or
a crystallization unit. The goal was to experiment with different configurations and find
which combination increased water recovery (%) from the desalination. An additional
objective was to add a membrane crystallizer to produce salt crystals which could be sold
as an additional byproduct and decrease the overall costs of desalination. The
experiment proposed 5 different membrane filtration and integrated membrane
configurations using an evaporator/crystallizer to treat the brine effluent. The
evaporator/crystallizer creates the conditions for the formation of salt crystals. Different
system configurations were tested to find which configuration yielded the highest
economic and environmental benefit in terms of water recovery and brine

disposal/treatment.
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The five experimental water treatment flow configurations or flow sheets (FS)
examined used an MF and NF units as pretreatment before the RO process (FS1). Figure
26 highlights this process with a flowrate from the raw water intake of 1050 m3h
(assumed a 25,200 cubic meter per day SWRO freshwater treatment plant). The initial
MF, NF and RO treatment process before experimenting with different integrated
membrane configurations (MDC). The ionic composition of the seawater is measured in
ppm, before and after each unit of the pretreatment and RO processes. After each stage,
the prefiltration units reduce the amount of sodium (Na*), chlorine (CI), calcium (Ca®*),
sulfate (SO4*), magnesium (Mg®"), and bicarbonate (HCO3) ions as well as produce
brine/retentate. This helped identify the system configurations where entropic losses
were high and thermodynamic efficiency were low. The five system configurations that
were experimented and measured were: FS1 (Figure 26) displays the control set up of
the experiment to use for comparison after running the other configurations. FS2 (Figure
27) integrated FS1 with a membrane crystallizer (MCr) stage to treat the brine/retentate
from the NF unit. FS3 integrated FS1 with a membrane crystallizer stage treating the
brine/retentate from the RO unit. FS4 (Figure 28) integrated FS1 with a membrane
crystallizer stage treating the NF unit retentate, and a membrane evaporator/distillator
(MD) treating the RO retentate. FS5 integrated FS1 with two membrane crystallizers to
treat the brine/retentate from both NF and RO units.

Flowrate: 1050 m'h Flowrate: TS50 m'h Florwraln: S1T&m'h
CT- 90,45 pom C1: 96.5M) ppm CI: Q1T ppm

Wa" 10,752 ppm Ha" BITE ppm Ma'" 00 pem
S0, 2701 ppm S0,": 02T ppm S0y 0.0000) ppm
Mg"': 1.295 ppm I Mg"': 0142 ppm [ Mg .08 pem
Ca™": 0416 ppm Ca™" 0048 ppm GCa”™: 0.0001 ppm
HCO," D145 ppes WD, DUDES perm HCOy ' 0008 ppm

1 2 'l § L] 9 12
MF NF RO -
Flowrale: X1 s’
CI' 54,002 ppm
3 | : L Na"; 26 504 ppm
50, 0.8M ppm
Flowrale: 245 m'h 1 Mg ™ 0455 ppm
CI; 27,012 ppem Ca™: 0.956 ppm
Ha": 17 536 ppm HCQy: 0976 ppm
50" 10.122 ppm
Mg 4808 pom
Ca™ 1537 ppem 7 "
OOy 0418 ppm
Y

refentate

Figure 26: MF- NF- RO System Treating Seawater with Brine By-Product
(FS1)
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Source: Driolli et. al, 2007
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Figure 27: MF- NF- RO System Integrated with a Crystallizer Treating NF

Brine (FS2)

Source: Driolli et. al, 2007
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Figure 28: MF- NF- RO System Integrated with an MD Unit Recovering Water
from RO retentate & MCr Treating Brine from NF Unit (FS4)

