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Abstract

Water and energy are two key factors in human life that always control the growth and development of human societies.
Climate changes, increasing the population in urban areas and industrialization, have increased the demands for freshwater
around the world. Estimates show that a small percentage of all freshwater produced in the world is from renewable sources.
By developing the technology, lowering equipment prices and increasing attention to the environmental problems of fossil
fuels, utilizing renewable energy is growing. By providing a wide variety of conventional desalination methods driven by
various types of renewable energy technologies in the world, water and energy legislators should choose different methods
to meet the needs based on the local potentials by paying attention to the desalination processes and power systems. In some
cases, concentrated solar power for thermal desalination or electricity generated by the photovoltaic plants for membrane
desalination systems can be used in arid areas. Definitely, the most problem of using renewable sources is their unsteady
natures, which using storage systems or combining with other renewable sources can solve this problem. This chapter provides
extensive information about renewables, desalination and performance analysis of power systems. Reverse osmosis technique
is a practical process in desalination which 69% of desalination plants use this system. Solar energy is an important source
of energy for hybrid systems. The geothermal has a steady performance at a specified depth. Ultimately, obtained results
from energy and exergy analysis would have provided a better insight.
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MW Molar mass

N Number of moles

NF Nanofiltration

NHR Nuclear heating reactor

OECD Organization for Economic Co-operation and
Development

OER Osmotic energy recovery

P Pressure (bar)

PV Photovoltaic

PX Pressure exchanger

0 Heat transfer (kW)

R Recovery

RE Renewable energy

RO Reverse osmosis

S Entropy (kJ/K)

SHDD Solar humidification and dehumidification
desalination

SWRO Seawater reverse osmosis

T Temperature (°K)

TCC Total capital cost

TDS Total dissolved solids

TFC Thin-film composite

TVC Thermal vapor compression

U Overall heat transfer coefficient (kW/m? K)

USD US dollar

\%4 Volume (m?)

VP Vapor compression

w Work (kW)

WHO World Health Organization

WSI Water stress index

WWP World Water Program
WWTP  Wastewater treatment plant
X Mole fraction

zZ Capital cost rate ($/h)

Greek symbols

A Changes in quantity
p Number of particles
€ Exergy efficiency (%)
n Efficiency (%)

v Vapor

p Density (kg/m>)

)] Maintenance factor
Subscripts and superscripts

0 Initial state

ch Chemical

e Element

equip Equipment

f Feedwater

hpp High-pressure pump
HT Horizontal tube

i Inlet condition

k Kinetic
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m Modified

0 Outlet condition

p Pump, permeate, potential
ph Physical

swW Seawater

swip Seawater and intake price
T Thermal

Introduction

More than 70% of the Earth’s surface is covered with water;
however, most of it is not suitable for human consumption.
The magnitude of all water resources on the Earth is approx-
imately 1.4 billion cubic kilometers, which roughly 97.5%
of it placed in the oceans and only 2.5% could be found
as freshwater in the atmosphere, icebergs, lakes, rivers and
groundwater and just 0.014% of the total resources are avail-
able for humans (Shatat et al. 2013; Kucera 2019; Subramani
and Jacangelo 2015).

The distribution of freshwater around the world is not uni-
form. In this case, unbalanced distribution caused that some
parts of the groundwater resources have become greatly
available to several specific areas with low population and
convenient access to freshwater such as the northern parts of
Russia, Scandinavia, Canada, Alaska and southern parts of
South America. Additionally, areas with a high population
or areas with industrial growth are more vulnerable to water
stress and areas that are in arid regions also have a degree
of water stress based on the ratio of water consumption to
the amount of available water. Obviously considering the
significance of upstream water use on downstream stress has
a direct effect on water distribution (Munia et al. 2016). The
index of water stress is essentially linked to per capita water
use. The following formulation represents a detailed picture
of this relation (Veldkamp et al. 2015).

Water use Water use accessibility to water

population  accessibility to water

population

(1)
Based on the defined indexes, various levels of water stress
have been calculated by Falkenmark. In this classification,
the water stress index (WSI) for lower than 20% represents
no stress and if it becomes more than 70% expresses extreme
stress (Falkenmark et al. 2007). The measure of water stress
is the ratio of total water use (domestic, industrial or agricul-
tural) to produced renewable water, including runoff in rivers
and underground sources with little depth. About 2.8 billion
people on the planet will face the problem of scarcity or
water stress up to the year 2025, and by 2050 this value will
be reached at 4 billion. In the future, some areas including
South and Central America, Eastern Europe and Asia will
face water scarcity (Kucera 2019). In addition to increasing
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population growth, pressure on water resources comes from
increasing per capita consumption. There are different maps
to determine current and predicted water stress in the future.
The worldwide populace has nearly quadrupled in the course
of recent years (last century), and it arrived at 6.5 billion
until the end of the twentieth century. Regardless of just lit-
tle varieties in per capita water utilization after this period,
growth in total water utilization brought about an expan-
sion in the population under water scarcity in the twentieth
century. The following graph provides an extensive trend
of water scarcity all over the world in the twentieth century
(Fig. 1).

Demands for freshwater in developed countries are
increasing. For example, the daily consumption per per-
son in the USA is 400 L. Some developed countries with
the help of restrictions and regulations have reduced the
consumption of water up to 150 L. However, the studies
indicated that with the difficulty of access to freshwater
resources in some areas around the world, a low amount of
water would be consumed. For example, the consumption
per person in Africa is 20 L per day. The World Health
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Organization (WHO) considers that consuming 15-20 L
per day is necessary for human survival. On the other hand
for some uses, such as hospitals and schools, consumption
of 50 L per person per day is essential, while population
growth, increasing consumption per capita and climate
changes are three main stressors in the water resources.
The World Water Program (WWP) estimates that by 2030
only 60% of the water needed will be available, and the
Organization for Economic Co-operation and Develop-
ment (OECD) has predicted that by 2050 this amount will
reach 55%. By the end of the century, 40% of the world’s
population will live in areas with water stress (Caldera
et al. 2016). Overall, water demands will be doubled every
20 years (Eltawil et al. 2009; Kalogirou 2005). About 70%
of the freshwater needed is for the agriculture section, 20%
for the industry sector and only 10% for houses uses (El-
Dessouky and Ettouney 2002). High rates of population
growth and climate change have highlighted the need for
new freshwater resources. Shortages of water resources
are leading to a decline in the standard of living and eco-
nomic growth.
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Fig. 1 Water scarcity trends for each area of the globe in the twentieth century (Kummu et al. 2016)
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New freshwater resources

Water storages besides water flows affect water accessibil-
ity for human life and ecologies. Ecosystems are affected
by water management, sustainability in quantity and quality
of water resources and humans activities (e.g., constructing
dams and dikes). Wise developments for water resources can
lead to eliminating the water scarcity concerns (Vorosmarty
et al. 2015; Sterling et al. 2013). Rapid urbanization and
successive transfer of wastewater to surface water and
underground can cause boundless contamination of fresh-
water supplies with developing contaminants. Despite the
fact that these matters might be available at any level, their
unfavorable consequences for aquatic life, creatures and live
beings are developing concerns (Pal et al. 2010). In this case,
it is important to find novel ways to supply freshwater. The
followings are the most important ways to access freshwater.

Water transmission

Water transmission from rich resources to arid areas is not
an innovative idea. For example in the southwestern areas of
the USA, water is transmitted for household, industrial and
agricultural uses. Los Angeles now supplies 85% of its water
requirements from outside of the region. Of course, water
transfers from other areas are not always favorable, and pro-
tests against the transmission have always been a problem. In
the USA, for instance, the diversion of the Colombia River
for water supply in the western states has been a hot topic in
Oregon for 35 years. Furthermore, in Spain, representatives
of various parties are vigorously competing for water in the
southeast (Kucera 2019). Additionally in the transmission
systems, water quality is getting worse. Preventive potential
for biological regrowth can be achieved by chlorinating the
water. Even more disturbing, scheduling the control systems
in water transmission lines is another concern for this strat-
egy (Jung et al. 2015; Al-Jasser 2007).

In addition to social and political pressures, technical
problems such as long distances for water transmission,
especially in high-altitude areas, makes it impossible to
apply this method to all areas of the earth.

Protection and reuse

Conservation of water resources is a concept that has been
used for achieving optimally usage of resources. Nowadays
the sustainability term represents a concept for this idea.
The idea of optimal use, retrieval and reuse of resources in
today’s world is an acceptable indicator. These techniques
are the primary option for arid and remote areas from the
oceans that do not have access to freshwater resources. By
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considering, the Los Angeles city that placed in an arid area
with precipitation equal to 40 cm/year, increases attention
to conserving water resources. The city has a population
of about 4 million and is projected to reach 10 million by
2020. In this metropolitan, demand for freshwater will go
up to 123 million cubic meters annually. The Los Angeles
Department of Water and Power (LADWP) is a very large
water refinery site that is used as an effective operator for
converting wastewater to purified water. The equipment was
installed in 1992 after a severe drought in the late 1980s
and nowadays produces about 114 cubic meters of water per
day, and that 500 million USD in this site has been invested
(Kucera 2019).

Two supply-side strategies that can raise the reliability of
drinkable water supplies are (1) indirect potable reuse (IPR)
and (2) direct potable reuse (DPR). In both cases, by using
wastewater, the water supply is enlarged.

In IPR, water decontaminated to reach drinkable stand-
ards and then certified to enter the water supply through
an environmental buffer. In general for IPR, wastewater
treatment plant (WWTP) causes a high purification through
advanced processes and then directed to an environmental
buffer, such as stream or reservoir. The environmental buffer
is proposed to provide an extra boundary and time gap for
reducing the adverse effects with different sources (Raucher
and Tchobanoglous 2014). Figure 2 represents the cycle of
IPR.

DPR is an effective method that can increase the sustain-
ability and reliability of water supplies by recovering drink-
ing water from wastewater and sewage. It is important to
note that the stability of this method in coastal areas differs
from that in other areas (Scruggs and Thomson 2017). DPR
system dedicates adequate time for confirmation of particu-
lar parameters for water quality before the water injects into

e_

Fig. 2 Indirect potable reuse (IPR) cycle for recovering water
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Fig. 3 Direct potable reuse (DPR) cycle for reusing wastewater

the distribution system. Figure 3 illustrates the function of
DPR based on its operative factors.

Produced water has 5 properties that are used for various
purposes:

e Wastewater that used for industrial and irrigation pur-
poses

Nitrated water for use in cooling towers

Soft water to recharge groundwater

Reversed osmosis water for low-pressure boilers
High-quality reverse osmosis water for high-pressure
boilers

Conservation of resource and recovery techniques can
reduce the rate of need for freshwater, but generally does
not eliminate the need for freshwater.

Developing new resources

Developing new resources for freshwater along with other
conventional water reservoirs such as lakes, rivers and shal-
low wells is another way to meet the growing need of com-
munities. These new sources include seawater, deep wells
and groundwater saline aquifers (Be 2014). Nonetheless, the
main drawback of the water from these sources is that it has
a high percentage of mineral salts and has a negative impact
on water quality. So in this case spearing this matter and
recycling the water by specific processes like desalination,
can improve the quality (Cipollina et al. 2009). Extensive
researches into the desalination process over the last 50 years
have led to technological advancements in this pathway and
reduced costs for freshwater production, and in the future,
this process will be a major factor in supplying water from
low-quality sources.

The desalination process means separating salt from
water. Technically, desalination can be the process of sepa-
rating insoluble solid particles, such as salts and minerals

from water. The first operational uses of the desalination
process were in the sixteenth and seventeenth centuries,
during which some sailors provided seawater with the aid
of desalination. In the early twentieth century, desalination
equipment was first used on the island of Curacao and the
Arabian Peninsula. Research and development of desalina-
tion plants have accelerated in the middle of this century,
and for the past 30 years, the manufacture and use of this
technology have been developed rapidly (Sauvet-Goichon
2007; Sanza et al. 2007). In our time the desalination process
has, in some ways, indispensable and undeniable effects on
human life, which may be due to:

1. Increased demand for drinking water with rapid popula-
tion growth in arid regions and low access to drinkable
water.

2. Increasing per capita consumption of drinking water in
industrial areas and urban communities.

Seawater has been used to feed many desalination plants all
over the world (58.85%) (Kucera 2019). The use of desalina-
tion equipment in the Persian Gulf, Algeria, Australia and
Spain is growing, significantly. Seawater use is only possi-
ble for coastal areas and offshore areas, while the areas that
are far from the seas have to rely on underground saltwater
aquifers (Cheng et al. 2000). According to statistics from
the International Desalination Association (IDA), installed
desalination capacity was 5 million cubic meters per day in
1980 that increased to 80 million cubic meters per day in
2013, in which about 150 countries used this method around
the world to access freshwater (Caldera et al. 2016). The
worth of all desalination equipment installed in 2014 was
about 12 billion USD, which increased to 21 billion USD
by 2019. For the time being the total desalination capacity
of the world reached 23 million cubic meters per day (Ben-
nett 2015).

The desalination technologies have been used for many
years in arid regions of the world such as the Middle East,
the Mediterranean and the Caribbean lands. The highest
capacity of installed desalination plants belongs to the Mid-
dle East, accounting for 65% of total desalination capacity,
due to the lack of freshwater resources in these areas and
extensive access to fossil fuels. Saudi Arabia, the United
Arab Emirates, the USA, Spain and China have the highest
desalination capacities, and India has the highest growth in
this industry since 2002 (Proskynitopoulou and Katsoyian-
nis 2018; Greenlee et al. 2009). Figure 4 indicates a map of
areas with desalination units. As explained, the Middle East
has the highest share of seawater utilization which North
America mostly uses brackish water.

Demands for freshwater have risen above its sustainable
consumption level, and using desalination is the best way
to deal with the shortage of water resources. Nearly 400

islate ¢lladl 3y .
s Sherss 9) Springer



84 Page 6 of 47

Applied Water Science (2020) 10:84

Northern Eumhe

e =5 = 1,599,545 B
North America .~ . - T a7% t
o) : Southern Europe : :

Cast Asia
1,910,142

28908 U 12% Japan
5 4% Caribbean ’ - o Ko‘:ea
723,487 North Africa  © * Middle p Taiwan
0% & 2,359,769 E_gst'l'rest] 2,739,212
o 3.2% 1595763 W aas
South 4 West Asia - B
el & Africa (rest) - 1,057,340
£ 424,160 '
905,687 ) , o
.'r A Australia
57 % e 04 % O Pacific

| 461,266

Fig.4 International desalination capacity [m?/d, %] and which the Middle East has the largest share (Latteman 2010)

million individuals used desalinated water in 2015, and it
is projected that by 2025, about 14% of the world’s popu-
lation will have to use desalinated water (Chandrashekara
and Yadav 2017). On the other hand, we need to find ways
to convert industrial wastewater into freshwater. Recovered
water has high levels of insoluble solid particles that can be
reduced or eliminated by desalination methods.

Desalination resources

The sources of water for the desalination are varied, and
as mentioned, these sources can range from seawater to
saline groundwater or even wastewater. Although the sea-
water contributed the most among other resources, since
2000 the shares of other resources such as brackish water,

Fig.5 Shares of water resources (b)
for the desalination process for
2010 (a) and 2011 (b) (Abrams
2018)
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underground saltwater aquifer and recovered water have
been growing (Abrams 2018). Figure 5 represents the vari-
ations in the shares of water resources from 2010 to 2011.
As mentioned before, the most proportion belongs to sea-
water. It is reasonable to note that during this period the
amount of seawater contribution decreased specifically.
Moreover, during this period, utilizing brine has been
eradicated.

According to WHO documents, the salt limit is around
500 ppm and can only be increased to 1000 ppm for specific
situations. However, most of the water on Earth has salts
above 10,000 ppm (Eltawil et al. 2009; Kalogirou 2005). The
word “freshwater” is used to refer to water with a salinity of
100-500 ppm. Roughly 3-5% of the world’s water falls into
the category of freshwater (Reif and Alhalabi 2015). Table 1
shows all water-insoluble solid particles (g/1) (note that total

(a)
4.30%

® Pure water
mBrine

W Seawater

m Brackish water
mRiver water

" Wastewater
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Table 1 The classifications of

. . Type of water TDS (g/)
water by total dissolved solids
(DeZuane 1997) Drinking water <0.5
Agricultural water ~ 0.5-1.5
Groundwater 1.5-3.5
Seawater >3.5

dissolved solids (TDS) represent the sodium chloride (NaCl)
value and each gram per liter is 1000 ppm) (DeZuane 1997).

