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Abstract

:

Water is life, and without water, there would be no civilizations and a vacant Earth. Water is considered an abundant natural resource on the earth. Water covers 3/4 of the surface. However, 97% of the available water on the earth is salty oceanic water, and only a tiny fraction (3%) is freshwater. This small portion of the available water supplies the needs of humans and animals. However, freshwater exists in underground, rivers, and lakes and is insufficient to cover all the world’s water demands. Thus, water saving, water reuse, rainwater harvesting, stormwater utilization, and desalination are critical for maintaining water supplies for the future of humanity. Desalination has a long history spanning centuries from ancient times to the present. In the last two decades, desalination has been rapidly expanding to meet water needs in stressed water regions of the world. Yet, there are still some problems with its implementation in several areas of the world. This review provides a comprehensive assessment of the history of desalination for wiser and smarter water extraction and uses to sustain and support the water needs of the earth’s inhabitants.
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1. Introduction



The history of water is equivalent to the history of the world and the history of water quality is equivalent to the history of life.



—Andreas N. Angelakis






“... saltwater is being mixed with something else is an evident not only from what was said but by whether someone after building a wax-vessel, put in the sea while having tie around the orifice in such a manner as not to be poured into the seawater. This (water), thus coming in through the wax-vessel walls, is drinkable (water), such that the separated soil substances (from the water) with filtration, so what makes the water salty is mixing (with something else)...”.



(Aristotle (384–322 BC, Meteorologia, Book B’)





Desalination has been an ongoing process on earth—the natural process of water evaporation from the sea and the condensation in the atmosphere to form rain. The freezing of available seawater near the Polar and Arctic Regions, where different ice crystals are shaped, originates from pure water as salt is excluded from crystal growth [1].



Since the Megalithic period (ca. 6000 BC), successive hot periods in the Mediterranean region contributed to significant progress in water resources practices and management. The funeral monument of Alcalar (Portimão, Portugal) is an excellent example of that period. Many remarkable achievements in the different periods of Prehistoric times (ca. 3200–1100 BC), including various hydro-technologies, navigation, and trade, were experienced [2]. During the Atlantic Bronze Age, initiated in ca. 1300 BC, an intense trade (copper, tin, and gold) took place among the west end of the Iberian Peninsula, Bretagne, and the British Islands [3]. Minoan sailors were dominant in the Mediterranean Sea and probably implemented desalination for thousands of years by boiling water to evaporate and separate freshwater from the salt. Minoan technologies, including hydraulics and navigation, were exported to the mainland in later periods of the Greek civilizations in the Mycenaean, Archaic, Classical, Hellenistic, and Roman periods [4]. In the Roman and Hellenistic eras, major developments were made in hydraulics and navigation, such as the construction and operation of large-scale ships.



There is reported information that the Greeks first expressed philosophical opinions about the nature of water. Thales of Miletus (ca. 624–548 BC), the founder of the Ionia School and one of the famous seven wise men of antiquity, reported about water that is fertile and molded as water. Additionally, Thales mentioned seawater consists of the immense sea surrounding the whole planet, which is the main element of the existing life on the earth [5]. Later on, Embedokles (ca. 490–430 BC), born in Sicily, introduced the theory of the major elements describing that the world consists of four main elements: earth, water, air, and fire [6]. Considering our current knowledge and experience, those main elements that affect human life quality could be converted to water, soil, energy, and atmosphere [7].



In a cold period, around 750 BC, the Phoenicians and later the Carthaginians arrived on Portuguese coasts. They were sailors and traders from the actual Lebanon and Tunisia. Probably it was during this period that irrigation was introduced, together with the water-wheel Nora and the Shaduf (hand-operated device for lifting water, invented in ancient times). The presence of Greek sailors on the Iberian coast is also documented between ca. 630 and 535 BC [3].



Historically, desalination has been known through the centuries both as a concept and technology. However, only in the late Archaic times, in Miletus Ionian philosophers identified which all freshwater on the globe can be reused. In China, the Classic of Mountains and Seas in the Period of Warring States (ca. 475–221 BC) showed that the bamboo mats long-term used for steaming rice could form a thin outer layer, which had functions of adsorption and ion exchange for adsorbing salt [8]. Later, the Greek philosopher Aristotle (384–322 BC) recognized that the water phase might be changed, and the exchange of energy in his relative work that has been published and pointed out that saltwater could become sweet by turning vapor, but it does not turn back to saltwater again when it condenses. He reported that a suitable wax vessel, when submerged in seawater for a long time, holds potable water and filters the salt [9].



Although large-scale desalination plants were not feasible until the end of World War II [10,11], numerous examples of experimentation about desalination technologies throughout ancient times are available [6,10]. For example, in ca. 200 AD, Alexander of Aphrodisias referred desalination process applied by sailors. At that time, the ancient people boiled seawater to produce steam, which was absorbed by sponges and produced potable water [6].



Before the Industrial Revolution, desalination was primarily used for ocean-bound ships, which otherwise needed to be supplied with freshwater. Thomas Jefferson came up with a better method to desalinate on ships based on heat in the USA. The desalination methods have been developed since the 1500s.



Decals with his instructions were prepared, publicized, and placed on all USA ships on the backs of clearance sailing permits [12].



After World War II, significant research for the improvement of desalination technologies was conducted in the USA. The US Department of the Interior built the Office of Saline Water by the Saline Water Conversion.



In 1974, it was merged into the Office of Research of Water Resources. The investigations also took place at several universities, followed by development at different chemical companies [13]. Thus, seawater desalination technology for potable water production has evolved rapidly and has become quite usable [14].



With the increasing population and the demand for freshwater, entrepreneurs began to seek technologies of producing potable water in remote zones and mainly on ships and boats at sea [15].



As a result, various technologies focusing on optimizing desalination practices have been reported [16,17]. Nowadays, many countries worldwide, especially in the Middle East, rely highly on desalination technologies.



In contrast, many more have turned in the development of desalination and diversify their water supply alternatives for sustainable technologies and climate fluctuations challenges. Worldwide seawater desalination capacity is enhancing at a rapid rate.



According to International Desalination Association (IDA) about 28 million m3/d desalinated water from oceans and regional seas is produced all over the world [18,19]. Regarding the coastal zones, the highest number of desalination plants with a capacity of about 12.1 million m3/d, corresponding to 44% of the daily production on the global scale, are found in the Persian Gulf.



The major producers in the Persian Gulf are located in Saudi Arabia (50%), UAE (23%), and Kuwait (6%).



Desalination using thermal processes dominates in the Persian Gulf countries (94% of the total production), as water and power are usefully generated using big co-generation plants that apply steam from large power plant turbines as a reliable source of heat desalination.