Source: Driolli et. al, 2007
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The feedwater used in the experimental analysis was seawater of standard
composition. The seawater sample had more than 70 dissolved elements, all occurring
in ions. In FS1, the MF and NF units are additional prefiltration units with the objective of
increasing the water recovery. After feedwater enters the prefiltration units, the
concentration of sulfates, magnesium, calcium, and bicarbonate is reduced by 99.99%,
allowing the RO unit to filter the high concentration of sodium and chlorine ions (up to
99.99%). The MF and NF units are used to remove bacteria, particulates, pathogens, and
viruses from the feed water. These prefiltration units help increase the membrane lifetime
by removing water hardness and decreasing the rate of bio-fouling or scaling on the RO
membranes. Additionally, the reduction of these multivalent ions results in an overall
decrease in the osmotic pressure experienced by the RO membrane. The brine/retentate
streams enter an evaporation process in the MDC for additional water recovery. Before
a crystallizer unit can be used to treat the brine effluent, the reduction of calcium ions is
important to avoid calcium sulphate precipitation and scaling on the membrane
components. If this occurs, then the crystallizer will have limited recovery of magnesium
sulphates. To avoid this, the brine effluent is injected with Na;COs to help the calcium
ions precipitate into carbonates. This can be seen in figure 27 where Na;COs is added

before the crystallization unit.

Experimental results are shown in the following tables. Table 4 displays the
quantity of energy needed by each flow sheet to treat one cubic meter of freshwater.
These values were compared to the energy demand of a typical MSF system (using
values from three separate publications). MSF is a commonly utilized thermal
desalination process and needs both an electrical and thermal energy input to treat
seawater. It can be observed that the energy demand (kWh/m?) for the treatment process
is significantly reduced if low-cost steam or thermal energy is already available at the
desalination plant. Even without an available thermal energy source, the energy demand
of these flow configurations possesses equal or better performance characteristics than
a typical MSF unit.

Table 4: Energy Performance Analysis of Each System Configuration
(kWh/m3)

Source: Driolli et. al, 2007
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MSF FS1 FS2 FS3 FS4 FS5

26.4™

64 370 254°/19.1  259%/183  2.05%/2800 1.96"/26.7
25.74%

(a) If thermal energy is already available in the plant.

(1) Criscuoli er al., 1999; (2) Agashichev and El-Nashar, 2005;

(3) Darwish et af., 2002.

Naturally, the energy demand from flow configurations FS2 to FS5 is much higher
than that of FS1. This is attributed to the high energy demand associated with membrane
crystallization and/or membrane distillation unit. Although the energy demand, and
consequently, the energy costs are higher for FS2 to FS5, the environmental and cost
benefits of an integrated membrane system with crystallization/distillation are higher than
a system without one. Table 5’s results compare each configuration for its freshwater
recovery, brine concentration, and the flow rates for different liquid solutions for salt
(NaCl), magnesium sulphates (MgSO.), and sodium carbonate (Na;COs). The data
shows that when membrane contactor technology is introduced in the (FS2 — FS5)
configurations, the volume of brine is reduced. A conventional system (FS1) would
typically produce 531.9 m®hour of brine effluent, while the use of two crystallizers (FS5)
would significantly decrease the flowrate to 74.6 m®hour. Consequently, this leads to
higher water recovery percentages. In an integrated system with one membrane
crystallizer (FS1), the freshwater recovery is 71.6%, when compared to the conventional
systemin FS1 (49.2%). When two crystallizers are used, a higher amount of brine effluent

is treated and can recover freshwater up to 92.8% (FS5).

Drioli et al. point out that the absence of thermal energy input can increase the
price per cubic meter of water due to the higher energy costs associated with the
membrane contactor technology. However, if a thermal energy input is available, the price
per cubic meter is decreased further. This can be seen in Table 6 which displays a unit
water production cost of 0.61 €/m® when no thermal energy input is cheaply available.
They also calculated the case of thermal energy is cheaply available, the price
approaches 0.45 €/m®. This is a competitive price point for desalinated water. The two
important advantages of an integrated system with crystallizers are that the quantity of
salt produced is high enough to completely cover the cost of desalination (economic

advantage), and reduce the environmental problems related to brine disposal
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(environmental advantage). The environmental advantage reduces groundwater
contamination for inland desalination. The data shows that when membrane contactor
technology (MCr and MD) is integrated into a seawater desalination system, there is an
overall reduction in the volume of brine that needs disposal and this yields tremendous

benefits to the ecosystems around the desalination plants.