Groundwater resources, depending on drainage and sur-
face soil conditions, have a wide range of TDS. The brack-
ish water is blue with salinity between freshwater and sea-
water (about 5000-35,000 ppm but usually in the range of
10,000-15000 ppm) which about 23% of the world’s water
is of this type. The salinity of seawater is in the range of
35000-45,000 ppm that has a share equal to 58% of the
world’s water. Other shares of the world’s water resources
are wastewater (approximately 5%), river water (almost
7%) and others. Unfortunately, much of the wastewater in
advanced societies goes straight into the river, which in
turn reduces the share of freshwater resources. Too much
salt in the water causes problems such as taste changes and
digestive problems for humans. The ultimate objective of
desalination from brackish water or seawater is to provide
pure water with less than 500 ppm salt content (EI-Gho-
nemy 2012). Despite the different quality of different water
sources, each of them has a high amount of salinity and
TDS. These high TDS sources are not suitable for consump-
tion and industrial uses. So reducing TDS contents should
be part of the desalinating task. Table 2 shows the water
compounds depending on the sources (Kucera 2019).

The most significant sector in the use of desalinated water
belongs to urban consumption which contributed about two-
thirds of the total desalination capacity for drinking uses. A
third of the capacity belongs to industry and energy sections
(Fig. 6). Only about 6% of the desalinated water is used

Table 2 Different compounds in water resources (Kucera 2019)

Compound type (ppm) Seawater ~ Groundwater ~ Wastewater
(well water) (graywater)

TDS 35,000 350-3200 650

Chloride 19,345 4-1400 67

Sodium 10,752 40-750 66

Sulfur 2710 110-300 200

Magnesium 1295 16-40 34

Calcium 416 50-180 88

Nitrate 3 0.1-1.7 44

Iron 0.0034 0.01 1.3

Arsenic 0.003 - -

Military, Trrigation,
1.10‘;3] 1.90%/—%%;18;5,
Tourism, 70%
1.90% p
ower,
5.80%

Fig.6 Shares of freshwater consumption produced in different sectors
(Xevgenos et al. 2016)

for tourism, military and agricultural purposes (Yearbook
2010).

Methods of desalination

At present desalination plants are very expensive and high
energy consumption, which proposing innovative methods
that will reduce the costs would make them more afford-
able and economical. For this reason, researches are ongo-
ing to increase the efficiency of desalination plants to
reduce the costs. Some areas of development are:

e Energy: The use of renewable energies such as wind or
solar to drive desalination plants, reduces the costs of
energy in these methods. Today’s share of renewable
energy (RE) use in the desalination process is about 1%
(Kalogirou 2018).

e Materials: The use of new products for the manufacture
of thermal desalination devices is to reduce the phe-
nomenon of corrosion as well as reduce the dimensions
and weight of the assembly which will, in turn, reduce
construction costs. Considering the type of materials
used in plant construction plays an effective role in
system productivity (Darre and Toor 2018; Hernandez
et al. 2018).

e Chemicals: Antifouling materials on both membrane
and thermal methods should be developed to increase
the freshwater production capacity of these devices.

The total capacity of the world’s desalination in 2019
reached about 95.37 million cubic meters per day. In this
case, there are 15,906 working desalination plants all over
the world. Lately, desalination plants mainly utilized thermal
technologies that they are located in oil-rich areas that have
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water scarcity issue particularly in the Middle East and the
Persian Gulf. As can be observed from Fig. 7, the desalina-
tion capacity and desalination plants have been increased
dramatically.

Since 2003, the development of desalination sites has been
continued which the Middle East is the pioneer in this field
(Saudi Arabia and the United Arab Emirates); however, the
next ranks belong to Spain, USA, China, Algeria, Australia,
Israel and India. To be precise, 47.5% of global operational
desalination capacity belongs to the Middle East. This means
that 4826 plants in this region have desalination capacity
equals to 45.32 million m® per day (Jones et al. 2019). Gener-
ally, the desalination process of saline waters is divided into
two techniques:

1. Membrane
2. Thermal

The membrane method (MD) typically uses mechanical
pressure, electrical energy (electrical potential difference)
or concentration variations as the driving factor for passing
through a semipermeable membrane, resulting in physical
separation. On the other hand in the thermal method, heat is
used to evaporate water from the saline solution. This evapo-
rated water is then distilled and recovered. Until the 1960s,
thermal desalination technology was the only available method
for seawater desalination. Since then, the reverse osmosis has
been developed and its efficiency has gradually increased
this trend continued steadily, which now is used for seawater
desalination. A distinctive feature of this trend is in the Middle
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East region, due to the low cost of energy in this region that
is widely popular (Wetterau 2011).

Membrane desalination

This technology is based on the capabilities of the semi-
permeable membrane to let certain ions pass through it.
The three main driving forces can be used in membrane
separation, including pressure, electrical potential differ-
ence and concentration difference. The reverse osmosis
(RO) method is based on pressure, electrodialysis (ED)
and electrodialysis reversal (EDR) operated on the basis
of the difference of electrical potential and forward osmo-
sis (FO) is based on the concentration difference. Of the
membrane separation methods, reverse osmosis is the
most commonly used. Although all types of electrodialy-
sis are well-known technologies, the use of these methods
for seawater desalination is not economical. Also, direct
osmosis is an innovative and complementary technique
that is recently being commercialized for use in high
desalination capacities (Wetterau 2011; Amy et al. 2017).
It is important to mention that there are other methods for
desalination, named: multi-stage flash (MSF), multi-effect
distillation (MED), nanofiltration (NF), electrodeioniza-
tion (EDI), hybrid (HYB) and vapor compression (VP).
The contribution shares of different desalting methods
are shown in Fig. 8. Installed capacity by membrane sys-
tems is nowadays more than traditional thermal methods.
Until 1980, membrane systems had less than one-third of
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Fig.8 The contributions of desalination methods all over the world

desalination capacity, but today they approached just under
two-thirds of the total installed capacity. Membranes are
growing in several markets such as Australia, Spain and
Algeria; nevertheless, there is a high opportunity for ther-
mal strategy in the Middle East where energy costs are
low. Saudi Arabia has 34.8% of total thermal desalination
capacity (5.9 million cubic meters per day). In a close com-
petition, United Arab Emirates (UAE) produces 5.8 million
cubic meters per day, followed by Kuwait, Qatar, Libya,
Bahrain and Oman with 0.5-2.1 million cubic meters per
day. The USA took ninth place for thermal treatment (about
0.35 million cubic meters per day), but it ranked first in use
of membrane desalination at 7.5 million cubic meters per
day, while Saudi Arabia ranked second with less than 5
million cubic meters per day (Yearbook 2010).

Reverse osmosis
The growth in the utilization of membrane separation

methods and in particular reverse osmosis has been very

Fig.9 Schematics of osmosis
and reverse 0smosis process
(Widiasa et al. 2009)

Osmosis

S
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high in recent years which, nowadays, reverse osmosis
is one of the most widely used methods for desalination
(Widiasa et al. 2009). Due to the low energy requirements
and associated costs, reverse osmosis has been known
as the major desalination method. The reverse osmosis
method works by overcoming the natural phenomenon
of osmotic pressure. This occurs when a semipermeable
membrane separates two solutions with different concen-
trations of ions. The osmotic pressure is based on the dif-
ference in concentration and the flow of water from the
dilute solution to the concentrated solution. This pro-
cess continues as long as the chemical balance is main-
tained between the two solutions. The flow of water can
be reversed by an external factor such as hydraulic pres-
sure, provided that the applied pressure is greater than
the osmotic pressure. Figure 9 represents the function of
osmosis and reversal osmosis processes by considering the
semipermeable membrane.

In reverse osmosis, water with inorganic salts (minerals),
soluble and insoluble organic matters, insoluble gases under
pressure and aquatic microorganisms are passed through the
semipermeable membrane. A semipermeable membrane is
a membrane that allows water to pass at a faster rate and
flow than other materials and compounds. Depending on
the size and electrically charged particles in the water, these
particles remain in the inlet portion of the reverse osmosis
membrane, while fresh and desalinated water passes through
the membrane surface. Since the gases particles have small
molecular sizes, the membrane does not block them well.
In terms of the size of the reverse osmosis membrane, it
can easily hold solid particles with a size larger than 1 Ang-
strom. This means that the membrane can absorb suspended
solids, protozoa, bacteria, viruses and other substances that
are harmful and detrimental to the human body in drinking
water (Voutchkov 2012). Hence, each range of membrane
layers prevents a specific kind of particles. Figure 10 illus-
trates a functional range of reverse osmosis membranes.

Pressure

—
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The microstructure of the membrane is a very important
factor that depends on its manufacturing procedure. The
most commonly used polymer in reverse osmosis is cellu-
lose acetate (CA). Asymmetric cellulose acetate membranes
were manufactured in the 1960s that were less permeable
than composite membranes. Therefore, higher pressure was
needed to use this type of membrane. On the other hand,
salt absorption and entrapment properties in the previous
generation of membranes were lower than those of current
membranes (Ali et al. 2018). Another commonly used mate-
rial in this field is the thin-film composite (TFC). The film
consisted of a super-thin layer of polyamide, often made
of polymer or cross-linking. Composite membranes are a
mixture of several layers of different materials. This type
of membrane has a higher salt content and producing more
water at a fixed surface. This type of membrane operates in
a wide range of pH (2-11) up to 45 °C. Different types of
membranes are used as flats and tubes for water desalination
operations where the choice of membrane shape is depend-
ent on economic issues and operating conditions (Ali et al.
2016).

The required pressure in the reverse osmosis system must
overcome the total osmotic pressures of salts, minerals and
the resistances created by the material in the membrane and
other resistances in the device (joints, pipes, valves, etc.).
These membranes typically operate at a feed pressure of
800-1000 psi. Membranes are capable of separating impuri-
ties and contaminants up to 0.1 nm (1 X 10~ m). In reverse
osmosis, all molecules with molecular weights above 150 Da
(1 Da=1.660x 107" kg) and more than 99% of molecules

e ELLodl 3y .
e S §) Springer
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with molecular weights of 25-150 Da are normally sepa-
rated (Micale et al. 2009). The amount of obtained water
by reverse osmosis is about 35-60% of the volume of water
entering the machine, and industrial machines can separate
99.5-99.8% of the TDS. However, very small compounds
such as boron may not be separated from freshwater. The
important point is the optimal and effective control of the
solubility and polarity of the membrane. In reverse osmosis,
several desalting steps are generally used. Typically a single-
step reverse osmosis machine has a recovery rate of 10-15%
(Micale et al. 2009). It is essential to note the feedwater
temperature in typical reverse osmosis component effects on
the system performance. The recommended range for this
temperature is 15-40 °C to enhance the energy savings in
this unit (Koutsou et al. 2020).

Multi-stage flash (MSF) desalination is used to increase
the quality of the final freshwater, which is the easiest way
to place the modules in series. New membranes with more
boron removal potential have eliminated the need for multi-
stage reverse osmosis. The most important problem with
this type of arrangement is the discussion of membrane
deposition and the increase in pressure drop in the series
circuit. At large desalination sites, several parallel branches
of the desalination plant are coupled together to increase
the freshwater discharge. The structure of the reverse osmo-
sis membrane is such that it cannot collect and remove the
residual material on its surface and accumulates solids over
it and then precipitates rapidly on the surface. This problem
destroys the membrane’s steady-state conditions, so sus-
pended solids in the feedwater must be removed from the
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saline stream before reaching the membrane. The reverse
osmosis membrane is sensitive to changes in pH, oxidizers,
a wide range of organic matter, algae and bacteria, as well
as other particles and sediments. Therefore, there are several
precautions to prevent extra charges in system performance.
Especially from the final amount the purified water, 60% of
it, will be released into the saltwater environment. One of
the biggest challenges of reverse osmosis is the sediment
formation on the membrane. The use of acids and antifouling
agents can be added to the inlet water to reduce the alkali
content and reduce the phenomenon of sediment formation.
In general, reverse osmosis requires prepreparation, provid-
ing the appropriate chemical conditions for the project to
succeed.

Prepreparation processes in reverse osmosis

In the reverse osmosis process, pretreatment of water is cru-
cial to extend the life and efficiency of the membrane. These
processes prevent the formation of all kinds of sediments.
There are several chemical and physical processes for pre-
paring water before entering the reverse osmosis system.
These processes are as follows:

Coarse-grained sieve

Increasing the acid content to adjust pH

Separating chlorine and adding antifouling materials
Multi-stage filtration

NS

On the other hand, membrane cleaning is an important factor
in increasing its efficiency and service life. As a general rule,
membrane cleaning should be performed once changes in
operating parameters are 10—15%. For example, the decrease
in produced freshwater, the increase in path pressure drop
and the quality of produced water in the device are among
the operational parameters under control. Membrane clean-
ing is done in 4 ways:

1. Mechanical

2. Hydrodynamic
3. By water or air
4. Chemical

In the mechanical method, a large shear force is applied to
the surface of the membrane (e.g., by increasing the velocity
of the passing fluid or the reverse flow of the current) due to
the mixing of wind and air by turbulent flows that cleanse
the membrane. Chemical methods are used to remove sedi-
ments and algae. These chemicals can be acidic or alkali that
each one has its applications (Madaeni and Samieirad 2010;
Ang et al. 2000).

It should be pointed out that post-treatment processes
should also be performed on water, including the addition of

calcium and sodium to the water to stabilize its pH and the
removal of insoluble gases such as CO, (Reif and Alhalabi
2015).

Energy recovery in the reverse osmosis process

Electricity has the highest share of reverse osmosis desalina-
tion costs. The outflow water from the reverse osmosis pro-
cess has a large amount of energy applied to the desalination
unit by high-pressure pumps to the feedwater in the process.
The optimization of energy consumption in the RO unit for
achieving latent energy in water flow is great progress in this
field. There are several technologies to recover this energy,
and some of them are as follows (EI-Ghonemy 2012):

1. Energy recovery turbines (ERT): Mostly based on the
Pelton wheel.

2. Pressure exchanger (PX): An isobaric device used to
rotate a ceramic rotor and allow the direct impact of the
feed and brine flows.

3. Dual Work Exchanger Energy (DWEER): It is an iso-
baric device and uses a piston and valve to separate feed-
water and saline.

4. Turbo charger: A turbine to drive the centrifugal pump.

Table 3 shows the increase in efficiency by applying different
methods of energy recovery to the reverse osmosis system.

Regarding the energy consumption in the RO unit is
unequivocally subjected to various site construction fac-
tors, for example, the quality of water resources; associ-
ated cost with materials and chemical matters; associated
power costs; membrane costs, etc. In this way, all-inclusive
parameters in this field have direct impacts on the energy
optimization procedure (Proskynitopoulou and Katsoyian-
nis 2018). Therefore, for reducing the energy use in RO,
several suggestions have been presented. High productiv-
ity/low energy membrane elements, hybrid membrane
configuration, low-recovery plant design, split-partial two-
pass RO system design, three-center RO system design,
large-size high-efficiency pumps and energy recovery by
pressure exchangers are practical strategies to reach the

Table 3 The amount of energy recovery in reverse osmosis by differ-
ent processes (El-Ghonemy 2012)

Energy recovery system Efficiency (%)

Francis turbine 76

Pelton turbine 87

Turbo turbine 85

Work exchanger 96

Pressure exchanger 96
aﬁ;ﬁmﬁﬁﬁ @ Springer
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Fig. 11 The power consumption across applications or across differ-
ent stages of SWRO

minimum energy use in these systems (Voutchkov 2018).
By studying the power consumption in various sections of
the RO unit, it has been determined that which stage has
the most power consumption in comparison with other
phases. Figure 11 shows the power breakdown for different
stages of seawater RO (SWRO). As it is obvious, the RO
process has the most share in power consumption account-
ing for 68% (Kadaj and Bosleman 2018).

Finally, it can be concluded that this method, in addi-
tion to the ability to refining a wide range of pollutants,
consumes less energy and does not have thermal effects on
the water or the environment. With the advances in mem-
brane manufacturing and energy recovery methods, the
overall process efficiency in this method has increased, so
the desalination costs have decreased with this method. In
Fig. 12, the largest reverse osmosis complex in the world
with a capacity of 624000 m*/d has been indicated. This
plant has been operating in Israel since October 2013. The

Fig. 12 The largest reverse
osmosis site in the world with
624000 m>/day capacity (Ben-
nett 2014)
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unique feature of this unit is the use of 16-inch membranes
in vertical pressure vessels (Bennett 2014).

Nanofiltration

Nanofiltration method is commonly used to soften water and
eliminate by-products created during water decontamination.
Nanofiltration is not generally used for seawater desalina-
tion. However, two-step models of this technology have been
successful for this purpose. Nanofiltration uses a semiperme-
able membrane, and its thrust force is hydraulic pressure.
Nanofiltration membranes have removed high percentages
(90-98%) of diatomic ions such as calcium and magnesium,
non-soluble organic matter and some substances that are
effective in odor and water hardness formation. But mona-
tomic ions are not inhibited so well. Due to the high concen-
tration of monatomic ions, the osmotic pressure is lower than
the reverse osmosis pressure that reaches to a certain range
(500-700 psi). Based on this advantage, the Long Beach
Water Department (California, USA) has developed a two-
stage nanofiltration project for seawater desalination (Micale
et al. 2009; Yuan et al. 2017). Also, this method is different
from RO in terms of the separation mechanism. The cross-
sectional area of the membrane in this method is between
2 and 70 angstroms. The membrane charge can be positive
or negative which is effective in the membrane separation
property due to the effects among the charged ions.