Most of the water (81%) is generated in the Persian Gulf via multi-stage flash distillation (MSF). Multi-effect distillation (MED) (13% of the production) and reverse osmosis (RO) (6% of the production) are the other processes [18,19].



Further, water desalination across the world appears to be more complicated than that during ancient periods. In a chronological view, one may argue for five epochs of desalination, each singled out by its distinct characteristics: (a) Prehistoric Era (ca. 3500–1100 BC), (b) Historical Era (ca. 750 BC–330 AD), (c) Medieval Era (ca. 330–1400 AD), (d) Early Modern and Modern Era (ca. 1400–1850 AD), and (e) Contemporary Era (1850 AD–present).



It is necessary to consider a comprehensive overview of the history of water desalination to improve our knowledge about the causes, events, and consequences. Emerging trends in desalination are considered. Such information is necessary to prevent future desalination issues and challenges by improving proper water governance frameworks. Study the history, if you would define the future, Confucius (551 BC to 479 BC).



This paper is organized as follows: Section 1 Prolegomena is an introductory to the theme and elements of the review, followed by Section 2, Section 3 and Section 4 that explain the distinct histories of desalination from the prehistoric era to present time in a geographical and chronological view, including various types of technology used and sources of water. Section 5 represents emerging trends and possible future challenges, and Section 6 focuses on the future issues and challenges of desalination. Finally, Section 7 is the epilogue that includes conclusive remarks and highlights.




2. Desalination from Prehistoric to Medieval Era (ca. 3200 BC–1400 AD)


2.1. Bronze Age (ca. 3200–1100 BC)


An ancient civilization in the Bronze Age was comprised of copper smelting, alloys with tin, or trading for bronze. The major Bronze Age cultures were as follows in different regions of the world:



(a) The Egyptian civilizations (ca. 4000–550 BC).



(b) In Mesopotamia, the Bronze Age from about 3200 to 1100 BC was comprised of: (i) Sumerians (ca. 4000–2000 BC), who were politically divided between competing city-states, each controlled at least by a dynasty, and were succeeding by the Akkadian Period (ca. 2350–2150 BC); (ii) The Assyria Kingdom or/and Empire (ca. 2500 BC–605 BE); (iii) Babylonian Kingdom (2000–1595 BC); (iv) Kassite culture (ca. 1595–1155 BC); and (v) Hittites Empire (ca. 1600–800 BC).



(c) In the Aegean region, the Minoans established at the Bronze Age began around 3200 BC, in a far-ranging trade network for copper used with tin for bronze production. The navigation knowledge, which was developed in that era, reached the top of skill since the end of Minoan civilization around 1200 BC. The center of Minoans was the island of Crete.



In Cyprus, the Bronze Age (ca. 2500–1050 BC) was an era of growth and foreign occupation of the island. In ca. 1100 BC, after the war with Troy, the Mycenaean Greeks stayed on the island. The Cypriot Archaic period (ca. 750–475 BC) was a problematic era for the island inhabitants, such as the Assyrians, Persians, and Egyptians, who succeeded one another as rulers of the island.



Finally, a successive civilization of Minoans and ancient Cypriots was the Mycenean (ca. 1600–1100 BC), which flourished in the southeastern areas of the Greek mainland.



(d) The early Bronze Age Unitive culture in Central Europe (ca. 1800–1600 BC) included numerous smaller groups, such as the Straubing, Adlerberg, and Hatvan cultures, considered wealthy burials. The Bronze Age followed the Unetice culture (ca. 1600–1200 BC) Tumulus culture characterized by inhumation burials in tumuli (barrows).



Starting with the early civilization of prehistoric times, a preliminary review of the potable water treatment, including the sea water by the Minoan sailors, is considered. From the beginning of the Bronze Age (ca. 3200−1100 BC), one of the salient characteristics of the Minoans was the treatment of potable water in palaces, cities, and villages by using appropriate devices. Remarkably, the Minoan “engineers” were aware of the most common water quality improvement practices for preparing suitable potable water supplies. A strange, clay-made oblong water filter known as Defner (1921) with an opening at its ends was used for treating the water supply [20]. The device was built similarly to other ceramic materials, e.g., the ceramic filters were developed later on (Figure 1). Spanakis [20] is considered a hydraulic filter that was well connected by a rope to a water supply reservoir. Its operation relied on high-speed turbulent hydraulic conditions to continuously clean the filter’s porous surface and allow the flow of filtered water to a portable water container. After extensive solids accumulation during cleaning, by loosening the rope from the holes, it was possible to remove the solids from the end of the pipe [21].



The Minoan ceramic filter could be considered as a precursor of the ceramic membranes. Minoan sailors first produced drinking water from seawater. Muge and Loukovikas [22] reported that the Minoans came with their merchant fleet to dominate the seas, sailing long distances, from the west to the east of the Mediterranean Sea, searching for trade. It was possibly a measure for the Minoans’ geographical isolation and the strengths of their fleet in coastal areas to have a few fortifications. However, their period of progress was called the Pax Minoica or ‘Minoan peace’—a time when cities needed no walls [23].



This is also evidenced by the absence of fortification facilities in all palaces, cities, and other settlements that have been discovered. In contrast, thereafter, civilizations were founded, e.g., ‘cyclopean‘ walls of the Mycenaeans, the Roman castellum or fortress, and other military constructions. Hirschfeld [24] reported that Crete was appropriately placed in strong relation to trading routes at sea.



Thucydides, in 431 BC, in his first book, History of the Peloponnesian War, reported that: “And the first person known to us by tradition as having established a navy is Minos. He made himself master of what is now called the Hellenic Sea and ruled over the Cyclades, into most of which he sent the first colonies... and thus did his best to put down piracy in those waters, a necessary step to secure the revenues for his own use”.



Minoans developed and used various types of ships probably since ca. 1500 BC, as demonstrated by the paintings discovered by the Spyridon Marinatos, a Greek archaeologist, in “Akrotiri” Thera (Figure 2). These are parts of a Fresco. Additionally, it is fascinating that there is not a visible waterline, and all the ships look in a floating status over the sea [25]. Similarly, the frieze of the fleet in Thira with Minoan ships was reported by [22].



Additionally, Hirschfeld [24] stated that: “We should not under-estimate how ‘joined up’ the ancient world was. For instance, the late Bronze Age shipwreck carried a remarkable assortment of international goods from northern Europe, Africa, and Mesopotamia” (Figure 2b). In the late Bronze Age, the ship revealed one of the most interesting assemblages in the Mediterranean, dated late 14th century BC. A sponge diver found it in southwestern Minor Asia in 1982, and it was very similar to the Graeco–Roman vessels of a very later time.