Table 5: Water Treatment Effluent Analysis for Each System Configuration

Source: Driolli et. al, 2007

F5l Fs2 F53 F54 Fs3
Brine flow rate (m'h™") 5319 206.6 009 1185 746
Brine concentration (g L 9 aR.02 9594 T6.53 24010 1144
Fresh water flow rate (m® h™") 517.6 75310 1306 931.5 974.9
Fresh water concentration (g L7 0270 (. 186 184 (0. 150 0.143
Fresh water recovery (%) 49.2 71.6 T4 58.6 92.8
NayCOy flow rate (kg " 0 6,4 95.2 G 4 1016
CaCO; flow rate (kg h™") 0 8939 %34 8939 979.3
NaCl flow rate (kg h h 1] 73707 12 470 T370.7 19.441
MzS0, - THAO flow rate (kg h_ll 1] g3t 6 — 038 A 938 6

Table 6 shows the water production cost per cubic meter for the different system
configurations and the volume of byproduct produced. The unit production cost of water
is calculated without incorporating the sale of crystalline material. Drioli et. al observed
that by controlling the crystallization kinetics (rate of reaction) in the MCr, specific
crystalline products/materials can be produced like NaCl, CaCOs, and MgSQOs4. The
lowest cost system configuration is the FS1 (no usage of membrane contactor
technology) but as soon as the profits and sale of salt crystals are incorporated (Table

7), the price point achieved is more than enough to cover the entire desalination costs.

Table 6: Quantity of Byproducts Produced (kg/m3) & Unit Production Cost
of Fresh Water (€/m?3) Without Sale of Brine Byproducts (Currency in USD)

Source: Driolli et. al, 2007

Kl Fs2 FS3 FS4 Fss MSF
Unit cost water production 46 0.68-055" 0,590,471 74055 0.73-0.54 1.3 1
basis |5‘."|'|'=1| 0 .-Ww ”.ﬁ.ll |_”.:-\I|'|a.' ||.,:'-|'7|-||.-l_1|7“u “-I||r|_|-| ill'ul ':”'"J”--l}ﬂ i)
Cal0; produced™ (kg m ) 119 012 0.9 1.00
NaCl produced™ (ke m ™) 979 16.56 791 M35
MeSOTHoO produced™ (kgm™  — 128 £1.0) Ll 0.9 —

1*) With Peloon mrbine operating on the RO brane (urbae efciency of about 42%),
(a) If thermal energy is already available in the: installation
i1) Agashichev and El-Nashar, J05; (2) Helal & af, 2004,
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Table 7 displays the total annual profits and cost (€/m3) of water from each system

configuration (FS2 - FS5). The price is additionally reduced when integrating the sale of

crystal byproducts. The profitability of selling the crystallized salts from the brine/retentate

is shown by the negative values for the total annual cost of freshwater produced. FS4

yields the highest negative value (which shows the highest profitability) when comparing

the total annual cost per cubic meter of freshwater produced. The FS4 configuration

yielded the highest economic benefit which shows a profit range between 0.41 — 0.56

€/m? (depending on if thermal energy is available). These negative values, compared to

the water production cost in Table 6, indicate that the sale of crystalline salts can cover

the entire costs of the desalination process. Profits can be increased further when

incorporating a thermal energy input that is already available on-site (i.e. co-power

generation plant waste heat). This can make the addition of CSP to desalination plants

with this configuration more attractive as thermal energy is readily available from the

thermal energy storage system.

Table 7: Total Annual Profits from Sale of Freshwater and Brine Byproducts

Source: Driolli et. al, 2007

F52 F33 Fs4 F53
Cal0dy |5/ vear| 437 0 41730 478 700 437000
NaCl %/ vear| 1743 () 2949 (0 4683 (00 | 743 (00
MgS0, TH0 [§/year] 4218 000 4218 000 £ 205000
Total annual profit [3/year| 5 YOR 0 200 000 0389 (00 i 398 (00
['otal annual cost |5/ vear| 4024 0l 3 440 00 5 503 (00 5445 000
Total annual cost per m” of fresh water produced |5 |||1| =040/ -0:52" 0077, - 1 =049/~ 08" =013/ -032"°
Total annual cost per m” of fresh water produced” [$/nr| 044/ =057" 0.032/ = D0ga" 053/=071" {16/ =0.36"