An innovative hybrid FO-NF system designed for brack-
ish water desalination has been investigated systematically.
The introduced system has a wide range of benefits, e.g.,
lower hydraulic pressure, less flux decline caused by mem-
brane fouling and more flux recovery after the cleaning pro-
cess (Zhao et al. 2012). The obtained result from another
study indicated that using ultrahigh permeance and high
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rejection features is highly beneficial for efficient desalina-
tion and wastewater treatment in NF membranes (Wang et al.
2018). In Pérez-Gonzalez et al. 2015, the separation process
of polyvalent and monovalent anions, like sulfate and chlo-
ride, has been reported. The experimental performance and
modeling of this process in NF are investigated.

Electrodialysis/reverse electrodialysis

The commercial use of the electrodialysis method began in
1952 for the desalination of brackish water in the Arabian
Desert and 10 years earlier than the reverse osmosis method.
The electrodialysis and reverse electrodialysis methods use
ion-selective membranes to separate charged particles from
water. In this method, the separation of minerals from fresh-
water occurs by the direct application of electricity in the
feedwater. Electrodialysis consists of a stack of anion and
cation membranes (between 300 and 600) separated by a
number of spacers that prevent them from sticking to them,
and saline water passes through them. An anode and a cath-
ode are located at the two ends of the stack, when the elec-
trodes in the salt solution are connected to an external direct
current source such as a battery the electric charge passes
through the solution and directs the ions to the opposite
charge electrode (positive ions to the cathode and negative
ions to anodes) (Tado et al. 2016). The anions can easily pass
through the nearest anionic membrane, but in their path to
the anode they collide with the adjacent cationic membrane,
so the cation moves in the opposite direction and passes
through the nearest cationic membrane; however, it gets
stuck in the next layer behind the anion membrane (Fig. 13).

With this arrangement, diluted and concentrated salt
solutions placed in the space between the membranes.
This method can be used solely for brackish water with

Anion selective
membrane

Cation selective
membrane

Saline Feed 1

DC current
Positive pole

DC current
Negative pole

Bg gbg o © Fresh water

H

Fig. 13 Schematic of the electrodialysis process for producing fresh-
water and concentrated brine (Miller 2003)

Concentrated Brine

an insoluble solid particle content of 1000 ppm. It should
be noted that in order to increase the efficiency of elec-
trodialysis and to increase the salt uptake, more groups
of membranes must be clustered together; thus, in this
case achieving 95% recovered freshwater becomes avail-
able (Miller 2003). When different ions are accumulated
on the surface of the electrode, the sediment forms over
time and must be cleaned to maintain stable conditions.
One way to overcome this problem is to oscillate the elec-
trode poles (about 2—4 times per hour). The ED process,
which involves the periodic shift of the electrode polar-
ity, is called electrodialysis reversed (EDR). Today, all
commercial electrodialysis machines are from EDR type.
By preventing the accumulation of ions on the surface
of the membranes in the reverse electrodialysis method,
these types of devices can dehydrate at higher capacities
(Voutchkov 2012).

The energy required for this method is directly pro-
portional to the amount of water salinity. Generally, this
method can remove the appropriate form of high-charge
particles such as monatomic and polyatomic salts, sili-
cates, nitrates and radium, but these devices can be used
to absorb low-charge particles such as organic matter and
organisms such as bacteria. The following table presents a
comparison of particle outflow efficiencies in the recover-
ing process by ED and RO methods. The important issue
to notice from this table is that ED extracts fewer amounts
of useful minerals for humans and this makes the desalina-
tion process more attractive than reverse osmosis or ther-
mal distillation (Table 4).

Hydrolysis and sediment formation are two major prob-
lems for this method. Consequently, the membrane used in
this method is subjected to clogging deposition, so some
precaution actions must be applied to the inlet water. The
rate of recovery with this method is over 90% and is very
economical to set up and use for balanced TDS. However,
ED and EDR membranes are highly resistant to acidic
and alkali environments. This process is more resistant to
chloride and sediments (compared with RO) and is signifi-
cantly thinner than RO membranes (Micale et al. 2009).

Table 4 Comparison of particle separation from water by reverse
osmosis and electrodialysis/reverse electrodialysis methods (Cotruvo
et al. 2010)

Substances in water Reverse osmosis % Electrodialysis/

reverse electrodi-

alysis %
TDS 90-99.5 50-90
Harmful substances for 99.99< <5
human health
Nitrate 94-90 60-69
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Thermal desalination

All methods of thermal treatment are based on distilla-
tion, in which the water vapor entered into the system and,
after condensation, is converted to less saline water. The
thermal method is very suitable for the desalination of
water with high salinity. This is one of the most important
reasons that Middle East countries such as Saudi Arabia,
Oman, Qatar, United Arab Emirates, Bahrain and Kuwait
are profoundly using this method because the water
resources in these areas are among the saltiest types on
the planet (Red Sea, Persian Gulf and the Indian Ocean).
At the moment, about 75% of thermal desalination sites
are installed in Arab countries, and half of them are active
in Saudi Arabia.

Thermal methods are multi-stage flash (MSF), multi-
effect distillation (MED) and vapor compression distil-
lation (VC). In the MSF and MED, usually, direct heat
exchangers are used to providing the needed thermal
energy for water evaporation, while the VC method uses
heat from the steam condensation as a heat source. Ther-
mal desalting methods can produce freshwater with very
low concentrations of salts (10 mg/L or less) from saline
water with high TDS of 60,000-70,000 mg/L. The pro-
duced freshwater also contains very low levels of harm-
ful substances to health (pathogens) and other pollutants
such as boron, bromide and organic matters (Cotruvo et al.
2010). Each of these methods has a history that is between
40 and 60 years, and during these years, their productivity
and production capacity have been increased continuously.
According to the water properties, the performances of
these methods would have differed. The oldest method is
multi-stage flash, and this process requires a great deal
of steam at high temperatures. MED and VC are newer
methods, and their efficiencies have been improved by
lowering the boiling temperature at lower pressures. In
the MED method, the feedwater evaporates at a lower
temperature and pressure in comparison with the MSF. In
the VC method, the pressure is lower than the other ones,
and this allows these systems to process evaporation by
internally produced steam rather than requiring an external
source. The ratio of the amount of freshwater produced to
the mass of required steam for desalination is called the
gained output ratio (GOR). Depending on the used tech-
nology in the thermal desalting method, the environmental
conditions of the desalination site and the quality of sup-
plying feedwater, the value of productivity varies from 4%
to 40%. The higher GOR would represent higher efficiency
(Voutchkov 2012). The thermal method is based on the
evaporation of saline water by the application of heat and
condensation of steam for the preparation of freshwater.
In this method, the system pressure is usually lowered to
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reduce the boiling temperature of the water. Industrial sys-
tems based on this method have several reservoirs with
different boiling points designed to reduce the temperature
and pressure in succession. One of the limitations of this
method is the energy supply for evaporation. The high per-
centage of salt increases the boiling point temperature, and
the energy required to evaporate seawater is in the range
of 50-100 kW per 1000 gallons of freshwater. It should
be noted that this heat energy is in addition to the needed
electrical energy. Sometimes large desalination sites are
combined with steam or gas power plants and use low-
level energy to use as their inputs (Micale et al. 2009).

Thermal desalination methods are highly dependent on
local conditions in terms of investment costs and current
costs due to the high energy requirement of these methods.
It is practical to combine these types of sites for generat-
ing electricity and water, simultaneously (Bennett 2015).
This type of recovering is more widely used in the Middle
East, where the costs of fossil fuels are low (as well as the
costs of owning land and installing extensive equipment).
Also in these regions, there are not any strict environmental
constraints. The tendency to use solar energy as a source
of heat has been considered in these approaches. Thermal
desalination units have desirable performances to operate
about 10-15 years (Chandrashekara and Yadav 2017). The
main technical issues in these methods are sediment and cor-
rosion. Due to the severe corrosion properties of seawater,
special alloys such as copper nickel, aluminum and titanium
alloys are the most used materials for this type of process,
but it should be noted that the use of these alloys greatly
increases investment costs. Especially for desalination at
high capacities, larger cross sections will be required. Low-
grade soluble salts at high temperatures precipitate inside
pipes and other equipments, which is a major problem that
reduces heat transfer capacity and increases the final cost of
energy. Another important point about this method is when
the produced concentrated water by desalination discharged
into the environment has a higher temperature than the initial
seawater conditions. While the final costs of desalination
by the thermal methods are higher than reverse osmosis, it
requires much less preparation and preprocessing, and the
obtained water has a higher quality and does not require
post-treatment processes such as boron, chloride or bromide
removal.

Multi-stage flash

The MSF was invented in the early 1950s. Nowadays, more
than 80% of the produced freshwater by the thermal method
is produced at MSF sites. In this method, the water is heated
in several stages, and at each stage, the pressure and tem-
perature decrease compared to the previous stage. Typi-
cally, MSF includes 15-28 levels or stages. The latest MSF
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technology has reached 45 stages that can compete with RO
in terms of capacity and energy consumption. Inlet brine is
heated to 90-115 °C in the heater tank, and the water vapor
is produced. The pressure level in the first stage is slightly
lower than the saturation pressure of water vapor (Voutchkov
2012). When a stream of saturated water passes by means
of a pressure convertor, the pressure suddenly decreases,
forming the so-called sudden evaporation (flashing) phe-
nomenon. As the water enters each step, some of the water
suddenly evaporates and enters the vapor phase as it passes
through the pressure-reducing nozzle. The vapors formed
on the condenser tubes are distilled and then collected in
special trays. As the steam phase changes to the liquid, some
latent heat is released, which is used to preheat the saline
water before entering the first stage. The MSF method is
performed at each step by lowering the pressure and produc-
ing some amount of steam that will be distilled at the same
stage. Conveniently, the amount of seawater recovered by
this method is about 10-30% (Kim et al. 2016) (Fig. 14).
The produced brine at each stage is pooled together, and at a
later stage, a share of it is added to the desalination cycle to
reduce the total volume of feedwater. The amount of salt in
produced freshwater is less than 10 ppm (Micale et al. 2009).
The typical GOR for the MSF process is 8, but in the newer
systems, it is as high as 9. The MSF method is most appro-
priate when the feedwater conditions (temperature, salinity,
insoluble matters and high percentages of contaminations)
are unfavorable. The typical energy consumption of MSF
units is 250-330 kJ/kg of freshwater, and the amount of elec-
tricity required for processing is in the range of 3—5 kWh/m®.

Large MSF units are often combined with gas or steam
power plants. The generated steam at high temperature and
high pressure is first expanded in the turbine of the power
plant to generate electricity, and then, the intermediate
to low-pressure steam leaves the turbine to be used in the

thermal desalination unit. MSF units are usually located at
the bottom of steam power plants with a temperature range
of 90-120 °C to be used to heat the saline water in the unit.
In this combined system by using heat loss as an energy
resource in the desalination process, the requirement for con-
densers in these power plants is eliminated due to the use of
turbine exhaust steam for desalination (El-Ghonemy 2012).

MSF is widely used to desalinate water in the Middle
East region (especially Saudi Arabia, the United Arab Emir-
ates and Kuwait) that contributed to 40% of the worldwide
desalination capacity. In the Persian Gulf, large MSF sites
operate alongside gas or steam turbines to take advantage of
their low-temperature energy. New schemes on this device
have reduced the need for acid cleaning and shut down dur-
ing the maintenance process. At the moment, MSF sites can
operate for about 2-5 years without any major overhaul.
Ventilation is a very important process in MSF systems that
drive insoluble gases into the feed stream (such as oxygen,
nitrogen and carbon dioxide). Besides, oxygen and carbon
dioxide can cause corrosion in various parts of the system.

Ras Al Khair is the world’s largest desalination plant
with approximately 10° m*/d capacity, which in this site RO
and MSF contributed 30% and 70 of desalination capacity,
respectively. The complex also generates 2400 MW electric-
ity which supplies freshwater for large metropolitan areas.
Generally, the use of the MSF method for desalination due to
low efficiency, high costs and high environmental impacts in
the future, can be ignored compared to MED and RO (Ben-
nett 2014; Ghaffour et al. 2014).

Multi-effect distillation
The multi-effect distillation process has been used in

various industries such as sugar, paper production, dairy
industry, desalination. Small MED sites with a total
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capacity of less than 500 cubic meters per day were built
in the 1960s. Subsequent improvements over the years
have expanded the recovering capacity of this method. In
2006, the capacity of MED sites increased to 36,000 m/d
(Micale et al. 2009; Al-Othman et al. 2018). This method
also uses several steps or levels where each step takes
place in a separate tank and the pressure in each step is
gradually reduced. For multi-stage distillation, 8—16 steps
are typically used to minimize energy consumption. The
water on the evaporator pipe surfaces is spread out as a
thin film, which causes the water to evaporate rapidly.
The produced steam is distilled on a cool external surface.
Here, the latent heat from the distillation water is used to
heat the saline water at lower temperatures and pressures,
which means that after initial heat in the first stage, there is
no need to heat the water in other stages. In summary, the
latent heat from the condensation at each stage is used to
evaporate the water at a later stage. This reduces the total
energy consumption for water desalination. Therefore,
the energy costs in the MED method are lower than the
MSF technique (Ortega-Delgado et al. 2017). The pres-
sure reduction process at each step allows for lowering the
evaporation temperature of the feedwater without any need
for external heat supply. Only the first-stage steam must
be produced from an external source. The most important
difference between the MED and MSF methods is that in
the MED method steam is generated by spraying water on
a tube heat exchanger and absorbing heat from the steam
that passes through the generator (Fig. 15).

The produced steam in the final stage is very low in
terms of temperature and pressure, so it is distilled in the
external condenser and rejects the latent heat to its envi-
ronment. The energy required for the multi-effect distilla-
tion method is as follows:

Note: P>P,>P, P=Pressure
T>T>T, T=Temperature
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1. Formation of steam with proper pressure to initiate the
process in the first stage

2. Vacuum pump to reduce pressure in later stages

Pumping the salt solution at each stage

4. Cooling the steam to turn it to water in the last step

et

The usual amount of freshwater in this method is about
20-35% of the water that entered into the system (Voutchkov
2012; Micale et al. 2009). Newly designed sites are looking
for ways to avoid the effects of sediment. In some MED
plants, the maximum boiling temperature is 55 °C, which
reduces the effects of sediment and corrosion on the system
and using recovered heat from other adjacent processes is
available. The input energy to the system can be supplied
from various sources such as mechanical vapor compression
(MVC) and thermal vapor compression (TVC). The com-
bination of MED and TVC systems has very high thermal
efficiency and reaches about 17%, while a combination of
MED and heat pump (with water lithium bromide absorber)
reaches 21%. By comparing the MSF and MED methods, it
is evident that the MED method has higher efficiency and
has lower thermal and electrical energy consumption and,
on the other hand, the MED operating temperature is lower,
thus requires steam at lower temperatures and pressures
(Miller 2003). Another advantage of the low-temperature
MED process is the manufacture of relatively inexpensive
materials, including aluminum alloys for epoxy laminated
carbon steel pipes for evaporator shells.

The largest MED-RO hybrid complex is built in the
UAE’s Fujairah project (second phase), capable of produc-
ing 2000 MW of electricity and 591,000 m*/d of freshwater.
The first phase of the Fujairah project, which, launched in
2004, is a combination of MSF and RO methods and has a
desalination capacity equal to 455,000 m*/d (Bennett 2014)
(Fig. 16).
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Fig. 16 Fujairah MSF-RO
hybrid site in UAE (Bennett
2015)

In Saudi Arabia, the Shoaib desalination plant will
become the world’s largest MED unit. Considered capacity
for this plant is 912,000 m*/d that enjoys high efficiency
equal to 160 kJ/kg (Bennett 2015).

Vapor compression
In the vapor compression method, the water vapor is fed to

the evaporator and the steam goes to the compressor. The
steam is compressed at this point, and its temperature rises

to evaporate the sprayed feedwater on the heat exchangers.
Preheating the feedwater is used to start the process and
reach the evaporation temperature (Fig. 17). The required
heat to evaporate water in this method is provided by two
methods:

1—Mechanical vapor condensation (MVC) using electrical
energy

2—Thermal vapor compression (TVC) using high-pressure
steam
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The VC desalination method is used in a wide range of
applications. The total required energy to provide mechani-
cal compression is between 8 and 12 kWh/m? of freshwa-
ter. This method can typically recover about 40-50% of
the incoming water (Voutchkov 2012). The MVC process
was introduced in the 1980s. The original idea behind this
method was to use electrical energy for the thermal distilla-
tion process. The MVC process is in competition with new
RO technologies. However, the passage of time has shown
the complete dominance of the reverse osmosis system, and
on the other hand, the reliability of this method in contradic-
tion with other heat distillation methods such as MSF and
MED has been slightly improved.