Finally, it is well known that Egyptians and Greeks, especially in Alexandria, where the Alexander the Great has originally founded the Great School. They have a greater risk attitude rather than the people in the main country. Thus, they were more genuine, spontaneous, and instinctive and had greater risk attitudes that led them towards building remarkable hydraulic works and a better understanding of human needs and wishes. Many water systems, including distillation, established by ancient Egyptian and Greek must be considered as potential models and examples for sustainable water techniques for today and the future, not only as historical ideas and items [27,28,29].



2.1.1. Ancient Indians and Indus Valley Civilizations


In ancient India, in 2000 BC, water treatment methods were used [29]. At that time, it was a concept that heating water might purify it, and there was the technology of using sand and gravel filtration, boiling, and filtering of water. The drinking water taste was better after purification [30]. Mainly turbidity was checked at the earliest time. At that time, there was very little knowledge about chemical contaminants and microorganisms. After 1500 BC, the principle of coagulation was discovered and was applied using particle settlement of the chemical alum suspended [31].



After 500 BC, desalination and water reuse technology serves to augment water supply in coastal urban regions [29]. India has a coastline of nearly 7500 km. The sea bounds nine different states and four union territories on one or more sides. Desalination may offer a considerable part in augmenting the freshwater demands of the nation [30]. This is possible if desalination technology is implemented efficiently both in terms of technology and economics. Further, states such as Andhra Pradesh, Gujarat, and Tamil Nadu have a severe problem of water shortage and high demand. Therefore, it is crucial that India should place more attention on seawater to fulfill the increasing population’s water demands [30].



The Indus Valley civilization (ca. 3000–1500 BC) was one of the ancient, largest, and most advanced civilizations globally, which exemplified the nature of the development of science and society in the prehistoric Indian sub-continent. Harappan small communities were developed into urban centers by ca. 2600 BC. These cities include Mohenjo-Daro (Pakistan), Harappa, Ganeriwala, Kalibangan, Dholavira, Rakhigarhi, Rupar, and Lothal (India).



More than 1052 cities were found in the Indus River region and its tributaries. The Indus Valley civilization people were recognized for their obsession with water as they worshipped and prayed to the rivers [32,33].



Agriculture was the chief commercial activity, and a widespread system of reservoirs, canals, wells, and water harvesting methods was established all over the area [32]. The Mohenjo-Daro Great Bath of Indus Valley is called the “earliest public water tank of the ancient world.” Dholavira in Bhachau Taluka of Kutch (Gujarat) is an archeological site.



An exceptional feature of Dholavira is the sophisticated water conservation system, consisting of channels and reservoirs. It is the most primitive water conservation system in the world and was entirely constructed of stone. Dholavira had massive reservoirs used to store the rainwater or the water diverted from two adjacent streams.



The people (Indus Valley civilization) had formed urban water and wastewater management systems. The civilization is the first accredited identified dockyard in the world. Indus society was also aware of oceanic calamities such as tsunami [34].



However, there is no recorded technique of desalination noted in Indian literature. Since there were many rivers, civilizations were more likely dependent on fresh/river water than on seawater [35,36]. The civilization (Indus Valley) shows evidence of sanitation and water supply for public purposes.




2.1.2. Iran Empire


The oldest water supply network, including the desalination system in Persian Empire, was found in Chogha Zanbil, which is an ancient Elamite complex in the southwest of Iran (1250 BC) [37,38,39]. The water supply network was a river–reservoir network where water was diverted from a river (i.e., the Karkheh River) to a big tank (for water storage purposes) through an open ditch with 45 km length. After desalination and physical treatment, water was ultimately transferred to the other reservoir, which had a volume equal to 350 m3 [37,40]. It is worth mentioning that the ancient Pre-Persian civilization of the Elamites (ca. 2700 BC to 539 BC) was developed and settled in Khuzestan, an area known for the abundance of its water. Hence, the management of water resources for the Elamites, who lived in a water-rich area, was not a big challenge.





2.2. Historical Times (ca. 1000 BC–330 AD)


2.2.1. Homer Era


Danais (Danos) and the Argo (Jason) are the earliest longships used in Greece. Previously, people used small round-shaped vessels called Greek strogulla [41]. The ship Argo was constructed (ca. 950 BC) after the pattern of the longship known as Danais (Danos), which came into Greece [26].




2.2.2. Classical and Hellenistic Periods


Athenians used many trade ships to convey about 150,000 tons/yr of grains. The majority of these ships were ruined unless a few exceptions survived because covered with ground material of the sea. The so-called Kyrenia ship discovered in Cyprus in 1968 is such a case. While there is evidence that Kyrenia ship has been populated before Minoan civilization ca. 3200 BC, it is traditionally accepted that Athens was founded from neighboring areas following the Trojan War. However, a type of that vessel was adopted in the Hellenistic period. It is believed that the Kyrenia ship sailed for 80 years by three generations of a family called (naukleroi) [26]. In addition, numerous experimentation examples in desalination throughout antiquity are known.



Desalination had been adopted early for millennia. Greek seamen boiled seawater to separate freshwater from salt. In principle, all existing water on the planet is recycled (reused). Since the beginning of Classical times, the Ionian philosophers observed that freshwater on the planet is more or less recycled. Very early, the Anaximander (ca. 610–547 BC), identified the hydrological concept of water recycling on the meteorological phenomena [42,43]. Additionally, Hippocrates (ca. 460–370 BC) invented the sieving water practice and the first bag filter, called the “Hippocratic sleeve”. The bag’s primary purpose was to trap sediments that caused bad taste or odor [32].



Later on, from 322 BC to 384 BC, Aristotle recognized the transformation of water phases and the energy needed for this process as he reported that the sun-heated water on the earth and raised it up; in the same way as water heated by using fire (Meteorologica, II.2, 355a 15). He also stated that if the same amount of water in a certain place does not come back every year, all amount abstracted should be resumed (Meteorologica, II.2, 355a 26) [42,44].



Despite what Aristotle (384–322 BC) learned from Plato, his concepts were highly affected by the philosophers of the Ionic time. His dissertation Meteorologica is a good contribution to the description of several hydrometeorological phenomena such as the concepts of the hydrological cycle, the creation of the clouds, and the spatial and temporal landscape varies through the ages so that rivers are shaped and finally disappear (see also [45,46]). He also identified by experimentation which salt contained in the water did not evaporate and reported that:



When it turns into steam, saltwater becomes sweet, and the steam, when it condenses, does not form saline again; this I identify by experimentation (Meteorologica II 3; Translated by E. W. Webster [9]. These ideas have found prodigious uses in desalination applications of converting seawater into freshwater, which is very important for arid and semi-arid areas. He stated that in the case of fresh water scarcity at sea, seamen boil the seawater in a brazen vessel and close the mouth of the vessel with a sponge to collect what is evaporated. Then they drink fresh water from squeezing the sponge [47,48,49,50,51,52].