(a) Ir thermal energy 1= available in the installation o the stream 15 already at the operatng emperature of the MCr amit

(b If & Pelion turbine 15 used as energy recovery device,

From the data published by Drioli et. al, it can be concluded that integrating a

membrane system with membrane contactor technology (MD + MCr), yields higher

economic and environmental benefits. Not only can the membrane contactor technology

increase the water recovered from the seawater from (49.2% to 92.8%) and increase the

volume of water sold, but crystalline byproducts such as NaCl, CaCOs;, and MgSOs, can

be recovered and sold on various markets. Incorporating a thermal energy supply system

and an energy recovery device can further increase the profitability of such a process. In

Table 6, when the sale of salts is not incorporated, the unit price of water produced by

each system can be competitive with the conventional SWRO system. This is due to the
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higher water recovery percentages achieved by the MD unit. Once the sale of salts is
incorporated, the unit production price of water becomes a negative value in each
configuration (FS2 — FS5). These negative values indicate that the system can be highly
profitable while also reducing the impact on the environment by avoiding traditional brine
disposal methods. Therefore, it can be argued, from the theoretical and laboratory data
presented by Drioli et. al, the treatment of brine effluent can provide higher economic
benefits than reinjecting it back into the ocean where it can harm marine ecosystems and
organisms. The real challenge is to replicate these laboratory results into a real-life
project on an industrial scale. Once a pilot project replicates the results on a large enough
scale to prove its economic feasibility, then it can be become commercialized. Eventually,
it can become an industry standard for desalination plants to adopt zero liquid discharge

practices.
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Chapter 7: Summary & Evaluation of Results

7.1 Summary of Chapters

Chapter 1 highlighted the global water scarcity challenge and the urgent need to
address these issues with sustainable clean solutions. The figure in section 1.1 displays
the regions in the world experiencing physical and economic water scarcity. To combat
water scarcity, seawater desalination can be used to meet the growing demands of
globalization. Seawater desalination is highly concentrated in the dry regions of the
Middle East. Specifically, the concentration of desalination plants around the Arabian Gulf
is very high and is projected to keep growing [Smith, 2007]. The waste product of
desalination plants is brine/retentate, which is typically disposed of into the ocean.
Section 1.3 explained the negative impacts of desalination on marine ecosystems. The
thesis objectives were highlighted in section 1.4, outlining the different research areas
that can help reduce the environmental impacts of seawater desalination and increase

its economic value.

In Chapter 2, different solar technology was explored and viewed for its potential
to power the desalination process. This included photovoltaic and concentrated solar
thermal systems, specifically parabolic trough technology. In section 2.2, several
publications examined the economic performance of PV-powered seawater desalination
in the Middle East. One study estimated that a combination of renewable energy
technologies powering SWRO to meet global water demand by 2030 and 2050 can yield
average LCOW’s of 0.7 €/m>. Another study examined desalination powered by PV in
Saudi Arabia. Their estimates gave an LCOW of 0.85 €/m?®. Higher LCOW costs were
mainly due to water transportation costs. Naturally, if electricity prices are low,
desalination costs are can also be low. In section 2.3, a case study for a PTC system to
desalinate water in the Abu Dhabi case was assessed. PTC systems present advantages
such as continued overnight operations when integrating a thermal energy storage
system, more consistent operation periods (for regions with high average temperatures),
higher system capacities and efficiencies, and higher energy generation yields. Mo et. al
concluded that a 50 MW PTC system in Abu Dhabi would yield a nominal LCOE of 2
€¢/kWh and a real LCOE of 1.6 €¢/kWh. Hypothetically, investing in a PTC system to
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provide the energy for desalination and brine crystallization in Abu Dhabi can be cheaper
than purchasing electrical energy from the local grid, as the average cost of electricity in
Abu Dhabi is 5.8 €¢/kWh. The intermittency of solar energy makes 24-hour desalination
powered by solar a real challenge, however, research advancements in thermal energy

storage have shown promise and are being tested for their feasibility.