As shown in Fig. 18, the system has a horizontal evap-
orator tube, water spray nozzle, steam compressor, pump
and preheating unit. Hot steam or condensate vapor flows
through the pipes and the brine is sprayed onto the surface of
the pipe. The maximum temperature for condensed vapor is
about 70 °C to reduce the amount of formed sediment on the
surface of the pipes. The incoming saline water is preheated
in two heat exchangers located in conjunction with the outlet
saline. The following is a combination of steam compression
with a multi-effect distillation method to increase its effi-
ciency. This process is based on the reuse of produced steam
in the distiller as a steam heater after compression. The gen-
erated steam at each stage is compressed to an extent in the
compressor and used for heating the first unit. Mechanical
vapor compression (MVC) and thermal vapor compression
(TVC) are used for condensing the steam.

In the TVC method, the required steam is supplied by lat-
eral processes such as power cycles or industrial processes.
Two small-scale factors, as well as the use of electrical
energy, are raising concerns about combining this system
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with renewable energy resources. Typically, MVC requires
about 10—14 kWh/m? of electrical energy. Therefore, with
the aid of 2-3 MW power, the production of 5000 cubic
meters is accessible. This process can be achievable by
renewable energy.

The mechanical vapor compression (MVC) method is
used for small to medium desalination units. The conven-
tional capacity of MVC units is 3000 m*/d, while the capac-
ity of TVC units can reach . The increase in temperature
and pressure values by mechanical methods is limited, and
therefore, the capacity created by this method is restricted
(El-Ghonemy 2012).

Overall comparison

The share of reverse osmosis systems has grown tremen-
dously over the last 10 years, due to the dramatic advances in
membrane technology and the possibility of using recovered
energy. In these systems, the cost of freshwater production is
reduced. Table 5 demonstrates the functional range of each
method in terms of the amount of water-insoluble particles.

The cost of desalinated water is subjected to various
factors, including capacity and type of desalination pro-
cess; location and type of inlet water (seawater or brack-
ish water); type of energy consumed and manpower cost.
Recent improvements in materials used in membrane fab-
rication as well as the use of energy recovery technology
have significantly reduced the energy consumption by RO
desalination. It should be noted that the membrane desalting
costs vary according to the type and composition of the inlet
water. Economic studies of seawater desalination in recent
years show that costs related to desalination are decreasing.
A review of these studies shows that the use of membrane
methods is an optimal approach for this purpose even at
high capacities, and this is due to the decrease in membrane
energy consumption because of recent developments in
membrane production and technology (Baxter et al. 2008;
Karagiannis and Soldatos 2008).

In Europe, Australia and the USA, RO is the most widely
used desalination method, but it still consumes a great deal
of energy (3-4 kWh/m?) compared to groundwater and
wastewater treatment (0.5 kWh/m?) (Reddy and Ghaffour
2007). Sydney’s RO unit emits about 954 tons of CO, per

Table 5 The function of each desalination method based on the TDS
of inlet water

Desalination method TDS (mg/L)

20,000-100,000
50-46,000
200-3000

Thermal methods
Reverse osmosis

Electrodialysis
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day with a production capacity of 250,000 m%/d, and its
energy consumption is about 3—4 kWh/m? (Lattemann et al.
2010).

In Saudi Arabia, it is expected to reach 1.6 million cubic
meters in the coming years. Most of the produced freshwater
in this country is from thermal desalination methods, specifi-
cally MSF with a production capacity of 5.6 million cubic
meters per day, but MED and RO methods which require
less energy are becoming more popular, gradually (Ghaft-
four et al. 2014). Modern RO systems can meet the energy
requirements for less than 2.5 kWh/m?, depending on the
available types of equipment. However, the required energy
in operational conditions can be higher. For example, the
required energy for desalination of water with a salinity of
40,000 ppm and a temperature of 20 °C with recovering
efficiency at 41% is 3.8 kWh/m?>. For water prepurification,
the energy required is 0.2—0.8 kWh (Ludwig 2010; Council
2008). The energy required for distillation is far greater than
the RO process, but these methods are still the first option in
Middle Eastern countries for political, economic, technical
reasons.

Economic aspects

Economic and environment parameters are significant con-
straints in every system, which desalination units are not
excluded from this issue. Generally, the costs involved in
the desalination process can be divided into two categories:

1. Investment costs
2. Current costs

Numerous factors can affect the cost and choice of desalina-
tion methods. Various studies show that investment, opera-
tion and maintenance costs are directly dependent on on-site
conditions (Shatat et al. 2013; Balfaqgih et al. 2017; Darwish
et al. 2016; Pinto and Marques 2017; Younos 2005). The
construction cost and production capacity of the various
types of desalination methods are shown in Table 6 (Mentis
et al. 2016).

Table 6 Production capacity and construction cost of some desalina-
tion plants (Mentis et al. 2016)

Current costs are highly dependent on project condi-
tions. Using the SWRO method is very economical in
terms of operating costs (0.47 USD/m?) followed by the
MED (0.54 USD/m?). The cost of using the MSF method
is 0.65 USD/m? that puts it at the bottom of the selection
queue, and this will make many obstacles to construct new
units (El-Ghonemy 2012).

Studies have shown that the cost of desalination with fos-
sil fuel energy is lower than renewable energy (RE). Gener-
ally, the cost of freshwater production has fallen in recent
years due to the development of technology, but it must be
acknowledged that using renewable energy rises the costs
(Shatat et al. 2013). Table 7 illustrates that in the case of RE
use, the investment cost is the highest, but the fuel cost is
the lowest (Al-Hallaj et al. 2006).

The cost of membrane desalination water varies accord-
ing to the method and conditions of the inlet water. In
high-capacity desalination units, brine desalination costs
0.27 USD/m>. (The TDS is about 5000 ppm.) The cost of
seawater desalination with RO is 0.56 USD/m> (while the
capacity is 94,600 m*/day). Similarly, in thermal desali-
nation processes, water production costs in high-capacity
units such as 91,000-320,000 m3/day are in the range of
0.52-1.01 USD/m?® (Shatat et al. 2013). By using renew-
able energy sources, costs increase up to 16 USD/m>. Of
course, this increase in costs can be ignored by environmen-
tal benefits. Using the RO method is the most efficient and
cost-effective method of using the sun for desalination, and
its costs are approaching the use of fossil fuels. Therefore,
the combined use of photovoltaic and RO could be the sec-
ond priority for desalination of brackish water (Shatat et al.
2013). Figure 19 shows water product cost per production
capacity for considered methods. However, the costs of pro-
ducing freshwater with fossil fuels are only slightly reduced
by capacity variations.

Related costs to water supply, including production, trans-
mission and storage, vary from 0.65 to 3.1 USD per cubic
meter in 2030 depending on renewable resources and water
transmission distances. Until this year, the total global cost
of investment is up to 10,770 billion USD (Caldera et al.
2016). Obtained results represent that using seawater as the
water resource has a more associated cost for fuel in compar-
ison with brackish water (Karagiannis and Soldatos 2008).

Table 7 Contribution of investment, operating and energy costs in
different methods of desalination (Al-Hallaj et al. 2006)

Desalination method Production capacity (m?/ construction
day) cost (€/m’/day) Desalination Investment cost ~ Operating cost ~ Fuel cost (%)
method (%) (%)
MSF 1000-60,000 1000-2000
MED 500-20,000 850-1750 RO 22-27 14-15 59-63
RO 0.4-70,000 650-4400 MSF 25-30 38-40 33-35
ED 15-50,000 1000-5000 RE 30-90 10-30 0-10
aﬁ;ﬁf{;ﬁ;ﬁ @ Springer
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Fig. 19 Water product cost per water production capacity for consid-
ered methods (Shatat et al. 2013)

As reported by in Voutchkov 2016, each section in seawa-
ter desalination has a determined contribution in economic
conditions. Cost breakdowns for seawater desalination for
O&M, energy, capital and indirect capital sections are in
15-30%, 20-35%, 30-40% and 10-20% ranges, respec-
tively. Furthermore, management costs for produced water
are subdivided into subcategories. Transportation, resources,
disposal and treatment are the main topics in this field that
water treatment has the most variable range equaled to
0.2-8.5 USD/bbl for various water treatments (Dahm and
Chapman 2014).

For calculating associated costs with the RO process,
Table 8 presents substantial formulations for this purpose
(Nafey et al. 2010). In this table, DDC is direct capital cost,
TCC is the total capital cost, CC is the capital cost, swip is
the seawater and intake price, hpp is the high-pressure pump,
e is the element, p is the pump, and equip is the equipment.

Environmental effects

For achieving sustainable design in desalination plants,
employing and analyzing the system performance in dif-
ferent terms can bring new aspects to the obtained results.
These evaluation methods are environmental impact

Table 8 Costs related to the RO process

DCC (USD) TCC (USD)

CCyip =996 XM} TCC=1.27 xDCC
CCpp=393,000+ 10,710 XAP;

CC,=F . X P, XN, +F,xPV,xn,

CCquip=CClyip+CCipp+CC,
CCle=0.1 X CC,yip
DCC=CC,,;,+CC

equip site

assessment (EIA), life cycle analysis (LCA) and best avail-
able technology (BAT), economic analysis and social impact
analysis (Lior 2017). Desalination methods can have detri-
mental effects on the marine and terrestrial environment.
For the sustainable development of desalination processes in
the world, these environmental impacts must be controlled.
Most of the investigated studies have focused on the short-
term potential impacts on the environments. Nevertheless,
long-term evaluations in environmental impacts for various
terms such as construction, high salinity brine discharge,
chemicals and GHG emissions, can increase the accuracy of
the results (Shemer and Semiat 2017). The following repre-
sents two major effects:

¢ Highly concentrated outlet saline: During operation, high
concentrated saline water is produced and the insoluble
solids in the outlet can reach up to 100,000 ppm. In addi-
tion, the effluent is opaque and has a high temperature in
thermal desalting methods and may also contain some
chemical additives such as polymers, acids and anticor-
rosive substances. The important thing is to safely dis-
pose these wastes in an environmentally friendly man-
ner, while not costing too much. Saltwater produced
from desalination equipment is now often dumped in the
seas. There has been much debate about the detrimen-
tal effects of salinity, turbidity and temperature on the
life of animals in the seas, and in some cases, they have
been forced to migrate from the specific area. Offshore
desalination sites have another method for saline release,
including surface water release (45%), drainage (27%)
and deep good injection (16%), drainage in evaporative
ponds (4%) and other methods (8%). Each of the men-
tioned methods has environmental problems related to
high salinity and other undesirable components in saline
(Miller et al. 2015).

e Carbon production and air pollutants: Table 9 lists the
pollutants produced for fossil energy desalination meth-
ods. The amount of carbon dioxide produced in the ther-
mal desalination processes is much higher than the mem-
brane. Environmental impacts of thermal desalination
methods, when combined with other industrial processes

Table 9 Contributions of air pollutants produced by different desalt-
ing methods

Desalination method MSF MED RO

Energy resources Fossil Thermal Fossil Thermal Fossil
recovery recovery

CO, (Kg) 24 2 18 1.1 1.8

NOX (g) 28 4.1 21 2.4 39

SOX (g) 28 15 26 16 1.1
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as well as the use of recycled energy, can be significantly
reduced (up to 75%) (Reddy and Ghaffour 2007).

The most important environmental and public health con-
cerns about desalination plants are the release of air pollut-
ants into the atmosphere, most notably CO, emissions, acid
rain gases (NOy, SO,) and particulate matter. The emission
of these pollutants can also come directly from the desalt-
ing process itself, for example, fossil fuels are used to gen-
erate heat in thermal desalination processes (Miller et al.
2015). Greenhouse gas emissions and air pollutants gen-
erally depend on the type of fossil fuels, the efficiency of
the power plant that generates electricity and the pieces of
equipment for pollutant collection at the plant’s output. The
presence of CO, at the plant’s outputs is inevitable due to
the presence of carbon in fossil fuels. (The methods of CO,
collection at the plant’s output are not yet universal). To
account for all the gases that contribute to climate change
that emit from the combustion process of fossil fuels (such
as CO,, methane, N,O, SFq, fluorocarbons, etc.) all of these
gases can be based on the equivalent of CO, that is CO,-e is
expressed. This parameter can be defined as the equivalent
amount of CO, gas that can have the same effect on global
warming as other non-CO, gases. To assess the environ-
mental impact of various projects in Australia, the amount
of CO, emissions was calculated. The average value of this
parameter is 1.16 kg/kWh for the Gold Coast desalination
project in Queensland, Australia. The RO site in Melbourne
has an average value of 1.31 kg/kWh, which is the highest
in the whole of Australia due to the high percentage of coal
usage (Ghaffour et al. 2014).

By comparison, if the energy required for reverse osmo-
sis desalination is 4 kWh/m?, the CO,-e emission from
desalination will be 4.6 kg/m® and 5.2 kg/m® in Queensland
and Melbourne, respectively. The total energy required for
the Queensland desalination unit, including all operating
and pumping processes, is estimated to be 24.5 MW for a
capacity of 125,000 m*/d, which is about 4.7 kWh/m?>. The
amount of greenhouse gas (GHG) emissions required to pro-
duce the process is estimated to be about 679 tons of CO,-e
per day, equivalent to 5.43 kg/m> of CO,-e. The lowest GHG
emissions and energy required for desalination in Australia’s
Perth area were reported to be 3.43 kg/m* CO,-e for all site
processes, resulting in 325 tons of space gas being released
into space from this site daily. The worst conditions for air
pollution are in the Persian Gulf. In Kuwait, for example,
90% of the water required is from hybrid processes, and the
energy required for these systems is derived from oil. Kuwait
has been ranked fourth in seawater desalination capacity and
accounts for 6% of total desalination capacity. In 2004, the
sites produced 42 million megawatts of electricity and 443
million cubic meters of water and consumed 462 million
gigawatts of energy. The CO, emission factor was 0.7 kg/

kWh for power generation and 15.7 kg/m? for seawater
desalination. Therefore, the total CO, emissions in this area
are approximately 19,000 tons per day (Darwish et al. 2008).
As mentioned before, each desalination process has a spe-
cific environmental impact. For MSF and MED, discharged
water is 10—15 °C hotter than ambient temperature, and by
this process, TDS enjoys an increase equal to 15-20%. On
the other hand, in RO, brine discharges at ambient temper-
ature. However, the TDS value increases in the range of
50-80% (Sommariva et al. 2004; Mezher et al. 2011).

By using microfiltration or ultrafiltration that used fewer
chemicals than conventional seawater pretreatment (like
sand), the environmental impact of discharged concentrate
streams could be reduced. Practical pretreatment will also
reduce the fouling rate and frequency of cleaning by chemi-
cals (Elimelech and Phillip 2011). Using filtration systems
for preventing disturbing factors from flowing to the oceans
can moderate physicochemical characteristics and improve
marine ecosystems (Kwon and Yoon 2017). SWRO method
has several environmental impacts related to the construc-
tion and process of intake systems and the discharging of
concentrate. The crucial effect of conventional open ocean
intake systems is the impingement and entrainment of
marine organisms. Concentrate disposal can locally impact
benthic creatures (by poorly diluted discharge to the marine
bottom). This impact can be minimized by using an accurate
design of diffuser systems (Missimer and Maliva 2018).

Renewable energy

In recent years, the world has faced many problems due to
the increased consumption of water and energy. These prob-
lems are primarily related to rising energy and water demand
from developed countries such as the USA, the European
Union and Japan. However, demands for these two cases
are also growing in populated countries such as China, India
and Brazil. Unfortunately, most countries’ energy and water
policies today are based on the widespread use of fossil fuels
and available water resources, which disrupt the sustainabil-
ity of resources and can lead to demands for access to new
sources in the coming decades. In recent years, most OECD
countries have realized that new facilities are needed for
the sustainable use of energy resources (Resch et al. 2008;
Lund et al. 2011). On the other hand, unfortunately, there is
little effort to make proper use of water resources, which has
led to severe water restrictions in some parts of the world.
This issue has been studied by Koutroulis and colleagues
who have been looking for a link between water resources
and climate changes. The same study for the South African
region was carried out by Kusangaya et al., and a similar
study for the Mediterranean region by Manios et al. All these
studies have shown that in the future, access to water could
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become a solemn problem than access to the fossil fuels.
Consequently, the problem of energy and water scarcity must
be addressed at the same time, and the solution must be to
develop technologies that will sustain both factors (Koutrou-
lis et al. 2013; Kusangaya et al. 2014; Manios and Tsanis
2006).