The necessity of producing potable water on board emerged in seawater for a long time, and distant trips were possible. The first written indication about the desalination of seawater via the boiling process is shown in Figure 3. Alexander of Aphrodisias in ca. 200 AD illustrated this figure and stated that seamen at sea boiled saltwater in a brass vessel and suspended large sponge to absorb evaporated water [6].




2.2.3. Roman Period


Romans used clay filters to trap the salt, and it was known during that period that water might be purified by heating, using sand and gravel filtration, and straining. Desalination has a long history extending back to the Roman period. There is a religious reference in the Bible (Exodus 15:22–26), which can be considered for desalination [53]. Once Jews went to Marah, Jews could not use potable water. Because the water was bitter, it was called Marah. Jews grumbled against Moses, saying, “What will we drink?” God showed them a log, which they were mixing with the water, and finally, the water that was drinkable became sweet. It should be considered as a miracle instead of scientific evidence.




2.2.4. Chinese Dynasties


Although the desalination technology was typically recognized to be formally studied since 1958 by the National Oceanic Bureau in literature [54], the desalination of the sea (salt) water was recorded in China more than 2000 years ago. Both the Classic of Mountains and Seas in the Period of the Warring States and the Theory of the Same Year in the Eastern Han Dynasty mentioned that people found that the bamboo mats used for steaming rice would form a thin outer layer after long use. The as-formed thin film had adsorption and ion exchange functions, which could adsorb salt [8]. Lei’s Treatise on Preparing Drugs in the Southern Song Dynasty recorded that using an ancient steamer and bamboo mats to cook the kelp (a type of seaweed) could remove salt from the kelp and further prepare herbs for food and medicine [55]. The structures of the steamer and bamboo mats are shown in Figure 4 [56,57]. Moreover, this desalination function by the steamer and bamboo mats was also recorded in the literature of the Song Dynasty [58]. In the Song Dynasty, there is a legend in the Guixin Miscellaneous that when a ship goes to sea for a long voyage, the “sea well” was immersed into the sea, and freshwater can be directly drawn from the “well.” Although it may be a legend, it reflects that in the Tang and Song Dynasties, sailors had generated the idea to turn seawater into freshwater [59]. In addition, seawater desalination has a successful experience of direct use in China. On the northern coast of China, farmers used sea ice (which has the nearly same salt concentration as freshwater) to maintain soil moisture. This is the first record of direct use of seawater desalination by freezing [60].





2.3. Medieval Times (ca. 330–1400 AD)


After the end of the Roman Empire, the future for water treatment and desalination appeared to be uncertain as enemies destroyed many aqueducts, and many were no longer used. Many desalination experiments were performed globally in several places, but it was impossible to perform on a large scale in Medieval times [28]. Perhaps the best-known worker in the desalination experiments was Jabir Ibn Hayyan, or Gerber, in the Middle East area, who published an article on distillation in the late 7th century AD [61]. Much of the knowledge and the work done by scholars from early Greek, Persian, Egyptian, and subsequently Muslims such as Abu Mansour Al-Harawi moved to Western Europe via the Moorish conquest of the Iberian Peninsula and the subsequent formation of scientific centers of learning [28,62].



A good experiment was an observation carried by Leonardo da Vinci (in Florence, Italy, in 1452), who understood that distilled water could be produced at a relatively low cost and in large quantities by using a room next to a cooking place [63]. During the Middle times, this work continued in Central Europe on improving the distillation. However, desalination was not necessarily directed towards distillation, which was only recently put into practice. Appropriate technology was developed by early practitioners and is still in use today. Under emergency conditions, the first main desalination plant was probably installed in Tunisia in 1560 [63]. Records show that the first experiment with desalination was probably conducted in 1627 by Sir Francis Bacon. By this experiment, the water was purified as it infiltrated in a sand filter. This technology inspired scientists to continue the methodology of using sand filtration practices.





3. Desalination in Early and Mid-Modern Times (ca. 1400–1850 AD)


Desalination was primarily a common practice used in ocean-bound ships before the Industrial Revolution, otherwise needed to supply freshwater on board. Thomas Jefferson in the newly formed USA promoted the heat-based approaches going back to the 15th century [12]. In 1662, Sir Richard Hawkins mentioned that he was able to supply his personnel with freshwater by using distillation technology during his travel to the South Seas [64]. However, both inventions were problematic and were not implemented due to scale-up difficulties [63]. No significant developments to the distillation technology of the seawater were achieved from mid-1600 until 1800. Beginning about 1800, the appearance of steam engines started changing the applied methodology [63]. The need to use pure water sources in boilers was understood by the thermodynamics of steam technology. Thus, it was possible to improve the distilling systems [65]. Additionally, European Colonial expansion in remote areas of the world improved the conditions for further development of water desalination technology [63].




4. Desalination in Contemporary Times (1850 AD–Present)


4.1. India


The year 1960 marked the beginning of the investigation on desalination in India. A laboratory under Central Salt and Marine Chemical Research Institute (CSMCRI), Bhavnagar (Gujarat), was entrusted with this task. CSMCRI was engaged with the development of technology for salt and marine chemical production from the sea. A solar desalination unit was set up in 1978 to supply potable water to Awania village and Chhachi lighthouse [66]. Later a seawater desalination plant based on multi-stage flash (MSF) was also established by CSMCRI. The institute started electrodialysis (ED) and RO technology to desalinate seawater and continues to date. The Bhabha Atomic Research Centre (BARC), as a component of research on the Nuclear Powered Agro-Industrial Complex, was also engaged in desalination work using large blocks of cheap energy from nuclear power plants [67]. Research on RO was later included in this project. Electrodialysis for desalination was also taken up at around the same time at the Defense Laboratory, Jodhpur [68].



The National Environmental Engineering Research Institute, Nagpur, initiated research and development on membrane processes for effluent treatment. Various academic and research institutions also started basic research on mass transfer in membrane processes [69]. Finally, several private companies working for water treatment implemented RO technology to enhance demineralization and so to produce good quality water from water with moderate salinity of 1000–1500 ppm. The United Nations declared 1981–1990 as the “International Decade for Water Supply and Sanitation.” During this time, the three laboratories that developed RO and ED technology began demonstrating the process of supplying potable water from available brackish groundwater sources in villages [70].