In Chapter 3, different energy storage systems were explored to determine the
most suitable storage option for solar energy storage in water-scarce regions. The aim of
combining good storage options with solar energy generation is to achieve continued
desalination overnight. The integration of a reliable storage system is vital to providing
desalinated water 24 hours per day, every day. The advantage of thermal energy storage
systems is (compared to other reviewed methods) is a lower LCOE, higher operative
temperatures, higher power block system efficiencies, higher energy density, low
operative pressures, less pollution, and no environmental damage from molten salts (if
leakage occurs). In section 3.2, a study evaluated a solar energy generation and thermal
energy storage system combined with seawater desalination. The study found that
incorporating thermal energy storage with a CSP energy generation system yields higher
economic benefits and can lower the overall LCOW if RO is the desalination method
used. The LCOW using CSP + RO in Agaba Jordan was found to be 0.82 €/m?*. According
to IBNet Tariffs, the average cost of water in Jordan is 2.92 €/m?*. CSP systems combined
with thermal energy storage can present cost savings, while also producing electricity

and water from emission-free energy sources.

Chapter 4 explored the different applicable heat transfer fluids and storage fluid
mediums that can be used in thermal energy storage. HTF’s are the medium used to
transfer solar radiation into thermal energy. This thermal energy can be transferred to
produce steam or be stored in insulated tanks for later utilization. The main commercially
adopted heat transfer and storage fluid mediums are molten salts and synthetic oils.
Synthetic oils have a lower freezing point than molten salt which makes their operability
much more advantageous, however, molten salts are more environmentally friendly than
synthetic oils and have a much higher heating capacity. Higher heating capacities can be
advantageous in regions with high average temperatures as more energy can be
produced. Life cycle assessment indicators were used to compare the heat transfer fluids.

Molten salts, specifically HiTec salts, were found to be the most environmental heat
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transfer and storage fluid medium. The usage of an indirect or direct thank storage system
is dependent on the site conditions for the application. Indirect tank systems are used
when solar radiation conditions are not consistent. HTF’s like Therminol VP-1, is used as
the working fluid because of their low freezing points. During the winter months, there is
no risk of HTF freezing in the CSP piping systems. Therminol VP undergoes continuous
heat exchange with a storage medium like water or molten salts. The usage of an indirect
storage system allows it to experience advantages from two HTF’s. In a direct storage
system, one HTF is used as the working fluid and storage medium throughout the entire
power block system. Molten salts have very good potential to provide overnight energy
storage for CSP systems operating in high average temperature climates. Additionally,
anti-freeze technology can be integrated to prevent the solidification of the salts. Freezing

of salts in a direct two-tank storage system would lead to costly replacements.

In Chapter 5, thermal distillation and reverse osmosis were the main desalination
methods reviewed. Thermal distillation can suitable desalination method but yields higher
economic benefits if combined in a co-generation plant, where waste heat can provide
cheap thermal energy to power the distillation process. RO systems were found to have
lower energy demands than thermal distillation. Two RO system configurations were
examined including one pass and two pass RO. Two-pass RO filters the saline water
twice leading to higher water recovery percentages. Additional pretreatment units like
microfiltration or ultrafiltration can also be integrated to increase this water recovery. The
different components of an SWRO plant were reviewed in-depth for their specific function
and energy demand. In section 5.3, Kaya et. al explored the economic feasibility of a PV
+ RO system in Abu Dhabi. They calculated an LCOW between 0.23 — 0.29 €/m?. This
low price of water, if achieved at real scale, can be very competitive with the current water

prices in Abu Dhabi, which range between 0.7 — 1.75 €/m?.