In this field, a lot of research has been accomplished
in recent years that have increased the share of renewable
energy use. Although advanced energy conversion technolo-
gies from traditional fuels are now economical options, the
use of renewable sources is becoming more competitive and
economical with governmental aids. The cost of using fossil
fuels has also risen, as well as the investment costs in the
renewable energy sector. Therefore, the intense competition
of these renewable energies with fossil fuels will be conceiv-
able in the coming years. As long as fossil fuels are used for
the production of freshwater, these processes are operation-
ally expensive and polluting and will have a wide impact on
the environment. In stark contrast, the use of fossil fuels is
not very economical for remote areas, even for coastal areas
that have access to seawater. Many areas are deficient in
fossil fuel and water resources, at the same time. The use of
desalination or water treatment sites by renewable sources
would be highly desirable for these areas. It should be noted
that efforts to reduce GHG emissions will lead to greater
investment and the use of renewable sources (Gilau and
Small 2008). Renewable energy is part of the engineering
field that has received a lot of attention. It is clearly foresee-
able that a high proportion of human energy will come from
various renewable sources. Renewable energy can be used
in a variety of processes, which solar thermal energy, wind
energy and geothermal energy are widely used in various
thermal projects such as air and water heating and desalina-
tion sites (Foster et al. 2009; Tabak 2009). The contribution
of renewable energy in total primary energy supply would
rise from 14% in 2015 to 63% in 2050 (by 2050, wind and
solar account for over 70% of total renewables generation),
while CO, emissions from energy section increase by 33 Gt
in 2015-35 Gt in 2050 (Ummel and Wheeler 2008; Gielen

Fig.20 The trend of world net
electricity generation by differ-
ent energy resources (EIA 2019)
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et al. 2019). Figure 20 indicates the projected power genera-
tion by energy resources.

Latorre et al. explained that because of the unpredictabil-
ity of prices and the availability of fossil fuels, there is a high
demand for renewable energy for desalination. Using these
resources would be very suitable for areas with low fossil
fuels and a lack of water resources (Latorre et al. 2015).
Saudi Arabia has seen the growing population and indus-
tries, seriously dependent on seawater as a water resource.
In addition, despite the high cost and energy demand for
desalination methods, water transfers to crowded areas in
central Saudi Arabia, as well as to rural and remote cities,
have greatly increased these costs (Zhou and Tol 2005). The
need for water in many remote coastal rural areas as well
as in remote rural and urban areas has provided the novel
potential for the use of renewable energy for desalination
in small seawater capacities (Al-Karaghouli et al. 2009;
Doukas et al. 2006).

Saudi Arabia, like many Arabian countries, has areas with
high levels of solar radiation and has considered the use of
solar energy as a renewable energy source. On the other
hand, the use of wind energy will be very popular, especially
in coastal areas (Mokheimer et al. 2013). The use of renew-
able energies for desalination is not very common in the
world (only 0.02% of the total desalination capacity driven
by renewable energy resources). But it must be acknowl-
edged that the use of these resources is appropriate for the
desalination of seawater for several reasons. The first is the
diversity of these types of energy, the other being the cost
of setting up, maintaining and running renewable energy
systems against other traditional energy sources, making it
a desirable option for remote areas. In addition, the major-
ity of desalination units are in coastal areas where abun-
dant renewable energy sources are found. The use of fossil
fuels will require the transportation of fossil energy carri-
ers, which is very costly due to the lack of development of
energy distribution networks in these areas (Ghaffour et al.
2015; Ismail et al. 2016). There are two strategies for using
renewable energy, off-grid and on-grid systems.
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In the first scenario, there is no need to connect to the
electricity distribution network, and the electricity needed
for the complex is supplied by itself. In this strategy, it is
necessary to allocate energy-saving components to meet
the needs of the complex at all times of the year, as access
to renewable sources fluctuates throughout the year that
complicates the design. Also, by overestimating the capac-
ity of the devices, we will need a wider terrain to locate
the equipment that makes this scenario costly (Mentis et al.
2016). Microgrid generation units can be considered as a
small-scale power grid that includes the production, trans-
mission and storage sectors and can meet local needs. There
are several distribution plants in the world that use renew-
able energy, and their performance demonstrates the ben-
efits of on-site renewable energy production (Soshinskaya
et al. 2014). Stand-alone units have been installed in some
countries around the world such as China, Mexico, Kenya
and Bangladesh to supply electricity to remote areas. These
energy systems often include photovoltaic cells with stor-
age battery sets or even diesel generators as backup power.
Although these units are mostly installed in non-industrial
rural areas, there are also several interconnected micronet-
works that can meet the needs of residential and commercial
complexes (Urmee et al. 2009). For example, the microgrid
in Japan is capable of supplying electricity to five universi-
ties, a nursing home and a high school by photovoltaic cells,
fuel cells and storage batteries. In the second scenario, if
the desalination units and the renewable energy resource
are both connected to the power grid, the amount of energy
generated by renewable energy and the energy required for
desalination can be monitored at any time by the central
control system.

For the sustainable development of freshwater production,
the use of energy sources as a primary option is a concern.
For example, due to the problems and costs of transmit-
ting electricity to remote areas, it would make sense to use
hybrid wind and solar systems for areas with high radiation
levels and appropriate wind potential. The use of stand-alone
hybrid systems can be used in urban and rural areas that can
be used for a variety of applications such as lighting, water
transfer, water treatment (Liu and Wang 2009; Ashok 2007).

Solar and wind energies have the highest share of all
types of renewable energies to provide desalination energy.
However, methods such as biomass, hydroelectric power and
ocean energy will also be used in fewer proportions and
are used to generate power for smaller desalination plants.
The great disadvantage of solar and wind resources is their
unpredictability and dependence on weather and climate.
For this reason, one must accept the fact that renewable
sources cannot meet the demand for energy systems alone.
Batteries are commonly used for this purpose. Low storage
life, high maintenance costs and the environmental dam-
age of these batteries are major problems for these storage

systems (Nagaraj et al. 2016; U. R. Energy 2012; Spyrou
and Anagnostopoulos 2010). Recently, researches have been
combined fuel cell with electrolyzing that is both reliable
and environmentally friendly (Maleki and Askarzadeh 2014;
Askarzadeh 2013). Generally, renewable energies that have
significant roles in the desalination process are solar, wind
and geothermal energies (Shatat and Riffat 2012). It is nec-
essary to optimize the size and capacity of the system, for
using renewable energy economically with higher efficiency
(Fig. 21). Capacity optimization provides efficient renew-
able energy at the lowest investment cost (Ayoub and Mal-
aeb 2012; Ahmadi et al. 2019). Figure 22 demonstrates the
contribution of renewable energy resources in desalination
processes for producing freshwater.

Nuclear energy

The International Desalination Association (IDA) planned
to reach 120 million m*/day desalination capacity until
2020, while nuclear energy provides proper opportuni-
ties. Progress in nuclear plants and desalination system is
growing considerably, and numerous countries are getting
involved in it. There is no restriction for choosing nuclear
reactors for the desalination process, and any reactor has
potential coupled with desalination systems (Belkaid et al.
2012; Khan et al. 2017). Nuclear energy can also be used
for thermal desalting. The heat used in the nuclear reactor is
used for this purpose. The cost of desalinizing seawater with
nuclear energy is roughly equivalent to fossil energy. The
first nuclear-powered MSF-RO unit was built in India. This
unit is based on MSF technology developed in India and
has a capacity of about 6300 m?/d (Dittmar 2012). Intend-
ing to design and develop hybrid systems including nuclear
and desalination systems, can increase the capacity of fresh-
water production. These interests have been increased sig-
nificantly among the members of the International Atomic
Energy Agency (IAEA) for the last two decades. Table 10
lists some of the world’s leading nuclear-desalination sites
(Mansouri and Ghoniem 2017; Sleem 2010).

There is numerous integration of nuclear systems with
small-size desalination units (Wu et al. 2000; Wu and Zheng
2002; Wu and Zhang 2003; Belessiotis et al. 2010; Khan
et al. 2018). An innovative combined system consisted
of the nuclear heating reactor (NHR) with low-tempera-
ture MED + RO and NHR with low-temperature MED/
VC+MED, has been presented (Kim and No 2012). Results
from performance analysis indicated new aspects of the
combination of the MED process with NHR. Investigated
results from (Misra and Kupitz 2004; Misra 2003) have des-
ignated the role of nuclear desalination for the utilization of
potable water needs in arid areas. The research also reported
a bunch of nuclear reactors coupled to different desalination
plants. Recently, attention was rising to a couple of reactors.
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Fig.21 Chart of combining different desalination methods with
renewable energy resources. PV photovoltaic, RES renewable energy
source, RE reverse electrodialysis, RO reverse osmosis, MD mem-

Fig.22 The contribution of renewable energy resources in desalina-
tion (Ayoub and Malaeb 2012)

brane distillation, ED electrodialysis, PRO: pressure-retarded osmo-
sis, VC vapor compression (He et al. 2015; Brauns 2010; Tufa et al.
2019; Tufa et al. 2015)

For example, the feasibility analysis of a coupled system
comprised of RO and an existing nuclear plant (Karamel-
din et al. 2007). In Egypt, an advanced hypothetical model
for calculating the effective parameters of the RO process
is cogenerating with a considered nuclear reactor (Kavva-
dias and Khamis 2010). The cost of freshwater production
by nuclear desalination was expected to be in the range of
0.4 USD/m>~1.8 USD/m? based on the reactor type and the
desalination process (Al-Othman et al. 2019). Figure 23 rep-
resents a flow chart of the coupling desalination unit with
a nuclear power plant. The diagram contains a RO and a

Table 10 Some of the world’s

) Site name Location Power (MW)  Waster capacity (m*d)  Type of reactor
leading nuclear power and desalination
desalination sites

Shevchenko Aktau/Kazakhstan 150 80,000-145,000 LMFR/MED, MSF
Tkata-1,2 Ehime/Japan 566 2000 PWR/MSF
Ikata-3 Ehime/Japan 800 2000 PWR/RO
Ohi-1,2 Fukui/Japan 2x15 3900 PWR/MSF
Ohi-3,4 Fukui/Japan 2x10 2600 PWR/RO
Genkai-4 Fukuoka/Japan 1180 1000 PWR/RO
Genkai-3.,4 Fukuoka/Japan 2% 10 1000 PWR/MED
Takahama-3,4 Fukui/Japan 2x8 1000 PWR/RO

NDDP Kalpakkam/India 170 6300 PHWR/MSF-RO
LTE Trombay/India 40 30 PHWR/LTE
Diablo Canyon  San Luis Obispo/USA  2x 1100 2180 PWR/RO

Jislae ¢llodl aiyan @

KACSTaslg glel 22 SPringer




Applied Water Science (2020) 10:84

Page250f47 84

Fig. 23 Schematic of a nuclear-

desalination process (Abdoe- / N\
latef et al. 2015) (HX heat
exchanger, HPP high-pressure 2
pump) g
(]
2
:
E -
]
Condenser
—/

Feedwater pump Recirculation pump

MED that integrated with an on-site nuclear-desalination
plant. The purpose is to generate power (for RO) along with
utilizing the waste heat to produce steam for feeding into the
MED unit (Abdoelatef et al. 2015).

An energy-economic examination on various coupled
systems has been carried out. In this case, the performance
of the coupled system of heat pump for the space cooling
purpose (Belessiotis et al. 2010) and appraisal ground source
heat pump system (Fiorenza et al. 2003) has been evaluated.

Solar energy

At the moment, the use of solar energy for the purpose
of the desalination process has the highest share among
all types of renewable energy. Today’s human needs for
electricity can be met by covering only 1% of semiarid or
arid regions with solar systems. For example, each square
meter of land in the Middle East and North Africa receives
between 5 and 7 kWh of solar energy per day. It can be
estimated that many areas in this part of the world receive
1.7-2.2 MWh per square meter of solar energy per year
(Sukhatme and Nayak 2017; Hosseini et al. 2005). In this
field, the use of solar energy for the desalination process is
growing. Using this method in rural and remote areas can
have a great impact on the health, welfare and economic
development of the people. However, there are several
factors including the efficiency of the complex, the vari-
able level of energy received from the sun per year and
the lack of infrastructure as constraints on the use of this
energy in large-scale desalination capacities (Shatat et al.
2013). Semiarid regions are mostly located in the Middle
East and Africa. There are solutions to the problem of

Generator

Sea water
Produced water
[ Brine outfalls

Transfer pump

Pump HPP,

—Produced
water

Energy
recovery

water scarcity in these areas, either by transferring potable
water from other areas or even producing water by the air.
But these methods are very costly. Dry areas often have
great potentials for solar energy use, so using this energy
could be beneficial for these areas. Taking advantage of
this environmentally friendly energy will ultimately reduce
GHG effects and global warming.

Cost-effectiveness is one of the most important fac-
tors in establishing desalination plants, although the best
desalination method is based on several technics and eco-
nomic criteria such as water conditions (TDS, temperature,
heavy metals and quality), remote control, access to the
grid network, infrastructure and the type of solar energy
technology. Nowadays, attentions have been focused on
increasing the efficiency of solar energy conversion sys-
tems, desalination technology and the optimal combina-
tion of these two factors, so that the system can be used
economically for medium- and small-size desalination
plants. In Fig. 24, the contribution of different desalination
methods combined with solar energy has been illustrated.
Figure 25 represents the different strategies for the desali-
nation process based on solar energy. Generally, there are
two types of solar energy systems:

1. Photovoltaic (PV) systems that receive the sun’s energy
and convert it into power. It has been used in RO and
electrodeionization systems.

2. Solar thermal systems that convert solar energy received
into heat energy, which can be used directly or indirectly
to supply energy. Thermal type can be used in solar dis-
tillers, solar collectors and solar ponds.
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Fig.24 Contribution of different desalination methods combined
with solar sources (Ayoub and Malaeb 2012)

Solar distiller

Solar distiller has been used for decades, which has many
different types. The device runs a small natural hydrology
cycle as the sun’s rays pass through the device’s light shield
and trapping it over the saltwater pool. The shield includes
a glass and plastic panel that is sloping above the basin (like
a greenhouse). The pond is usually black in order to absorb
the longest wavelengths of sunlight (Valdez Salas and Schorr
Wiener 2012). The sun’s rays are spread over a steep slope,
and the greenhouse effect increases the saline water tempera-
ture in the pond. The saline water in the basin is evaporated
upward, and the steam generated moves upward to condense
on the sloping surface and the droplets move downstream.
These droplets of water are collected and removed from the

Fig. 25 Different strategies for
using solar energy in desalina-
tion process (Caldera et al.
2016)

Solar water
Desalination
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Fig.26 Solar distiller structure and associated performance (Moh’d A
et al. 2016)

specified path. The water produced by this method is puri-
fied, and a partial amount of minerals and salts is added to
it to reduce the corrosive properties of its metals (World
Health Organization 1993). It is cheap in terms of manufac-
ture and has low maintenance costs, but the main problem is
the low rate of freshwater production (Moh’d A et al. 2016)
(Fig. 26).

This system can produce 3—4 L of freshwater per square
meter per day. This method can be used for large areas with
low land prices and low demands for potable water (Valdez
Salas and Schorr Wiener 2012). Solar distillers have low effi-
ciency and low production capacity besides traditional solar
desalination devices can be operated under two conditions:

1. Low evaporation rates in the pond
2. Low condensation rates on the glass surface

The efficiency of the solar distiller is influenced by envi-
ronmental factors, device design and operating parameters.

Direct Processes [

Indirect Processes
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The efficiency of the system is directly related to the amount
of sunlight, ambient temperature, relative humidity, wind
speed, cloud and mist on the glass. On the other hand, the
efficiency of the solar distiller is directly related to the level
of evaporation and inversely to the depth of the basin. The
glass cover of the solar distiller should have the highest
angle in winter and the lowest angle in summer. The effi-
ciency of these devices can be increased in combination with
flat collectors or solar vacuum tubes. Collectors are used to
preheating feedwater to a solar distiller. In addition, the use
of forced circulatory systems instead of the natural circula-
tion of the thermosyphon is very effective in increasing the
efficiency of the system. Photovoltaic cells can be used to
drive the pumps to create pressure, while thermal collectors
are used for heating water (Moh’d A et al. 2016). Other sug-
gested techniques to increase the efficiency of this device are
to recycle evaporative latent energy and optimize water flow
to increase heat transfer (Valdez Salas and Schorr Wiener
2012). The highest efficiency of solar distillers has reached
50%. The efficiency of these devices would be reduced in
any case of insulation failure (up to 14.5%). Then again,
increasing wind speeds of up to 3.6 mph can reduce the
efficiency of the device up to 2%. This device is effective
for areas with poor water quality and high solar radiation
(Moh’d A et al. 2016).

Al-Hinai et al. have performed parametric studies on
binary solar distillers and calculated the efficiency of the
device for optimal design conditions. Their calculations
show that the device can produce freshwater at an average
of 4 L per square meter per day (Al-Hinai et al. 2002). Raja-
seenivasan et al. have suggested using a multi-stage solar
distiller to increase the efficiency of the complex. Innovative
designs have used heat losses caused to heat water at the
latter stages (by latent heat) (Rajaseenivasan et al. 2013).
With all these efforts, it is not possible to use this method
for desalination on a large scale (Valdez Salas and Schorr
Wiener 2012).

Solar humidification and dehumidification desalination
(SHDD)

The use of this desalination method has been studied by
various researchers over many years, and it has been proven
that this method is capable of producing freshwater at high
capacity at optimal efficiency. This desalination method is
combined with a vacuum tube collector system to optimize
the seawater temperature desalination process. The device
is based on the principle of dehumidification and the use of
the energy available in the psychometric process to convert
saline to freshwater. It includes a vacuum tube collector,
storage tank, circular pump, fan and some other types of
equipment. In this method, brine is evaporated by ther-
mal energy and then condensed into moist air (usually at

atmospheric pressure) to produce freshwater continuously.
Air is capable of absorbing large amounts of vapor, and this
ability increases with raising temperature (Shatat and Riffat
2012).