4.2. China


In contemporary times, China has started lab experiments and technological research related to desalination since 1958. The National Oceanic Bureau in China started to study electrodialysis [71]. Scientists from the Department of the Shipping Industry paid attention to the pressure distillation process and waste heat flash desalination, while the Shandong Institute of the Ocean started to investigate the RO technology. In 1977, a standpipe multi-effect distillation equipment was invented in Dalian with a treatment capacity of 10–12 m3/d. An electrodialysis seawater desalination site was built in Yongxing in 1981 with a capacity of 200 m3/d [8]. The first seawater RO desalination site was developed in 1997, located in Shengshan [72]. The site was built to fulfill the needs of the drinking water of residents. Furthermore, a seawater RO desalination plant with a large volume of 103 m3/d was constructed on Dachangshan in 1999 [73]. Since then, RO desalination technology began to develop rapidly in China.




4.3. Other Countries


Water desalination technologies began to improve using steam engines during contemporary times (very early, ca. 1850) [28]. The development of thermodynamics in steam processes positively affected distillation processes, and thereby, the need for a pure source of water to use in boilers [74].



In 1676, Jim Birkett reported a possible desalination trial by the English navy. An important British patent was published in 1852 for a distillation plant [75]. In the 1950s, the first new desalination plants were established in Saudi Arabia, Kuwait, Bahrain, and Qatar, in which pretreatment of water by large sand filters was used.



Further, with the development of the multiple-effect evaporators, this methodology rapidly showed its potential to improve technology. These types of desalination plants appear in practice significantly during 1850–1900. The US Army in the 1860s purchased three Normandy evaporators, each rated at 26 m3/d [76,77]. After 1980, another essential plant with six-effect distillers with a total capacity of 350 tons/d was installed at Suakin for providing freshwater to the British troops [76].



In 1955 the Office of Saline Water was built in the US Department of the Interior. After World War II, Significant research improvement of desalination approaches occurred in the USA.



In 1974, the new Department was merged into the Office of Water Resources Research. In 1961, in the USA, the first desalination plant opened in Freeport, Texas, with the hope of protecting the region after a long drought.



Also, a recorded speech from the White House of President John F. Kennedy described desalination as: “a method which in many ways is more important than any other scientific enterprise in which the USA is now engaged.” A desalination study was conducted at different schools in California and related companies, such as the Dow Chemical Company and DuPont [78]. Several investigations focusing on the methods to optimize desalination methods were reported [13]. In 1965, the first desalination plant, which used RO, was established in California (Coalinga desalination plant). After ten years, a new seawater RO desalination plant was established.



Today more than 20,000 desalination plants with a total capacity of over 100 million m3/d are in operation around the planet. Globally, more than 330 million people, underwater scarcity, now obtain water from desalination plants [79]. Additionally, 53% (54 million m3/d) of the world’s desalination capacity is cited in the Middle East and North Africa [80,81]. The biggest ones are in Saudi Arabia, Australia, Israel, and the UAE. The world’s biggest desalination plant is located in Saudi Arabia (Ras Al Khair), with water scarcity and inexpensive energy costs for applying fossil fuels. It has a capacity of 1,401,000 m3/d [17]. The multi-stage flash, distillation, and RO technologies are widely used in the world today.





5. Emerging Trends in Desalination


The desalination techniques could be separated into two major groups based on their processes, i.e., major and alternative (Figure 5).



The major processes include thermal processes and membranes. Thermal processes can be further divided into three categories; multi-stage flash, multi-effect distillation, and vapor compression. Whereas RO, reverse osmosis, electrodialysis, and membrane distillation are different types of membrane technology. In recent years, membrane-based desalination has been more popular, replacing the thermal processes. Besides, much attention has been paid to capacitive deionization technology for desalination, owing to porous carbon electrodes with greater ion sorption capacities [81]. It is worth mentioning that the alternative technologies of freezing and ion exchange are not widely adopted yet, although freezing desalination is scientifically interesting [82,83]. The freezing desalination process proceeds with several steps, namely crystallization (production of ice), brine draining, sweating, and melting of the ice. A single freezing desalination process performed with Rabat seawater produced freshwater with a salinity level that meets the drinking water standard [84].



Today, RO desalination plants have been built and are in operation in some regions of the world, especially for water supply in areas under water scarcity. These plants require minimal energy consumption, part of which can be covered by renewable energy sources, such as air turbines and solar panels. The plants minimize the burden to the local energy networks and the environment [85]. More efficient process designs also help enhance energy efficiency (Table 1). In combination with pressure retarded osmosis, membrane distillation demonstrated the successful recovery and utilization of hardly recoverable thermal energy for a heat engine [86]. In the forward osmosis (FO) process, the energy required for the product (clean water) recovery from a draw solution is substantial, and consequently, the FO is unlikely to outperform the RO in energy efficiency; however, there is a potential in treating the feed water, which has high fouling propensity [87,88].



RO desalination plants have limitations in spatial requirements but could be easily adapted to the variations in productivity. The manufacturing process is relatively simple. It necessitates the flexibility of RO installations being adapted to the water demand variability with small footprints.



Also, the cost of water production needs to be kept as low as possible, even though it remains higher than the other processes. However, it is less expensive than the cost needed for drinking water transportation. Technological progress in desalination is expected to cut down the cost of water production by 20% within 5 years and by ~60% in the next 20 years (see Table 2), making the RO more viable and cost-effective for potable water production [89].



If fossil-fueled desalination capacities become larger in the Persian Gulf hydraulic supply, it may have environmental consequences that could still be useable for short-term purposes but not for long-term purposes. The intensification of the desalination process in the Persian Gulf has begun over the previous 40 years, creating a harmful effect. The Persian Gulf, which occupies an area of 250,000 km2 with an average depth of 35 m, is more like a salty lake than a typical sea. A few rivers that run to the Persian Gulf have been blocked with dams or redirected somewhere else, increasing the water salinity. Several dozens of the world’s largest desalination plants nearby discharge approximately 70 m3/d of extremely salty reject brine back into the Persian Gulf. This now makes the Persian Gulf 25% saltier than average seawater [90]. Considering the population growth and limitations of groundwater resources, the Persian Gulf countries need a doubling of their desalination capacity by 2030. However, unless the brine disposal is unresolved, the seawater source will be too salty to accommodate the desalination cost while the salinity level keeps rising to a peak [91]. As understood from the peak oil theory, the point after which oil extraction declines, peak salt may make desalination unfeasible for the economic and environmental aspects [92]. Carbon emissions overshadow the use of fossil fuels. Likewise, desalination is impacted by peak salt and peak oil [90].