In Chapter 6, brine management/recovery options were explored to find the best
treatment methods for reducing brine waste. Section 6.1 outlines the characteristics of
discharged brine/retentate coming from desalination plants, the harmful impacts it has
when disposed of in the ocean, its influence on nearby ecosystems, poor dispersion
properties, and the expected total brine disposal volume by 2050 in the Arabian Gulf.
Appropriate brine disposal methods were researched but were found to be more costly

than direct disposal into the ocean. Direct disposal is currently a widely accepted practice.
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Zero liquid discharge is a method to reduce the volume of brine coming from desalination
systems. The last section of this chapter researched zero liquid discharge applications,
specifically, integrated membrane systems. The Institute of Membrane Technology
published numerous studies on desalination brine treatment methods. One such
publication was studied in detail where an MF + NF + RO system was combined with an
MDC system. Using different configurations for a 25,000 m*/day plant, they wanted to
determine the best configuration in terms of energy and total water desalination costs.
They were able to produce positive data which shows one desalination configuration can
treat the brine in an evaporator and crystallizer combination to increase the water
recovery (from 49.2% to 92.8%). The sale of crystals, which were incorporated in the cost
analysis, helped achieve negative values for the unit production cost of freshwater from
desalination. This value ranged in the 0.41 — 0.56 €/m?® range. This experimental analysis
showed that reducing brine using integrated membrane systems can yield higher returns
on investment and a reduction in brine waste volumes. Commercialization and

industrialization are the next challenges for zero liquid discharge applications.

7.2 Evaluation of Results

The various technologies explored in this thesis can provide better methods of
seawater desalination than current practices. The high concentration of seawater
desalination plants is in the Arabian Gulf and other water-scarce regions are degrading
the marine ecosystems and raising the water salinity level in enclosed areas over time.
Eventually, the water will become more difficult to desalinate, requiring more thermal or
electrical energy, due to the higher salinity levels. By employing a solar-based renewable
energy generation system, like a parabolic trough collector plant, the electrical and
thermal demands of the treatment plant can be met, while providing emission-free energy
generation. Alongside this energy generation, thermal energy storage can be used to
store molten salts in insulated tanks to provide thermal energy overnight and continue
desalination efforts. With membrane filtration technology becoming more favored today,
electrical energy output from the PTC can power an SWRO water treatment system and
meet the thermal energy demands of the membrane distillation crystallizer to
simultaneously produce freshwater, salt crystals, and excess energy which can be sold

to increase economic benefits and decrease financial payback.

71



Die approbierte gedruckte Originalversion dieser Masterarbeit ist an der TU Wien Bibliothek verfligbar.

The approved original version of this thesis is available in print at TU Wien Bibliothek.

thek,

L]
lio
nowledge

b

°
i
r

@ YOU

Implementing a CSP power block system with RO and MDC has never been
attempted on an industrial scale. Successful integration and operation of such a system,
on a large-scale, would be a great service for the seawater desalination industry. Clean
energy and appropriate brine treatment methods can help reduce the CO, emissions from
energy generation and marine ecosystem degradation from the brine/retentate. The
experimental data shows from Drioli et. al, that a combination of RO and membrane
distillation crystallization units can be used in combination to recover additional water and
salt crystals from the brine retentate. Their data shows that this system configuration can
be cost-competitive with RO systems without membrane contactor technology. The real
challenge becomes developing a commercial MDC system that can be scaled up to treat
large volumes of brine daily. With millions of cubic meters of brine being generated every
day in the Arabian Gulf from desalination, an urgent solution will be needed in the coming

years to stop the steady salinity rise of the Arabian Gulf.

Once a commercial solution for crystallizing the brine from seawater desalination,
concentrated solar technology can be combined, with these desalination and brine
treatment systems used, to produce clean electricity and thermal energy to run energy-
efficient RO membrane systems. The MDC system will require large quantities of thermal
energy to meet the heat demand needed to evaporate additional water and power a
crystallizer. The treatment of this brine for economic gain can benefit marine
environments as well. A desalination plant running on 100% renewable energy combined
with an industrial-scale integrated membrane system can be a model for future

sustainable seawater desalination.
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Chapter 8: Conclusion

The motivation of this thesis is to research the solutions and technologies
available to help reduce the environmental impacts of seawater desalination. Reviewing

the thesis objectives from section 1.4:

The first objective was to investigate how solar power technology combined with
seawater desalination can be economically and environmentally feasible. Section 2.2 and
2.3 highlight the estimated LCOE for a PV system and CSP system in Abu Dhabi, UAE.
The usage of thermal energy storage in the temperature conditions of Abu Dhabi allows
for continuous energy generation, even during the winter months. The energy generated
by solar technology can provide a cost low enough to be competitive with the average
cost of electricity in Abu Dhabi (sourced from fossil fuels). Another case was studied in
the Kingdom of Saudi Arabia regarding solar PV plants. The case study found PV
technology is a competitive low-cost of energy generation and can help the Kingdom
preserve its oil resources and provide domestic electricity through solar PV. Lovegrove
et. al presents data showing that CSP has the lowest greenhouse gas emissions
compared to the other methods (except nuclear), with solar PV coming in second. CSP
produces 11 — 90 grams of CO- equivalent/kWh while coal and natural gas produce 690-
840 CO: equivalent/kWh and 391 CO. equivalent/kWh, respectively. Solar energy
utilization in countries with high solar radiation holds economic and environmental

advantages over conventional energy generation practices for desalination.

The second objective was to explore both short and long-term energy storage
options to work in cooperation with the solar energy storage systems and provide
continuous emission-free energy for desalination overnight or during periods of low solar
radiation. Many storage methods were reviewed but thermal energy storage was found
to work best in combination with CSP technologies in dry and hot climates. Indirect and
direct two-tank systems were researched to find the best combination for desalination
applications. An indirect tank system is recommended for desalination as it utilizes both
synthetic and molten salt HTF’s to ensure continuous operation in regions with cold
winters. A direct tank system is recommended for desalination applications when the
plant is constructed in a region with average yearly temperatures above 25°C and cool

winters. Chapter 4 reviews the different heat transfer fluids and their capacity to retain
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heat for long periods. Molten salt HTF’s were found to have the highest heat capacity and
working efficiency compared to other storage mediums. Thermal energy storage units
can be scaled by duration (4, 6, and 12-hour heat retention). By implementing a 12-hour
storage unit, a CSP unit can continue desalination efforts overnight. An LCA comparison
was used to measure different HTF’s for their environmental degradation, toxicity, etc,
and found that molten salts are the least environmentally damaging. The advantage of
synthetic oils is their low freezing point compared to molten salts, allowing for easier
operation and maintenance and fewer freeze protection measures required in the valve
and piping systems. The recommended combination is an indirect two-tank system using
synthetic oil as the heat transfer fluid and molten salts as the storage medium. An indirect
two-tank system takes advantage of two HTF’s and their properties. The high heating
capacity of molten salts can be used for higher heat retention (longer storage times) and
synthetic oils can be used in the PTC system for their low freezing point (easy and secure
operability), allowing for the piping systems to stay protected from heat transfer fluid

freezing.

The third objective was to research different methods and technologies for brine
treatment and reduce the environmental impacts highlighted in section 6.1. The main goal
was to find technologies that could help reduce the volume of brine from the desalination
process. One experiment tested several configurations of an RO and membrane
evaporator and crystallizer. Typical RO systems yield water recoveries of 40-50%,
however, when the experiment combined a membrane evaporator, water recovery
percentages increased to over 80%. Membrane crystallizers also utilized thermal heat to
nucleate the remaining hypersaline brine solution into NaCl, CaCOs;, and MgSO4*7H.0O
crystals. The brine volume was reduced when both a distillation unit and crystallizer were
utilized. The volume of brine produced from the RO desalination system went from a rate
of 531 m*/hour to 74.6 m*/hour. Zero liquid discharge technology needs more research
and time to develop into a scalable and commercial solution for brine waste treatment. In
the future, these methods can become standard industry practices as the technology

improves and matures over time.
Sustainable desalination can utilize these explored technologies to produce

freshwater from clean energy sources and treat the waste brine into a valuable byproduct

which can yield higher financial returns. Research is still being conducted to help
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industrialize the integrated membrane process in combination with seawater
desalination. Several private companies have tested and proven integrated membrane
systems to work with brine from seawater desalination. However, more large-scale pilot
projects are needed to increase investor confidence and provide a model for the
integration of future plants. More sustainable and innovative technology is needed as the
world moves towards the sustainable production of everyday commodities. Freshwater
is a great and essential commodity to start sustainably producing as the world shifts into

a greener future.
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