The seawater evaporates in the evaporator and then slowly
drips downward. The air transfers in the opposite direction
to the brine and reaches saturation. Partial evaporation cools
the brine, leaving the device with a higher concentration
percentage, while saturated water condenses on the plate
converter. The condensed droplets are then collected in a
special basin. The latent heat of condensation process is
transferred to the seawater by moving upward in a plate con-
verter. Consequently, the saline water temperature rises from
40 to 75 °C. Subsequently, preheated brine should be heated
to the evaporator at an inlet temperature (about 80-90 °C),
provided by the solar collector (Shatat et al. 2013).

The experimental model of this mechanism placed in
Tunisia. A new variant of the system has been proposed with
multi-stage humidification that can produce an average of
355 kg/d of freshwater in August. Higher relative humidity
results in increased freshwater production under the same
conditions of cooling and airflow. It is recommended that
this system is installed near the seaside (Chandrashekara
and Yadav 2017). The cycle of SHDD consisted of solar col-
lector, desalination unit, driven pump, distillate and saline
water tank is illustrated (Fig. 27).

Solar ponds
Solar ponds can be considered as thermal batteries that
are used for desalination processes. These ponds can also

be used for steady freshwater production, even at night.
A 3000-square-meter solar pond has been built next to

Solar Collector

Unit

""" Driven Pump

—

Desalination |

—_—

Distillate

Saline Water Tank

Fig. 27 Schematic of the SHDD process (Valdez Salas and Schorr
Wiener 2012)
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the Dead Sea, and it can produce 4.3 L/min of freshwater
annually (Saleh et al. 2011). Solar ponds are the types of
equipment that manufactured by preventing convection and
changing density, raise the temperature of salty water. In the
last decades, different kinds of salt gradient solar ponds in
solar hybrid devices, thermal applications, power genera-
tors and desalination have been used. At the present time,
various types of minisolar ponds have been released. Based
on the demands, there are several categories of solar ponds.
In this work, different angles of influential and substantial
parameters in design, analysis, optimization, simulation and
measurement of solar ponds are studied (Velmurugan and
Srithar 2008).

Solar ponds have the unique ability to store solar thermal
energy throughout the year (even in the cold months of the
year), and it is a feature that sets it apart from other solar
methods. In these ponds, the solar thermal energy enters
and heats the lower zones of the pond. This convective flow
is usually continuous, and the pond temperature remains
constant. Solar ponds can be used to power various appli-
cations. Small ponds are used for heating the environment
and domestic hot water, while larger ponds can be used for
industrial processes such as heating, electricity generation
and desalination. The salt circulation in the pond will store
energy in it. While the temperature of water layers near the
surface is close to the ambient temperature, the temperature
at the bottom where the salt concentration is high is consid-
erable (about 90 °C). The difference between the high and
low temperatures of the pond will be large enough to start
up the desalting process. The organic rankine cycle is used
for this purpose. External heat is applied to organic fluids
(fluids that contain carbon in their chemical formulas such

Fig. 28 Solar pond construction
which contained different zones
(Ding et al. 2018)

(UCZ)

Upper Convective Zonn

Non Convective Zone

(NCZ)
Lower Convective Zone
G O

as toluene and hydrocarbons). The organic fluid makes it
possible to use low-temperature sources in the cycle, such
as solar ponds in the range of 70-90 °C. Certainly, the effi-
ciency of this cycle is low due to the low temperature of the
hot storage, but on the other hand, due to the low costs, this
low efficiency is justified (El-Sebaii et al. 2011) (Fig. 28).
The annual energy efficiency of these ponds is about 10%
to 15% for setting up desalination plants, which is suitable
for water supply in villages and small towns. Large solar
ponds can be used for continuous desalination. Solar pond-
based desalination is reportedly easier and cheaper than
other solar methods. From an operational and economic
point of view, freshwater supply is constantly important and
solar ponds provide freshwater throughout the year, even
at night and in cloudy weather (Shatat and Riffat 2012).
Based on obtained results for desalinating seawater, pro-
ducing each cubic meter of seawater needs 1000—4000 m?
surface of solar pond per day (Salata and Coppi 2014). A
pioneering concept of solar ponds coupling with RO has
been presented. In this design, the efficiency of the system
was 1.5%. Considerable hypothesis for this strategy was that
the efficiency of the solar pond has equal to 15% and cou-
pled ORC efficiency was 10% (Delgado-Torres and Garcia-
Rodriguez 2012; Garcia-Rodriguez 2007; Wright 1982). The
improvement in salinity gradient (SGP) based on reverse
electrodialysis (SGP-RE) could become a vital alternative
approach for storing solar power as osmotic energy in highly
concentrated salt solutions. The function of SGP could be
demonstrated from the free energy of mixing two solu-
tions at different concentrations. For using this integration,
a SGP-RE battery is presented. The battery is made from
consecutively mounting several cell pairs. There are two
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concentrated brine electrolytes (high and low). Accordingly,
due to the difference in ion concentration streams, ions will
move through the ion conductive membrane. This ion migra-
tion causes an electric current that can be converted at the
SGP-RE battery electrodes. This DC voltage and DC cur-
rent can directly drive an electric load (Brauns 2010; Catrini
et al. 2017; Vermaas et al. 2012; Brauns 2019).

Collector and photovoltaic

The solar collectors are in various types such as flat plate,
vacuum tube or central concentrator that can be combined
with a wide variety of thermal desalination units. Further-
more, the photovoltaic (PV) panels can be powered and
used for desalination by RO or ED. In the PV method, solar
energy is converted directly into electricity by silicon solar
cells. Backup batteries should be used to stabilize the RO
system and prevent the detrimental effect of changes in solar
energy levels at different times. The main drawback of using
solar systems is that it can only supply the energy needed
for the process in the presence of daylight, but desalination
units need to operate continuously, so large storage tanks
are needed. In addition, one of the major disadvantages of
using solar collectors in desert areas is the presence of dust
on collectors, which drastically reduces their heat capacity
(éély et al. 2006, Pietruszko and Gradzki 2003).

Solar cells are made of semiconductor materials such as
silicon. To make PV plates, many of these cells are inter-
connected. Other equipment and supplies such as AC-to-
DC converters and energy storage devices such as batteries
should also be included. PV panels can be installed or dis-
connected from the grid. In medium or small PV sites, grid
electricity is used as a backup. The most important problem
with this technology is its high cost that has only been used
for desalination in small and remote areas. A PV system can
produce 110-120 kWh per square meter of energy collector,
so the amount of collector area needed to produce 1 cubic
meter of freshwater per day with a small desalination plant
(8 kW hours per cubic meter) will be about 26.5-28 square
meters of standard technology. The use of solar energy to
power the RO process is a growing technology, especially
for remote areas with low desalination capacities. Figure 29
indicates the defined system consisted of PV and RO.

High-efficiency PV cells are now more expensive per
unit area than solar thermal collectors. PV cells can be used
to power off-grid areas as well as high-capability portable
devices, but are not competitive with the use of solar col-
lectors to supply power for large units with high capacity.
Currently, the cost of producing electricity with a PV sys-
tem is about 0.12 USD per kWh, which is about 2-3 times
more than the current methods of generating electricity in
the US market. In other words, the PV system in its life-
time of generating electricity cannot make enough money to

PV Panel
I Batteries
l:'a Block
B B ST Inverter Fresh
o Water
RO - Unit '

Pre- Post- |
Treatment Treatment

Saline

Water

Fig.29 The combination of a reverse osmosis system with photovol-
taic (NREL 2016)

compensate for its initial investment costs. From these stud-
ies, it can be concluded that the use of electricity generated
by the PV method for desalination is also much more costly
than the use of electricity generated by power plants (NREL
2016). Due to the need for high-capacity batteries, the use of
PV solar systems at large capacities for off-grid areas is very
expensive. Although using these systems in grid connection
mode can be cost-effective, a useful way to save solar energy
is to use a PV system to generate hydrogen and store it for
future use. In this case, stored hydrogen can be used in high-
efficiency fuel cells with low environmental impacts. Utiliz-
ing solar concentrators in RO desalination is an additional
option for generating solar power (Verdier 2011).

High-pressure steam production technology is widely
used in various industries, e.g., steam engines. In solar ther-
mal systems, the pressure tank can be charged by the heat
absorbed by the sun and then the high-pressure steam can be
used to move the turbine and generate electricity. The same
process can now be used to move the RO system. However,
this cycle will require a steam cooling section for returning
to the pressure tank. The pressure for RO desalination is
55 bar and for brackish water 10—15 bar. These pressures are
much less than the pressures required driving the turbines
(the pressure range of these turbines is 75—120 bar) (Reif and
Alhalabi 2015). Solar collectors are basically divided into
three categories based on the temperature:

1. Low-temperature solar collectors which increase the
temperature slightly more than the ambient tempera-
ture. Uncoated flat collectors included this category.
This low-temperature rise cannot be used as a source
for operating thermal desalination systems.

2. Medium-temperature solar collectors that produce tem-
peratures of more than 430 °C, including flat-panel col-
lectors and vacuum tube collectors. These collectors
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use water or air as a heat transfer. The heat of these
collectors can be supplied indirectly by means of a heat
exchanger for desalination.

3. High-temperature solar collectors that include parabolic
trough collectors and central receivers. The heat gener-
ated in these types of collectors can be used directly in
thermal desalination or indirectly through the electrical
energy produced in membrane desalination. In order to
achieve the highest efficiency in solar systems, the sun’s
tracking method should be used to stay perpendicular
to the collectors by changing the location of the sun
throughout the day and year. Large solar power plants
will certainly require large desalination sites (Valdez
Salas and Schorr Wiener 2012).

The main methods are concentrated solar power (CSP) tech-
nology, parabolic trough collector, Fresnel collector, solar
tower and dish Stirling system. In these systems, solar radia-
tion was collected from a large space and concentrated in a
smaller area, so the concentration ratio is defined as the ratio
of the area of energy collection to the area of concentrated
solar radiation. Most concentrated solar power sites convert
heat received into heat and then convert it into electricity in
turbines. For concentrating processes, most of the mirrors
are used to follow the sun continuously throughout the day.
For working fluids, air, water, oil and molten salt can be used
(Reif and Alhalabi 2015). Different types of solar concentra-
tion strategies are indicated in Fig. 30.

The parabolic trough and the Fresnel are very similar
methods. Both have long reflectors, which play as a cen-
tralizing role in the system. In these devices, the reflection
plates follow the solar radiation and concentrate the solar
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Fig. 30 Various types of solar concentrator methods (Reif and Alhal-
abi 2015)
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beams at any moment in the energy collector, and then
the special fluid captures the heat of the sun and uses it in
subsequent sections. The focal ratio for these systems is
in the range of 1:60—-1:80, which is somewhat weaker for
generating electrical power compared to the solar tower,
which generally has a focal ratio of 1:100. However, the
concentration ratio of parabolic trough and linear Fresnel
is suitable for producing heat for desalination. Fresnel lin-
ear collectors have been developed by various companies
to achieve simpler and cheaper systems than parabolic
trough collectors. The absorbent tube is at the center of
this arrangement and does not need to be moved to fol-
low the radiations. The structure of Fresnel collectors is
very light (up to 80% per square meter lighter than para-
bolic trough collectors), which also helps reduce prices
(Fig. 31). On the other hand, the simplicity of the Fresnel
design reduces the optical efficiency of this type of collec-
tor, which will ultimately require additional strategies in
order to obtain the same amount of energy (El-Ghonemy
2012)

The solar tower has a number of mirrors that track the
sun and focus it on the central collector. The system uses
parabolic reflectors to focus radiations on a motorized drive
(Reif and Alhalabi 2015). The use of plate concentrators is
not economical for large desalination complexes due to their
low capacity in the range of a few kilowatts, although it can
be used for freshwater production at limited capacities for
off-grid areas. The two main candidates for the use of solar
energy in high-capacity desalination are parabolic trough
collectors and Fresnel collector (El-Ghonemy 2012). The
use of a Fresnel collector is preferable to parabolic trough
collectors. Firstly, the experience of using a parabolic trough
system has more experience than Fresnel and the reliability
of parabolic linear systems is much higher than Fresnel. But
on the other hand, it should be kept in mind that the Fresnel
collector also has many advantages including low cost and
fewer materials for easier and lighter construction. Perhaps,
Fresnel collectors can be considered the next generation of
parabolic trough collectors provided they improve reliability
(El-Ghonemy 2012). Parabolic trough collector, Fresnel and
solar tower methods can be used to generate power in the
range of 5-200 MW which the efficiency will be between 30
and 40%. The dish Stirling system can be used to generate
power in remote areas within the 10 kW power range. The
efficiency of this method is about 10-15%. The tempera-
ture in the solar tower can reach very high ranges of about
1000 °C, which can be used directly by the hot air generated
in the gas turbine. The heat absorbed by the sun during the
day can be stored in melted salt tanks, ceramic or phase
change materials, and can be used at night to save energy
to make the process sustainable. A hybrid power plant con-
sisted of parabolic trough collectors and salt storage tanks
shown in Fig. 32.
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Fig. 32 The hybrid power plant with parabolic trough collectors and salt storage tanks (E1-Ghonemy 2012)

Each year, the equivalent of 1.5 million bbl energy is Solar-based systems have some disadvantages, such as
received from the sun per kilometer of land in the Mid-  requiring dynamic daylight tracking methods, which compli-
dle East and North Africa. The solar concentrator system,  cate the whole setup and maintenance procedure. So the total
located within one square kilometer of the desert, can pro-  cost of construction and maintaining these systems is more

vide on average the energy required to desalt 165,000 m?/  expensive than flat-panel collectors. Some of the reasons
year.
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that have raised the cost of using these sun-concentrated
methods are:

1. All of these devices require infrastructures to withstand
the climate and environmental conditions.

2. All reflecting and concentrating plates must be dynami-
cally monitored throughout the day.

3. Expensive materials for manufacturing plates.

According to the US National Agency for renewable energy
studies, return on investment for the concentrated method
is 15-25 years. The challenges of using these concentrated
solar energy methods in the field of water desalination
include:

1. To be used in arid areas to provide the required desali-
nation energy, they must withstand extremely harsh
environmental conditions such as high temperatures
and high winds and sandstorms. Solar concentration
systems developed in the USA and Europe are gener-
ally not designed for such environments. Therefore, the
use in these environmental conditions will entail the cost
of replacement and repair.

2. Current solar concentration systems are designed for
steam generation to drive turbines, not for desalination.
Therefore, these devices need to be redesigned for this
process (so that the design costs and changes required
for this purpose are unclear).

The operating temperature of the MED system is lower,
so it requires steam at lower temperatures and pressures,
so combining CSP with MED can work much better. A
40 m?/d low-temperature solar site has been installed on
the La Desirade Island in the Caribbean region. The device
consisted of 14 evaporation stages, operating at tempera-
tures between 26 and 65 °C (Yilmaz and Séylemez 2012).
Another multi-stage solar distiller is installed on Takami
Island, Japan, with an average annual capacity of 10 m?/d.
This unit has a minimum production capacity of 5 m%d in
winter and a maximum of 16.4 m*/d in summer. Alongside
the complex, there is also a hot water storage tank of 38 m*
which automatically starts the distillation process when the
temperature of the tank reaches 75 °C in summer and 62 °C
in winter.

A solar thermal desalination system built at Al-Azhar
University uses PV cells to power the device. The complex
contains 3-stage evaporation and is suitable for the desali-
nation of brackish water. The maximum daily capacity of
the system is 204.5 L in June and July, and the lowest daily
capacity is 85 L in December (El-Ghonemy 2012). For situa-
tions that require power below 1 MW, solar concentrator sys-
tems, such as parabolic trough collectors, can hardly com-
pete with the combination of PV cells and wind turbines. In
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low-capacity desalination markets such as remote and low
populated areas, wind and solar power generation methods
are well underway. Although the costs of producing freshwa-
ter due to solar power at low capacities are higher than those
for transporting water to remote areas. It should be borne in
mind that in remote areas the reliability of the access to fuel
is low and therefore the costs of transport over long distances
are high (Shatat et al. 2013). The most important features
that make solar energy attractive to the Middle East and in
Northern Africa are:

e The unlimited energy source is easily accessible.

e [t can be used in combined cycles (electricity generation,
cooling and desalination).

e Saving solar energy or working in combination with
fossil fuels ensures continued use of this renewable
resource.

e Solar concentrating plants can be produced in capacities
from a few kW to several hundred MW.