Around 17% of the world’s seawater desalination is commenced from the Mediterranean Sea. In the European coastal countries, the largest desalination producer is Spain, as it produces 7% of the worldwide desalination volume. The RO process is the main technique adopted in Spain, as it comprises 95% of all desalination plants [93]. Many important desalination units were established along the coast of the Mediterranean Sea. For example, the Ashkelon desalination plant produces 110 million m3/yr, with the intake containing 40,679 ppm TDS. The Hadera desalination plant also has a maximum production capacity of 100 m3/yr [94]. Moreover, many plants have been constructed on the North Africa coast, where no significant impact of brine has been reported. This could be due to the relatively large sea area and abundant rain compared to the precipitation in the Mediterranean Sea, ranging from 50 to 250 mm/yr, where the highest precipitation is only observed in the mountainous coastal areas [95].



The Red Sea region is the third-largest in seawater desalination as it produces 14% of the global desalination volume [93]. There are several desalination plants in Saudi Arabia, such as those at Yanbu, Jeddah, and Jizan. In Egypt, there are many desalination plants in Savaga and Hurgada cities. No river water flows into the Red Sea so that there is no surface water runoff. The Bab el Mandab strait switches water between the Red Sea and the Gulf of Aden. With extremely low rainfalls (~60–100 mm/year with a corresponding volume of ~233,000 km³) over the Red Sea and its coasts, the time required for water renewal in the Red Sea is estimated to be ~20 years [94]. Accordingly, negative impacts of brine disposal are expected to be more significant in the Red Sea than in the Mediterranean Sea.




6. Discussions and Remarks


Seawater intrusion is among the primary groundwater contamination processes in coastal areas, where saline water is moving moves towards or mixing with freshwater aquifers [96,97]. When the extreme freshwater abstraction from a coastal aquifer surpasses the natural recharge of freshwater from surface water, salty water is drawn into the aquifer. Thus, seawater intrusion is a major issue in many continents, such as European, north, and south Mediterranean coastal areas.



Lastly, seawater intrusion has become an essential issue in North Africa and Middle East (especially Saudi Arabia, UAE, Israel, Italy, Spain, Greece, Malta, and Cyprus), the USA, and Turkey. Several research studies on seawater intrusion in coastal areas have been conducted. For instance, Felisa et al. [98] simulated seawater intrusion along the Adriatic coast of Emilia-Romagna in Italy.



Mansour et al. [99] and Baba et al. [100] modeled seawater intrusion in the western coast of Turkey. Karahanoglu and Doyuran [101] used the finite element model of seawater intrusion in the coastal aquifer in Turkey. Kallioras et al. [102] reported a conceptual model for the appropriate management of a coastal aquifer in Greece. Qahman and Larabi [103] used a numerical model to assess seawater intrusion in Gaza, Palestine. Sherif et al. [104] used the simulation model of seawater intrusion in the coastal areas of Wadi Ham, UAE, and studied and analyzed the outcomes of various pumping scenarios. Gopinath et al. [105] reported a numerical model for the coastal aquifer of Tamilnadu, India, and Lin et al. [106] used the variable-density groundwater flow to assess the seawater intrusion in the Gulf Coast Aquifer in Alabama, USA. Cobaner et al. [107] developed a model to evaluate seawater intrusion and calculate the effects of pumping quantity on seawater intrusion in the Silifke-Goksu Deltaic plain in Turkey. Sarsak and Almasri [108] monitored seawater intrusion into the coastal region in the Gaza Strip of Palestine. Allow [109] modeled both an underground structure and re-injection well in the coastal plain of the Damsarkho (Latakia), Syria. Abd-Elhamid and Javadi [110] evaluated cost-efficient processes to control the seawater intrusion in an aquifer by desalinating the abstracted brackish water and recharging back the aquifer by-product of the desalination process (i.e., brine).



In addition, many studies were conducted in different regions of the world on seawater intrusions [111,112,113,114]. These studies showed that the mismanagement of the coastal aquifers resulted in an uncontrolled saltwater intrusion. All these results indicate that many coastal areas have been affected by seawater intrusion processes.



Desalination has changed into a viable alternative water supply for the past three decades due to increasing water scarcity [115]). About 1% of the world’s supplied desalination water for drinking purposes has rapidly grown. Desalination is still evolving in India [116]. India has reported a sudden surge in the capacity of saline water desalination plants from 2006 to 2013 (Figure 6). In India, mainly thermal and membrane processes techniques are applied for desalination.



The division of the desalination plants presently working in India with the highest capacity of 44–45% is shown in Figure 7. The capacity of most desalination plants is up to 10,000 m3/d. These plants are used for augmenting agricultural and industrial water use. Two states (Gujarat and Tamil Nadu) are the main desalination centers due to scarcity of water availability, fewer groundwater sources, and high demand [30]. Similarly, desalination technology is used in the coastal areas of other states (Karnataka, Maharashtra, West Bengal, and Andhra Pradesh). In modern times, advances in desalination technology (seawater RO membranes) are fast, productive, and cheaper. Recent studies have shown that desalination is one of the most capable methods employed proficiently to fulfill water demand in India [33]. Low capital cost methods like forwarding osmosis act as an incentive. However, the deficiency of skilled personnel proves to be an impediment, and thus, there is still time before this method verifies to be a significant player in India. It has been estimated that during 2021–2026, desalination systems are projected to observe considerable development in India, especially in the municipal sector. In many regions, municipalities have taken responsibility for treating seawater and provide clean drinking water to people. Two desalination plants were set up by Metrowater at Minjur (150 million liters) and Nemmeli in Chennai with a capacity of 400 million L [117].



The market for desalination systems in India has been anticipated to increase at a Compound Annual Growth Rate (CAGR) of 3% from 2021 to 2026. The significant element prompting the expansion of desalination systems is the increasing difference between water supply and demand in the nation. Furthermore, the increase in population has again raised the demand for clean water supply, and subsequently, it is predicted to enhance the growth of the desalination systems. However, the rising environmental considerations regarding the operation of desalination systems are thought to curb the rapid growth during this period. The detail of integrated water resource management by desalination and recycling of water is illustrated in Figure 8. The desalination and Water Purification Technologies in India are depicted in Figure 9, which shows the desalination plants and transfer of desalination technology in India at different places in different states [117].



The advances in membrane technology are contributing to desalination processes. Researchers have taken a step toward developing a cost-effective desalination membrane that could provide clean water for drinking and irrigation.



They collaborated with DuPont Water Solutions to look at the nanostructure of membranes to better understand why desalination is still such an enigmatic science [118,119].



Their findings were published recently in the Science journal. RO and nanofiltration (NF) are currently the leading seawater desalination solutions. They contributed mainly to the energy-efficient process, resulting in a low investment cost and low operational cost.



Various membrane techniques and their general characteristics in their applications for water treatment and desalination are shown in Table 3. Desalination is a technology with a wide range of applications in areas with low water availability, contributing to reducing water use and sometimes to mitigate conflicts in local or national areas [120]. The science and experience available in desalination plants have expanded worldwide, especially in membrane operation [121]. However, there are still problems with the environmental footprint, especially in most developing countries [120]. Furthermore, by focusing on small-scale desalination plants and optimizing the technology, the combined use of seawater and freshwater is of main concern for the near future [122]. In addition, the increase of desalinated water costs, which have to be incorporated into water supply prices, leads to a rise in the water price of regular water.



Desalination technology is developing very fast and becoming a critical component for ensuring water resources sustainability worldwide. The capacity of the plants and the quality of the raw water used are important for the cost of the freshwater produced. Additionally, several other innovations should be considered for reducing power consumption and sustainability [123]. The future of that technique appears to be bright, and it is also highly expected to play a crucial role in the world facing the resource-limited future. Globally, the installed capacity for seawater desalination and brackish water is over 100 million m3/d and has grown rapidly over the last 30 years (Figure 10).



Desalination technology will provide an option to alleviate water scarcity, particularly in industrial and coastal areas. About 680 million people live in coastal areas under very low elevations, which is estimated to increase to 1 billion by 2050. Additionally, nearly 65 million people live in developing states of small islands, and 2.4 billion people live in areas within the 100 km distance from the coast [80]. Most of the areas of groundwater scarcity along or close to the coasts are expected to use seawater as an alternative source for domestic, agricultural, or industrial uses. There is significant progress in desalination today, and it is mainly used for water supply in many areas worldwide. The costs of processing saltwater for drinking water have been reduced, further lowered using brackish water [79]. This can also eliminate environmental issues of brackish water. UNESCO [124] estimates that today around 2.2 billion people worldwide live without access to freshwater. It is estimated that up to 5.7 billion people may be living in 2050 in areas with scarce water for at least one month per year. With seawater and brackish producing up 97.50% of the world’s water resources, low energy requirements will be vital to providing sufficient levels of good-quality drinking water for a growing population. Increasing water requests and deteriorating environmental conditions have continuously stressed the need for new technologies to optimize resources and desalination technology management, treatment, and converting sea or brackish water into potable water. Internet of Things (IoT) allows us to optimize sensors, desalination plants, and other related tools to improve the quality and quantity of desalination and water treatment [125].




7. Epilogue


The layman typically considers desalination to be relatively modern water technology, which has been in practice in the contemporary time. However, it has a long and rich history, and many problems faced by the early discoveries are valid today. Many in the desalination field are looking backward from time to time, not only for the practice and experience but also for discovering inventions of professional ancestors [76]. By studying ancient civilizations, we study ourselves, and we learn from the past. The rapid increase of population, urbanization, and climate variability have severely reduced existing water resources, including potable water. Furthermore, the availability of freshwater in urban regions has become scarce, if not impossible. Thus, new techniques such as water desalination and direct potable reuse of treated municipal wastewater should be implemented [42,126]. Desalination, particularly in coastal areas, is one of the most cost-efficient water technologies, especially in coastal regions that ensure the long-term sustainability of water supplies. Throughout history, civilizations have experimented, with success, to treat salty water and used it for drinking and agriculture. Seawater desalination was applied many centuries ago on ships to produce freshwater through evaporation and condenses of seawater. By the beginning of the 20th century, the first probably big industrial desalination plants producing about 75 m3 water/d were built in 1912 in Egypt with a 6-stage Multiple Effects Evaporator. Thereafter, commercial seawater distillation plants were implemented in the late 1950s, which initially were dependent on industrial evaporators and the distillation plants constructed during World War on the shipboards. At present, desalination technologies of both the sea and brackish water for water supply and irrigation purposes in arid and semi-arid areas seem to be promising technologies. Indeed, desalination technology is already an alternative as the water is produced at a lower price mainly due to the improvement of membranes and significantly reducing the energy requirements, particularly when the process is powered by renewable energy resources [85]. In addition, it should be referred that the combination of desalination and renewable energy resources in autonomous systems in coastal areas is a unique solution for isolated regions with poor and limited local energy supply sources. Decentralization is a necessity for increasing the number of plants. However, with decentralization, the capacity of the plants will be decreased. New developing technologies that are now being implemented will induce advanced and conventional technologies. Such technologies could be created by combining advanced desalination and water reuse in attractive megacities [127]. In addition, new scientific breakthroughs will help to better understand the importance of criteria in both water and treated wastewater and their effects on human health [128]. New guidelines and regulations will need to be developed to understand the reflection of these enhanced biological and chemical processes. To meet future challenges effectively, water reuse and treatment, especially in megacities, a singular water concept should be embraced [42]. The increase in population and especially urbanization has created water scarcity conditions, which are influencing desalination and wastewater reclamation processes. On the other hand, with an increase in the social perception of water and an emerging water-reuse and desalination market, climate change has adverted effects on water production processes [129]. It must be recognized that withdrawing water from inland regions, transporting and treating it to urban coastal regions, using once, and discharging it to the sea is not sustainable. We must think about the combination of desalination and wastewater differently (i.e., both as sources of water), and we must use a unified vocabulary. The major points that emerge from this comprehensive review are the following:




	
Lastly, the RO desalination costs have been significantly reduced, especially during the previous 15 years. Further improvement of RO membranes and the use of alternative energy sources will more reduce the cost;



	
The desalination membrane approach will continue to develop to become more cost-effective and environmentally friendly;



	
Water demand and low water availability will continue to utilize desalination more sustainably;



	
Science and technology should be further developed to modify the disinfection and decontamination of water. In addition, more efforts are required for water supplies by efficiently desalinating seawater and brackish water and the safe reuse of wastewater. In the developed world, there is a potential of applying new technologies in terms of water management, internationally and mainly in the coastal areas, provided that there is a possibility for investment in relative sectors. Additionally, emphasis should be given to the green criteria of desalination [85];



	
In some developing countries with abundant seawater resources but lack freshwater resources (e.g., China and other developing countries), the desalination plant should be constructed based on the economic and social development level of the coastal regions. Therefore, efficient and cost-effective desalination technologies are highly desirable for the regions in developing countries;



	
Desalination techniques could solve the limited water availability in coastal regions and may lead to the best environmental, economic, and social results for the coastal area and the local communities contributing substantially to comprehensive and worth-living growth;



	
Maximum current desalination methods are presently areas of dynamic research, performed continuously to refine the technologies, decrease the cost, and increase efficacy;



	
Finally, the use of brackish water and the combined water reuse, especially in the coastal areas and the areas under water scarcity, will increase the use of desalinated water.



	
Lastly, the idea of separating salt from water is an ancient practice, dating from the time when salt, not water, was a precious commodity. Appendix A shows a timeline in terms of the historical improvement of desalination technologies.
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Table A1. A timeline in terms of the historical improvement of desalination technologies.