Wind energy

Wind turbines use the kinetic energy of wind passing
through their aerodynamic blades. The obtained energy from
the mechanical state by a generator is converted into electri-
cal energy. Wind turbines are usually divided into vertical
and horizontal axis groups based on the direction of their
axis. Most of the horizontal axis turbines are used to gener-
ate electricity (Yilmaz and Soylemez 2012). Wind energy
has been enough to produce all the electricity needed by
the world in 2005. The wind is produced by the difference
in atmospheric pressure due to solar energy effects. Of the
173,000 terawatts of solar energy that reaches the Earth,
about 1200 terawatts consumed on the atmospheric pressure
difference. Small desalination units can be combined with
independent wind energy converters and have a high poten-
tial for converting saline and brackish water into freshwater.
In this case, the supply of freshwater for the islands with
wind energy is economically feasible and is more acceptable
than the transmission of potable water to the consumers. In
addition, wind turbines can be operated in an on-grid con-
nection (Kalogirou 2005).

The Kwinana desalination unit in South Perth, Western
Australia, is a successful example of the combination of RO
and wind turbines. The site produces about 140 ML/d of
freshwater. The electricity required for the unit is supplied
by an 80-MW wind power plant (Goosen et al. 2011). The
ENERCON desalination unit is specifically designed to oper-
ate with a wind source. The system, combined with a RO
desalination unit, can operate at variable capacities (from
12.5% to 100%). Consequently, it can adapt well to chang-
ing weather conditions and wind fluctuations (Paulsen and
Hensel 2005). The use of wind energy for the desalination of
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seawater, especially for coastal areas with high wind poten-
tial, is one of the promising approaches. Energy generated
by wind turbines in both electrical and mechanical energy
can be used for desalination processes (especially for RO
and MVC methods). Different desalination units are installed
around the world based on small wind turbines. As with
solar energy, fluctuations in power output over time are one
of its problems. By combining this system with other renew-
able energy resources and by using energy storage reservoirs
such as batteries, we can observe the improvements in the
operating conditions of this source (Ghaffour et al. 2014).
Park et al. investigated the efficiency and cost of water
production by several small wind turbine models connected
to the RO system in Ghana. The results showed that the
1-kW wind turbine is the most efficient and the least costly
unit. Therefore, it is the best option to power the RO system
(Park et al. 2009). Impact of various factors on the pricing
of each freshwater unit such as climatic conditions, site lay-
out, turbine power, the concentration of saltwater, operating
conditions, production capacity, cost of RO and wind turbine
is reviewed in Garcia-Rodriguez et al. (Garcia-Rodriguez
et al. 2001). Pefiate et al. introduced a hybrid system for
the use of wind energy by RO. The design has the variable
capacity with a nominal production capacity of 1000 m?/d
which the results are compared with constant production
mode. The results showed that due to the variable nature of
wind energy, the degassing units can gradually adapt to the
energy supplied by the variable sources and maximize the
amount of freshwater per year (Pefiate et al. 2011). Segu-
rado et al. have been exploring ways to increase the share
of renewables on the island of Saint Vincent for combined
systems. These methods have led to two scenarios for stor-
ing excessed wind energy. The main purpose of this sys-
tem (Fig. 33) is to reduce costs by raising the share of wind
energy in the integrated system (Segurado et al. 2015). The
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results demonstrated that the island’s freshwater capacity is
better to be provided by small desalination units. In addi-
tion by increasing the capacity of storage tank, the share
of wind energy in the system can be increased (with the
same installed wind turbine capacity), and the desalination
capacity of the island can be 25% higher by 2020. Also, it
used wind power which provided 56% more freshwater by
wind energy and overall expected costs would be reduced
by about 7%.

Gokgek and his colleagues have investigated the techni-
cal and economic use of small-scale wind energy to drive
a RO unit. The results confirmed that the cost of produc-
ing freshwater for a stand-alone system varies from 2962 to
6457 USD per m> based on the size of the turbine (6 kW to
30 kW). According to calculations using a 30-kW turbine,
CO, reduction will be 80 tons per year (Gok¢ek and Gokgek
2016).

The solar energy is available during the day, not at night
and, conversely, the wind speed is higher at night. To maxi-
mize the use of renewable energy, a hybrid system consist-
ing of solar and wind resources recommended. Ismail et al.
have studied and modeled the performance of MED and
MVC desalination methods and used renewable resources
for desalination at 100 m>/h. The results showed that the
location of the desalination unit, the intensity of solar radia-
tion, wind speed, ambient temperature and water salinity
are important factors in system performance (Ismail et al.
2016). Soshinskaya et al. have investigated the techno-eco-
nomic potential of using renewable energy arrangements
for industrial desalination in the Netherlands. Modeling
shows that there is a great potential for electricity genera-
tion from renewable resources in the region, which can meet
the electricity needs of the potable water production unit
between 70% and 96% independently by using PV cells and
wind turbines (Soshinskaya et al. 2014). Mentis et al. were
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Fig. 33

Combining wind turbine, power grid and desalination plant for producing freshwater (Segurado et al. 2015)
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developed as a method for designing and optimizing desali-
nation capacity with wind and solar renewable energy units
in the Greek Islands. In this work, various parameters such
as the demand water and the energy required for desalina-
tion have been considered. Information on technical per-
formance, available resources and economic calculations
has also been used. Modeling results showed that freshwa-
ter prices ranged from 1.45 euros per cubic meter for large
islands to 2.6 euros per cubic meter for small islands, which
is well below the current price of water in these areas (7-9
euros per cubic meter) (Mentis et al. 2016).

For large islands, wind turbines are preferred, while PV
cells can also be added to the coupling system. In smaller
islands, the computation is much more complex and the
answer is not clear because the cost per kilowatt of small
wind turbines is far higher than large wind turbines. In these
islands, the use of PV cells is competitive and only restricts
the design of the cells and their placement. Jordan is the
right country for using solar and wind energy sources. The
return on investment for some projects using wind energy is
6 years and for PV cells is 2.3 years (Mentis et al. 2016). The
results show that the optimal use of renewable sources for
electricity generation can be increased by up to 76%, leading
to a significant reduction in fossil fuel consumption and CO,
emissions. Studies demonstrated that the economic and envi-
ronmental benefits of using a hybrid system for producing
freshwater on an island can be up to 36%. Smaoui et al. have
been looking for a way to find the optimal size of an inde-
pendent hybrid system including PV, wind and hydrogen, to
provide the energy needed to desalinate seawater in the south
of Tunisia (Fig. 34). When the electricity generated by wind
and solar sources exceeds the load, this power is used in the
electrolysis (EL) unit to generate hydrogen. In this case, as
far as the integrated system faces a lack of inputted power,

Fig. 34 The hybrid system is
driven by wind, PV and hydro-
gen for the desalination process
(Smaoui et al. 2015)
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Fig. 35 Producing freshwater by combining solar and wind systems
(Moh’d A et al. 2016)

fuel cells (FC) would provide demanded power for the desal-
ination process. Hydrogen storage was selected because of
low maintenance costs, low noise and the ability to operate
in harsh conditions (Smaoui et al. 2015).

The introduced system provides freshwater for 14,400
person in winter. The mean annual water consumption is
193.6 m*/hr, and the highest water consumption is 530 m®/
hr. Based on the results of this paper, the combination of
wind and PV systems effectively increases the reliability
of the power system and reduces the need for energy stor-
age (thus reduces installation costs). An innovative wind
energy system for the desalting process has been introduced
by Moh’d A et al. They generated thermal energy by the
wind system to preheat the water (Fig. 35). During winter
as well as at night, the device relies on the thermal energy
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generated. In the summer and during the days, most of the
energy is supplied by the sun (Moh’d A et al. 2016).

The ultimate aim of the project is to use a hybrid system
to build an independent desalination plant in remote areas.
In a wind turbine, the frictional heat energy raises the tem-
perature of the oil, and then in heat exchanger its thermal
energy transfers to seawater. The advantage of this method
is to increase the desalination capacity and efficiency of the
desalination plant as well as the ability to continue operating
the desalination plant at night and cloudy days. Henderson
et al. have studied the possibility of using a hybrid wind
and diesel system that includes a water desalination unit
in the Isle of Man area—New Hampshire. The system was
designed to supply power during peak hours, to produce and
to store potable water. The researchers noted that seawater
desalination is technically an attractive option for long-term
energy storage and power management (Henderson et al.
2009). There are numerous studies on the combination of
wind energy and PV panels for freshwater production, and
the results indicated that by using hybrid systems, power
supply guaranteed through the year (Nagaraj et al. 2016)
(Fig. 36).

Geothermal energy

Geothermal energy is widely distributed throughout the
earth and can be used for heating and power generation that
could be used in both thermal and membrane desalination
processes. Geothermal resources can produce steam and hot
water. The use of geothermal resources for energy produc-
tion ranked third among all types of renewables. In Iceland,
86% of heating and 16% of demanded power are supplied by

Fig.36 Producing freshwater

by combining wind, PV and RO £V pomc}

DC/DC
Converter

geothermal energy (Valdez Salas and Schorr Wiener 2012).
By the end of 2004, geothermal energy provided 57 TWh as
electricity and 76 TWh as heating. When geothermal energy
is used for desalination, the need for heat storage resources
disappears. On the other hand, the energy provided from this
source is more stable than other renewable sources. Kalo-
girou showed that at a specified depth from the ground, the
temperature remained constant throughout the year (Kalo-
girou 2005).

Geothermal resources are divided into three categories
(based on temperature): the low temperature for sources with
a temperature below 100 °C, the average temperature for
sources with a temperature between 100 and 150 °C and
high-temperature sources with a temperature more than
150 °C. Geothermal wells with a depth of 100 meters can
be reasonably used for desalination purposes. Using geo-
thermal energy resources can supply energy all day long.
This energy source can be used continuously on the basis
of two strategies. There are several ways of combining the
geothermal system with desalination units. One of these
strategies is the combination of the MED unit. In addition,
the usual temperature of geothermal units is in the range of
70-90 °C, which is ideal for the MED method (Gude et al.
2010). In another case, geothermal energy is first used to
generate electricity, and then the electricity can be used to
set up a RO desalination unit. There are other methods in
which hot steam is extracted from the ground to circulate the
power-generating turbine, and then, the steam released from
the turbine comes into the MED desalination plant. This
method can be used very efficiently to absorb geothermal
energy and can be used for high water salinity areas such as
the Persian Gulf and the Red Sea (Fig. 37).

systems (Nagaraj et al. 2016) DC

DC/AC
Converter

Wind turbine

Bridge diode
rectifier

DC

DC/DC
Converter

53

pc /%

RO Module

FILMTEC
membrane
Concentrate

islate ¢lladl 3y .
s Sherss 9) Springer



84 Page 36 of 47

Applied Water Science (2020) 10:84

Geothermal Energy
Recovery Well

Electricity Flow

Steam Flow| 4 &
MED Plant RO Plant
Turbi
Electric Power T,::.:!t::j
Plant Flow

Post-Treatment

!

To Consumers

Excess Electric
to Consumers

Fig.37 The combined cycle consisted of RO, MED and geothermal
plant for treating water (Gude et al. 2010)

The combinations of geothermal and desalting processes
have been investigated in several theoretical and experimen-
tal studies (Bourouni and Chaibi 2005; Sarbatly and Chiam
2013; Tomaszewska and Bodzek 2013; Turchi et al. 2017).
In particular, a detailed review of the use of geothermal
energy for desalination has been carried out by Goosen et al.
who examined examples of these systems in Greece, Algeria
and Mexico. In this work, the conclusion represented that
this type of energy can be very effective in some parts of
the world (Goosen et al. 2010). A case study of a geother-
mal-desalination unit (75-90 °C) with production capacity
equaled to 600-800 m?/d has been investigated (Manenti
et al. 2013). Calise et al. have studied the solar-geothermal
system for analyzing the performance of the multipurpose
hybrid system (power generation, heating, cooling and
desalination). This multifunctional system included CSP,
PV, geothermal wells and MED desalination, as well as a
set of lithium bromide absorption chillers and other acces-
sories such as a water reservoir and a heat exchanger (Calise
et al. 2014).

Solar collectors continuously receive electrical and ther-
mal energy at 100 °C and are able to inject the surplus power
into the grid. The absorbed heat energy can be used for a
variety of purposes such as ambient heating as well as the
supply of potable water. They also use this solar power to
launch an absorption chiller in the summer. Finally, the rest
of the thermal energy is combined with the low-temperature
thermal energy of the geothermal well (80 °C) and used in
the MED unit for desalination. Geothermal energy is also
used to supply hot water at 45 °C. In winter, solar energy
reduced noticeably, resulting in less heat and electricity pro-
duction. For this reason, much of the energy required for
desalination comes from geothermal energy in winter. The
results of the performance analysis of this system are accept-
able, and from the economic point of view, the system’s
adaptability should be greatly enhanced by the increased
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Fig. 38 The combined system consisted of solar and geothermal ener-
gies for freshwater production (Missimer et al. 2013)

use of hot water. Figure 38 displays the combined system
by using geothermal and solar energy for the desalination
process. The design requires a heat storage tank to meet the
need for desalination units at night and geothermal energy
at this time (Missimer et al. 2013).

Wave energy

Wave power use is developing technology with high invest-
ment costs, which has challenges in its implementation. Sus-
tainable use of this energy requires new strategies to reduce
the investment cost and enable the extraction of energy from
small sources. With the help of this technology, produced
power can be used in desalination units (especially RO). The
total produced power by the waves in the world is estimated
to be about 2 TW (Sharmila et al. 2004).

Studies by Davies in 2005 have been conducted to com-
bine wave power with desalination plants. The research
showed that along the arid and sunny beaches, the desalina-
tion unit with the power of the waves can optimally supply
the water needed to irrigate a strip of land with 0.8 km width
by waves with a minimum height of one meter. The amount
of energy available to the waves varies from region to region.
The ratio of available power to water scarcity in Morocco
is 16% and Somalia is 100%. It should be noted that the use
of wave energy for desalination units has so far been limited
to laboratory cases. The biggest problem with wave power
is that it fluctuates over time (like wind energy), which is a
failure in the sustainability of desalination units (Foteinis
and Tsoutsos 2017; Falcao 2014; Burn et al. 2015; Davies
2005; Corsini et al. 2015).

A desalination pilot plant (DPP) based on wave power
installed on Garden Island, Australia. The utilized device
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Fig.39 The combined system
consisted of CETO technology
and DPP (Viola et al. 2016)
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is called CETO. This innovative system uses numerous
buoys to exploit the wave power to pump the seawater into
a RO unit for producing freshwater, in which the production
capacity is 150 m*/day (Viola et al. 2016). Figure 39 indi-
cates that the DPP-CETO system how it works.

The world’s first commercial-scale wave energy was
installed in Australia and connecting to the electricity grid
uses produced power for the desalination process (Alkaisi
et al. 2017). With the aid of DEIM converters, the produc-
tion of electric power in Pantelleria Island in Italy with wave
power potential equaled to 7 kW/m became achievable. In
this case, the consumption of diesel fuels (1391 tons) and
CO, emission (4406 tons) is eliminated, yearly. In this way,
by integrating renewable sources with desalination pro-
cesses, energy dependence on fossil fuels is avoided (Fran-
zitta et al. 2016). Studying effective specifications in wave
energy convertor (e.g., energy requirements and structure
features) is carried out (Salter et al. 2010).

The deep-sea RO desalination facility to meet the needs
of providing freshwater and reducing CO, emission has been
designed. In this system, energy consumption is significantly
lower than in other systems. The introduced system has a
longer membrane lifetime in comparison with other strate-
gies (Dashtpour and Al-Zubaidy 2012).

Performance analysis
Energy analysis

In order to declare the system performance and indicate
improvement potentials in considered component, energy
and exergy analysis play remarkable roles. Obtained results
from each one can illustrate the losses and ineffective param-
eters through the system function. Performed analysis on the

amount of energy required for different desalination tech-
nologies, showed that humidification and dehumidification
desalination has the highest value equaled to 12 kWh/m? as
thermal energy, while the most energy required as electrical
energy belongs to freezing (11.9 kWh/m?) (Youssef et al.
2014). In 2011, energy analysis of the RO process has been
performed. The final energy requirement in the cross-flow
RO process is determined by Eq (2) (Liu et al. 2011).

W =205 % 105 —20_ @)
' 1-R
where C) is the initial salt concentration of feedwater and R
is the recovery defined as Eq (3).

\4
k= 3)

That V and V) are the initial volumes of feedwater and the
volume of permeate produced, respectively.

The thermodynamic analysis of osmotic energy recovery
at a RO unit has represented that substantial potential for
additional reduction in energy consumption can be in the
high chemical potential contained in RO concentrate using
salinity gradient power technologies. So, osmotic energy
recovery (OER) is presented as an auxiliary option. It is
noteworthy to mention that by increasing the RO feed con-
centration, specific energy consumption for the considered
system consisted of RO and OER will be increased (Fein-
berg et al. 2013). Equation (4) represents the impact of OER
in coupling with RO in energy balance where E is the associ-
ated energy.

E,.. = ERO — EOER 4)

Energy analysis of a solar-powered low-temperature desali-

nation system is performed in 2017. In this system, saline
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water is desalinated by evaporation at ambient tempera-
tures under low pressures. For achieving demanded ther-
mal energy, various heat resources were considered: direct
solar energy, photovoltaic energy and low-grade heat source
(Gude et al. 2017). The energy efficiency of the desalination
system is as Eq. (5).

mfhv

Qin
where m’'is the mass flow rate (kg/h), h is specific enthalpy
(kJ/kg), and Q'is the heat transfer rate (kW).

In other works, the energy analysis of a solar-driven
cogeneration system has been studied (Kouta et al. 2017).
In this system by defining a Brayton cycle that was com-
bined with multiple-effect evaporation with thermal vapor
compression, the desalination plant has powered. The results
demonstrated that 6.25% of efficiency rise outcomes from
utilizing the recompression cycle compared to the regenera-
tion cycle.

The entropy generation provides useful results for ana-
lyzing desalination systems in order to determine the main
sources of losses. However, it is noteworthy to mention that
entropy generation analysis is principally beneficial for find-
ing the improvement potentials. By evaluating second law
efficiency for different process demonstrations which system
is operating more reversible (Fig. 40), these results are use-
ful for highlighting which processes have the potential for
additional progress. By comparing second law efficiency for
each by operating under various conditions, allows under-
standing the irreversibilities in the system (Mistry et al.
2011).

In Li 2011, reducing the specific energy consumption
(SEC) in RO desalination is carried out. The cost of energy
in the context of the RO process is usually described by

n= 4)

Fig.40 Comparing the second 35
law efficiency for various
desalination processes which
RO has a considerably higher
value than the other processes
(Mistry et al. 2011)
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SEC (or the electrical energy demands per cubic meter of
permeate). The modified SEC (SEC,,) to reflect the pump
efficiency for a single-stage RO is demonstrated in Eq (6).

O:AP

SEC SEC =

(©)

m = ']pump
P

In this case, 77y, 1s pump efficiency, Oy is the feed flow rate

(m3/s), and Qp is permeated flow rate (m>/s).

Obtained results from an innovative energy analysis
represented that by increasing the salinity of seawater
minimum energy consumption associated with considered
process raises and by increasing the salt concentration in
produced freshwater, this value will decrease. The mini-
mum energy consumption based on the Gibbs free energy
is shown in Eq (7) (Zhao et al. 2019).

Crw
Wldeal = GH - GL = Nyater <RT In <CrW +2¢py Cow >
CSW+26\W

+n,RTIn <Cﬂ> >
Csw @)

where Gy and G represent the Gibbs free energy of fresh-
water (fw) and seawater (sw), ¢ is the molarity of salt and
water, and n is the amount of considered substance in
freshwater.

For calculating the thermal efficiency of the membrane
distillation (ny) process, which is the ratio of the quantity
of inputted heat and the actual amount that used for the
evaporation process is as Eq (8).

I
Oy +0c

hr 3)
where Q_ and Q, are the thermal energy conducted through
the membrane and the latent heat of vaporized molecules,
respectively (Khayet 2013).

MSF DCMD MVC RO HD
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Exergy analysis

Energy and exergy are powerful tools for analyzing the
power system. The energy formulations are derived from the
first law of thermodynamics; however, the exergy equations
are taken from both the first and second laws of thermody-
namics. Furthermore, energy values cannot become absolute
zero, but exergy quantity can reach to this value (Dincer
and Rosen 2012). Exergy is a fundamental parameter for
evaluating the performance of the power systems. In this
field by computing the values of exergy destruction and irre-
versibility for various components, determining the optimal
values for system design parameters becomes approachable
(Behzadi et al. 2018; Ehyaei et al. 2019). The total exergy
associated with a considered stream can be calculated as

Eq (9).
EXT = EXPh + EXCh + EXK + EXP (9)

where Exg and Ex, are kinetic and potential exergy, respec-
tively (that in most of the case are ignored). The physical
exergy (Expy) is defined as the maximum of useful theoreti-
cal work. The chemical exergy (Ex,) relates to the differ-
ence in the chemical composition of a chemical system to
the reference environment and subsequent chemical exergy
(Bejan and Tsatsaronis 1996).

eXpp = (h=hy)=T,(s—s,) (10)

exh = [Z xex + RT, Y x, lnxl-] (11)

It is necessary to mention that in Eq. 10, h and s are enthalpy
and entropy, respectively, and T, is ambient temperature
(°K).

By using the first and second laws of thermodynamics,
the exergy balance could be achieved (Bejan and Tsatsaronis
1996).

Exq + Z rex; = Z mex, + Exy + Exp (12)
Exg = (1 - T,/T,)Q; (13)
Exy =W (14)
Exp = ) BEx,— ) Bx, =TS, (15)

where T\, T;, W, Q"and S;b,en are ambient temperature (°K),
inlet temperature (°K), rate of associated work (kW), rate
of inlet heat and the rate of entropy generation (kW),
respectively.

Obtained results from Al-Weshahi et al. 2013 depicted that

by analyzing the MSF desalination plant in terms of exergy,

55% of the exergy destruction belongs to the heat recov-
ery stages. It was established that exergy efficiency has the
potential to be optimized from 5.8% to 14% by recovering
the hot distillate water from heat recovery stages. Theoreti-
cal and experimental exergy analysis for a solar desalination
system has been performed. The outcomes represented that
the designed system has high exergy efficiency. Also, there is
a potential to increase overall exergy efficiency by shortening
the length of humidification tower, decreasing temperature of
entered air and increasing in diameter of the tower (Nematol-
lahi et al. 2013).

In several studies, exergy content plays as a criterion for
investigating the system performance, and examples include
exergy and economic evaluations of combined solar organic
rankine with RO process (Nafey and Sharaf 2010), exergy
study of micro-organic rankine cycles for a small-scale solar-
driven RO system (Tchanche et al. 2010), exergy analysis of
using phase change material (PCM) in heat storage system
that combined with desalination unit (Asbik et al. 2016),
energy and exergy analyses of a combined desalination and
CCHP system driven by geothermal energy (Mohammadi
and Mehrpooya 2017) and exergy analysis of a solar desali-
nation unit with humidification (Deniz and Cinar 2016).

For expressing exergy terms, seawater has been modeled
as a solution of different ionic species, which, with the aid of
the Drioli model, exergy rates are calculated at the process
stages (Drioli et al. 2006; Criscuoli and Drioli 1999; Mac-
edonio and Drioli 2010).

. T P—Py
Ex=m C(T - TO) —cTyln T + = NygiventRTo In Xggpyene
0 P

(16)
C.
1000 — —’>
v 2 L0-25) "
solvent Mwsolvent
N solvent
xsolvenl = b€, (1 8)
[Nsolvent + Z (FM—W, )]

where c is the specific heat capacity (kJ/kg K), P is the pres-
sure (kPa), T is the temperature (K), p is the density of the
solution, N is number of moles, x is mole fraction, C; is
concentration (g/l1), MW is the molar mass, and f is number
of particles (Fitzsimons et al. 2015).

Finally, the suitability of a process can be evaluated by
the exergy efficiency of the considered process. This value
could be achieved as a ratio of outputted exergy to the input-
ted one. Equation (19) represents the mentioned relation for
exergy efficiency.

Xoulpul
g =———x100 19
Exinput ( )
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For optimizing energy systems, the value of exergy effi-
ciency plays an important role. In this case, in the optimiza-
tion procedure, the exergy efficiency could be considered as
an objective function that maximizes its value is intended.

Exergoeconomic analysis

In conventional exergoeconomic analysis, the balance for
a component that is working in a steady state is usually as
Eq (20) (Bejan and Tsatsaronis 1996).

; _ 5CI 7OM
CP,tot - CF,tot + Ztot + Ztot

(20)

In Eq (20), Cp, Cp, Z" and Z°M are cost rate of production,
cost rate of fuel, rate of investment cost and rate of operating
and maintenance cost, respectively. The cost balance repre-
sents that the cost of the system’s production is equivalent
to the rate of fuel cost, rate of the investment costs and rate
of maintenance cost. C is the cost rate related to the exergy
flow (mass flow, work or heat transfer). For that reason, for a
component that receives heat and work, it could be presented
as Eq. 21 (Bejan and Tsatsaronis 1996).

Z (ceEe)k + cW!ka = cq!qu!k + Z (ciEi)k + Zk
i

€

@n

In Eq. (21), Ei,Ee,Eq and W are the rate of inputted
exergy, the rate of outputted exergy, the rate of exergy trans-
fer by heat and the rate of exergy transfer by production in
the component, respectively. Furthermore, c is the cost per
exergy. The function of defining the cost of technology is
represented as Eq. 22.

_ PECy¢ X @ x CRF
K= N x 3600

(22)

While @ is the maintenance factor and it is considered to be
1.06, CREF is the recovery factor of capital and it is expressed
by the annual interest rate (i) and the time period for the
annual repayment (n) specified by operating hours of the
plant per year.

i-(1+i)

CRF= — 7
(1+i)y —1

(23)
In this field, exergoeconomic analysis of HDH desalination
systems driven by heat pump (HP) has been carried out.
Obtained results from this study declared that the cost of
desalinated water evaluated for HP-HDH air-heated system
and HP-HDH water-heated cycle varies from 4.61 $/m? to
5.49 $/m> and 6.00 $/m> to 7.14 $/m?, respectively (Lawal
et al. 2018). In another study, an exergoeconomic analy-
sis of a forward-feed multi-effect mechanical VC desalina-
tion system has been performed. The quantities of specific
energy consumption, exergy efficiency and cost of produc-
tion for this analysis are calculated to be between 7.67 and
11.36 k€Wh/m?, 7 and 11% and 0.86-1.19 $/m°, respectively
(Jamil and Zubair 2017). In this study, the associated cost
with each component is presented in Table 11:

In 2017, an exergoeconomic evaluation of a CSP plant
in combination with a desalination system has been per-
formed. In this study, two operational cases studied: (1)
maximizing the water output and (2) maximizing the
electricity output. The costs of electricity generation are
estimated to 0.2051 USD/kWh and 0.2079 USD/kWh.
The costs of water generation are from 0.8464 USD/m? to
0.3991 USD/m? for the two cases (Wellmann et al. 2018).
In optimum combination of site utility steam network with
MED-RO desalination with the help of exergoeconomic
analysis, it was found that the cost of fuel contributed the
most at 88%. Obtained results declare that the associated
cost with investments and O&M (operating and mainte-
nance) contributed at 9% and 3%, respectively (Manesh
et al. 2013). Exergoeconomic analysis for multi-effect
evaporation—absorption heat pump desalination indicated
that multi-effect evaporation has the maximum cost of
product 1301 $/GJ, while the cost of fuel is 13.8 $/GJ
(Esfahani et al. 2015).

Table 11 Capital costs for
facilities in the desalination

Component Cost function

Variables

system (Jamil and Zubair 2017,
El-Mudir et al. 2004)

Feed heater

Evaporator

Compressor
Z, = 7364

comp

Pump 7

pump

Zey = 1000(12.86 + A%%)

Zgy = 430 X 0.582(UAyr AP 001 AP;01)

. P, Ncomp 0.7
m, P, 1—n,
i IComp

= 1000 X 32 x 0.000435 x (m

A: area (m?)

HT: horizontal tube

U: overall heat transfer
coefficient (kW/
m?.K)

o0: outlet condition

i: inlet condition

v: vapor

) APOSS ( Hyump )1‘05 n: efficiency

water 1~ lpump
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Future prospects

Researches trend represents that the desalination systems
are improving and their progress is endless. Reducing fos-
sil fuel reserves and raising concerns about environmental
and economic aspects, have increased the focus on renew-
able energy. Investigating the researches and studies on
desalination processes and renewable energy systems, the
future prospects for these systems include the following:

e By considering the impact of bio-organic molecules
on membrane materials adsorption would be caused in
reducing the cost of desalination energy in the future,
extending and lifetime, and improving cleaning tech-
niques (Ridgway et al. 2017).

¢ Next examinations on membrane materials should focus
on the actual applications of high-performance FO mem-
branes for proving their performance in realistic desalina-
tion processes. The results show that future effort should
pay attention to reducing pressure-retarded osmosis
membrane fouling and realizing long-term performance
stability. Furthermore, stability analysis of the hybrid
system consisted of RO and RPO powered by renewables
can represent invaluable outcomes (Wang et al. 2018).

e Achieving sustainability in the energy, economic and
environmental sectors can be the foundation of future
development. Sustainability entails state-of-the-art mem-
brane materials. Conversely, thermally driven desalina-
tion systems can achieve efficiency at 25%. The mem-
brane sector needs about 15 years for gaining experience,
but the thermal sector would be accomplished in 1 or
2 years (Shahzad et al. 2017). In this field producing
more water and less greenhouse gas is a favorite (Fane
2018). Also, by eradicating the high energy consumption
in desalination systems, approaching to the sustainability
in the energy sector is more accessible (Lee et al. 2019).

e Future trends consider the use of hybrid renewables
in addition to solar-powered FO and dewvaporation.
Upcoming outlooks of solar desalination contain
shifting to other less explored desalination methods.
Dewvaporation is an innovative method in solar-pow-
ered desalination. In dewvaporation process, saturated
steam is used as a carrier gas to vaporize water from
the saline feed as distillate. Focusing on this process
and utilizing it in hybrid renewables would increase the
efficiency in desalination systems (Ahmed et al. 2019).

e Increasing the attention to FD systems can provide a
new opportunity for increasing the efficiency of the
desalination process. The main advantage of indirect
freeze desalination is the production of refrigerant-free
water, which determines the future usage of product
water (Kalista et al. 2018).

¢ Using ocean thermocline energy for the desalination sys-
tem is an innovative strategy for producing freshwater. In
this method, by exploiting low-temperature differential
between surface hot water and deep-sea cold water, fresh-
water would be produced (Ng and Shahzad 2018).

Conclusion

Nowadays, global demands for access to freshwater are
increasing rapidly as its resources are decreasing due to
increased use of natural resources and climate change, espe-
cially in arid areas. One way to address this challenge is
desalinating seawater and brackish water to meet the needs
of communities. Water desalination is a highly energy-inten-
sive process that today almost all of this energy provides
from fossil fuel sources. The use of these resources faces
several major problems, such as the uneven distribution of
these resources on the Earth, price fluctuations of energy
carriers around the world, the difficulty of transporting these
resources to remote areas and the environmental problems
caused by the use of these fuels. Nowadays, most of the
desalination plants are located in the Persian Gulf, where
has suitable potentials with high availability and low cost
of fossil fuels.

Finally, it is important to note that reverse osmosis and
multi-effect distillation techniques are the leading methods
in the desalination market and extensive studies are carried
out to increase efficiency and reduce investment costs for
these two processes. Additionally, most desalination plants
in the world use solar and wind energy (in the renewable
sector). Developments of energy networks across countries
would be certainly costly and by supplying demanded energy
for remote areas, the problem is multiplied. By using renew-
ables such as solar, wind, geothermal or other forms of local
energy resources, dealing with this problem becomes solv-
able. It is important to mention that renewable sources have
variable behaviors in each region, whereas in some areas
access to them is problematic. Therefore, utilizing a sys-
tem that has been driven by an individual renewable source
has a high risk in terms of cost and performance. A true
combination of two or more energy systems with particular
resources called a hybrid system is an authenticated option
that would be suitable to face this problem. By focusing
on different aspects of desalination systems and producing
freshwater, this chapter provides the greatest details related
to these issues: 1. comprehensive information about energy,
exergy, economic and environmental analysis, 2. plenty of
case studies that focused on the related issues and 3. practi-
cal data of innovative sites.

The most important outcomes of this chapter are as
follows:
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e Desalination process is a hi-tech process that categorized
as a high energy consumer; nonetheless, desalination is
the only feasible solution in some areas, where the acces-
sibility of freshwater is limited, while brackish water or
seawater is available.

e As most of the energy generation processes entail sig-
nificant amounts of water, and water requires energy
for treatment and desalination, subsequently these two
resources are inseparably connected.

e At present, desalination processes are very expensive
with low energy efficiency, which suggesting innovative
methods that will reduce the costs would make them
more affordable and economical.

e Reverse osmosis is a practical and conventional method
in this field. Reverse osmosis is the widely used method
for producing freshwater that 69% of desalination plants
use this system.

e Considered strategies in the fields of construction and
development are expected to reach 20,000 desalination
plants until 2020. In this case, increasing the attention on
the renewables (especially hybrid plants) has economic
and environmental benefits.

e In terms of energy and economic, the productivity of
renewable energy systems in coupling with reverse osmo-
sis depends on numbers of conditions, e.g., renewables
sources, availability of components and economic restric-
tions.

e Batteries and energy storage devices are one of the
important parameters for designing hybrid systems.
These facilities have a direct impact on the economic
aspects of the systems.

e Solar energy is a vital option for hybrid systems, but
wind energy has the best performance.

e The geothermal has a very small contribution in the
desalination process. However, due to the constant tem-
perature at a specified depth, the energy provided from
this source is more stable than other renewable sources.

e The design and deployment of hybrid systems are tai-
lored to the area’s potentials, economic conditions and
technical capabilities.

e Regardless of the techno-economic conditions of hybrid
renewables systems, these types of systems are crucial
solutions for providing power and freshwater for remote
areas.
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