Table A1. A timeline in terms of the historical improvement of desalination technologies.










	Period (ca. Years)
	Achievements
	Comments





	3200–1100 BC
	The first indication for the application of seawater desalination is known to be by Minoan sailors using distillation.
	In Mediterranean



	1250 BC
	The oldest water supply network, including desalination, was during the Persian Empire.
	In Chogha Zanbil, southwest of Iran.



	610–547 BC
	…rains are generated from the evaporation (atmis) which is sent up from the earth toward under the sun (Anaximander, ca. 610–546)
	In Miletus.

Hippolytus, Ref. I6, 1-7-D.559 109 W.10.



	384–322 BC
	...the sun causes the moisture to rise; that is like what happens when water is heated by using fire (Aristotle, 384–328 BC)
	In Athens

Meteorologica, II.2, 355a 15



	200 AD
	The Alexander of Aphrodisias said: “sailors at sea boiled seawater and suspended large sponges from the mouth of a brass vessel to absorb what is evaporated.”
	Athens

Kalogirou (2005)



	1560
	The first major land-based desalination plant was constructed in Tunisia. A guard of hundreds of Spanish soldiers was besieged through a large number of Turks. It was capable of producing 40 barrels of freshwater per day.
	



	1535–1615
	Giovanni Battista Della Porta wrote many books in which several desalination technologies are considered.
	



	1774
	Malik et al. [130] stated that the Great French chemist Lavoisier applied large glass lenses mounted on elaborate supporting structures to concentrate sunlight on the contents of distillation flasks.
	



	1850
	The first desalination plants started to appear by using steam engines to apply thermodynamics to achieve a positive effect for distilling processes.
	



	1950
	The first new desalination plants were established in Saudi Arabia, Kuwait, Bahrain, and Qatar, in which pretreatment of seawater by sand filtration was applied.
	



	1961
	The first desalination plant was constructed in the USA (Freeport, TX, USA) for protecting the region after a relevant long-time drought.
	



	1960
	The first large-scale commercial RO desalination plant, in Coalinga (in Fresno County), in California.
	It used brackish water



	2000
	After 2000, more than 2000 plants are operated on the whole planet. The largest are in Saudi Arabia, Israel, and UAE.
	



	2019
	In the globe, the biggest plant with a volume of 1,401,000 m3/d is in Saudi Arabia (Ras Al Khair).
	



	2020
	On the whole planet, there are 22,000 plants in operation. In Taweelah, UAE, the second largest plant by capacity (909,200 m3/d) was constructed. The third is in Shuaiba 3 and was constructed in Saudi Arabia with a capacity of 880,000 m3/d. The fourth is in Sorek, Israel, with a volume of 624,000 m3/d. With a volume of 600,000 m3/d, the fifth plant is in Rabigh 3 IWP, Saudi Arabia, and the sixth with a capacity of 591,000 m3/d is in Fujairah 2 UAE [131].
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Figure 1. Water ceramic filter (adapted from [21]). 
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Figure 2. Examples of Minoan ships: (a) paintings of Minoan ships, as parts of Fresco in “Akrotiri”, Thera [25] and (b) a potential model of a ship adapted from the Theran Fresco that further provided insights of the reconstruction [26]. 






Figure 2. Examples of Minoan ships: (a) paintings of Minoan ships, as parts of Fresco in “Akrotiri”, Thera [25] and (b) a potential model of a ship adapted from the Theran Fresco that further provided insights of the reconstruction [26].



[image: Water 13 02222 g002]







[image: Water 13 02222 g003 550] 





Figure 3. Desalination in devices in the Hellenistic period: (a) Cleopatra’s alembic and (b) sailors producing freshwater with seawater distillation [6]. 
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Figure 4. The structure of the steamer and bamboo mats for desalination in the ancient Chinese dynasties [56,57]. 
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Figure 5. A Schematic diagram of the desalination technologies, updated from [82]. 
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Figure 6. Variations of the capacity of plants for saline water desalination in India [35]. 
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Figure 7. Plant size breakup in India from 2012 to 2013 [35]. 
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Figure 8. Integrated water resource management through desalination and recycle and reuse of water. 
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Figure 9. Desalination and water purification technologies by Department of Atomic Energy (as of June 2010). 
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Figure 10. Variations of desalination across the world in the last three decades [124]. 
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Table 1. Different water resources for desalination, the ranges of Total Dissolved Solids (TDS), and the minimum energy for separation (adapted from [88]).
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	Water Source
	TDS (mg/L)
	Minimum Energy Required for Separation (kWh/m3) *





	Seawater
	15,000 to 50,000
	0.67



	Brackish water
	1500 to 15,000
	0.17



	River water
	500 to 3000
	0.04



	Domestic
	<500
	<0.01



	Wastewater (untreated)
	250 to 1000
	0.01



	Wastewater (treated domestic)
	500 to 700
	0.01







* Minimum energy has been calculated based on average TDS.
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Table 2. Variations of costs for medium-size and large-size desalination projects (adapted from [89]).
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	Parameters of Best-in-Class Desalination Plants
	2016
	Within 5 Years
	Within 20 Years





	Costs of water from sea water (USD/m3)
	0.8 to 1.2
	0.6 to 1.0
	0.3 to 0.5



	Costs of construction (USD/MLD)
	1.2 to 2.2
	1.0 to 1.8
	0.5 to 0.9



	Electrical energy use (kWh/m3)
	3.5 to 4.0
	2.8 to 3.2
	2.1 to 2.4



	Membrane productivity (m3/membrane)
	28 to 47
	35 to 55
	95 to 120
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Table 3. Specific characteristics of membrane techniques for water treatment and desalination (adapted from [119]).
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	Membrane Type
	Particle Capture Size
	Typical Contaminants Removed
	Typical Operation Pressure Ranges
	Key Applications





	Microfiltration
	0.1–10 μm
	Suspended solids, bacteria, and protozoa
	0.1–2 bar
	Water treatment plants, pretreatment in desalination plants, the preparation of sterile water for industries, such as pharmaceuticals, etc.



	Ultrafiltration
	ca. 0.003–0.1 μm
	Colloids, proteins, polysaccharides, most bacteria, viruses (partially)
	1–5 bar (cross-flow) 0.2–0.3 bar (dead-end
	Drinking water treatment, the pretreatment process in desalination, and membrane bioreactors



	Nanofiltration
	ca. 0.001 μm
	Viruses, natural organic matter, multivalent ions (including hardness in water)
	5–20 bar
	Treatment of fresh, process and wastewaters



	Reverse osmosis
	ca. 0.001 μm
	Almost all impurities, including monovalent ions
	10–100 bar
	Treatment of fresh, process and wastewaters, desalination of seawater
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