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Abstract: This review is inspired by the increasing shortage of fresh water in areas of the world, and
is written in response to the expanding demand for sustainable technologies due to the prevailing crisis
of depleting natural water resources. It focuses on comprehending different solar energy-based
technologies. Since the increasing population has resulted in the rising demand for freshwater,
desalination installation volume is rapidly increasing globally. Conventional ways of desalination
technologies involve the use of fossil fuels to extract thermal energy which imparts adverse impacts
on the environment. To lessen the carbon footprint left by energy-intensive desalination processes, the
emphasis has shifted to using renewable energy sources to drive desalination systems. The growing
interest in combining solar energy with desalination with an emphasis on increasing energy efficiency
has been sparked by the rapid advancements in solar energy technology, particularly solar thermal.
This review paper aims to reflect various developments in solar thermal desalination technologies and
presents prospects of solar energy-based desalination techniques. This paper reviews direct and
indirect desalination techniques coupled with solar energy, and goes on to explain recent trends in
technologies. This review also summarizes the emerging trends in the field of solar thermal
desalination technologies. The use of nanoparticles and photo-thermal materials for localized heating
in solar desalination systems has decreased energy consumption and enhanced the efficiency of the
system. Solar power combined with emerging processes like membrane distillation (MD) has also a
recent resurgence.
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1. Introduction

With the advent of climate change, more and more areas of the world are observing rising water
stress at an accelerated pace. According to the UN World Water Development Survey, 3.7 billion
individuals are affected by the scarcity of water. This population of affected people may rise to as
many as 5.7 billion by 2050 [1]. Being a victim of the crisis, the Middle East has been transformed
into the world's most water-stressed region. The unavailability of natural resources enforces people to
migrate in search of a better life; according to the UN refugee agency (UNHCR), “roughly 90pc of the
refugees come from countries that are most vulnerable and least ready to adapt to the impacts of climate
change”. In 2021, natural disasters alone forced nearly three million people to leave their homes in
Africa and the middle east- an international organization for migration. The fact that 3.5 million people
lose their lives each year due to the unavailability of clean water and sanitation highlights the
importance of water as a resource for the entire world. Figure 1 represents the forecasting of the world
by 2040 and depicts the regions that would be most affected Nations in the tropical zones already
experience decreasing freshwater resources and such forecasting drags concerns of humanity [2]. It is
important to note that 71 percent of the earth is water covered. However, only 3 percent is freshwater;
of that, only 1.2 percent is available as drinkable; the rest of it is frozen as glaciers. To meet the demand
for freshwater, seawater can be used after removing salts, known as desalination. Desalination is a
process used to remove salt from saltwater, making it useful for producing drinking water and other
things. To make that happen, a lot of energy is required. Due to the cheap price of fossil fuels, less
than $3 for one barrel of oil, the earliest technologies were thermally propelled, which still prevails.
The first desalination facilities were set up in the late 1950s to address the steadily rising freshwater
demand brought on by population growth and welfare concerns [3,4].
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Figure 1. Water-stressed regions by 2040 [3].
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With the development of science, it was discovered that desalination using renewable energy may
produce water at rates comparable to those of plants using fossil fuels while also reducing greenhouse
gas emissions that cause global warming [5].

Solar energy and its availability have attracted various researchers and scientists to use solar
energy to desalinate water. Various techniques are being used to increase freshwater generation by
using solar energy. Methods to increase the evaporation of water to separate it from salts are porous
media, phase change materials, nanotechnology, and photovoltaic and localized thermal heating.
According to some estimations, currently, more than 21,000 desalination systems are operating in the
world having the potential to produce 86.5 million cubic meters per day of freshwater. Of all
desalination methods, Reverse Osmosis (RO) plants are more dominant. 66 percent of all installed
plants use RO based [5]. However, RO plants use electricity as a driving force to operate high-pressure
pumps and fossil fuels are used to produce electricity which as result exhausts greenhouse gases to the
environment. To drive RO plants using Photovoltaic panels is not suitable, since the conversion of
solar energy into electrical energy to operate high-pressure pumps for the large-scale production of
freshwater is not economical. On the other hand, solar thermal energy is widely available. Solar
thermal energy can be used to heat saline water to generate water vapors, and when these vapors are
condensed fresh water can be produced.

This paper has focused on solar thermal energy desalination systems. The paper critically reviews
the available solar thermal energy-driven systems and reflects on how solar energy could be coupled
with desalination technologies.

Then the paper reviews the existing and emerging solar thermal desalination technologies and
also those that could be used with solar energy to produce a hybrid system. Finally, the paper provides
recommendations for the existing technologies to become the most appropriate solar-powered
desalination technologies.

In short, the key contributions of this review paper to the research field are:

e Various ways in which solar thermal energy is used to produce freshwater with nearly zero
harmful effects on the environment.

e Reflecting the recent trends in the field of solar thermal desalination technologies which aim
to increase the efficiency and output of the system and it also provides the prospects of the
desalination system along with future recommendations

The paper is organized as follows:

Section 2 defines the need for solar thermal technologies and explains how this approach is used
to produce freshwater with efficiency and sustainability. Section 3 is focused on various types of
renewable energies concerning solar energy. Section 4 defines some existing trends and 5 elaborates
on the prospects of desalination. Sections 6 and 7 provides the conclusion and recommendation.

2. Renewable energy and water desalination

Above all the renewable energy resources, this paper focuses more on solar thermal renewable
energy resources. Despite recent advancements in desalination technology, these processes are still
primarily regarded as energy intensive. Solutions to reduce unit costs and so boost the financial
viability of such initiatives are being carried out [6]. One direction is the employment of renewable
energy sources (RESs), which play an important part, given key trends in combating climate change [7].
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Desalination and renewable energy are two distinct concepts that can be mixed in numerous ways.
Researchers from the desalination and renewable energy sectors must collaborate to create successful
integrated designs. The energy produced on-site from readily available renewable energy sources in
the area can help the desalination process. The potential of employing renewable energy in desalination
techniques is shown in Figure 2. Hydro, wind, and geothermal energy can be used to produce electricity
to operate mechanical vapor compression (MCV), reverse osmosis (RO), Electrodialysis (ED),
Capacitive deionization (CDI), and Electrode-ionization (EDI). Since thermal energy is difficult to
store, the thermal energy generated using stored electricity can operate various other thermal-driven
desalination systems as shown in Figure 2. The aforementioned figure also depicts various ways in
which a hybrid system can be produced to run a desalination system. Heat, electricity, or mechanical
energy are just a few of the different ways that this energy can be produced. Any RES technology,
especially those that use energy for desalination, theoretically might coexist with a water desalination
plant. The energy consumed for desalination is countered by connecting these facilities to the power
grid, if electricity generation is not steady or constant throughout a particular day or season, as is the
case with solar or wind power systems. Consequently, there is a balance between the energy
generated and spent (compensation concept).
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Figure 2. Potential for using individual RES technologies in connection with desalination
methods [1].

Figure 3 represents the commercialization of various techniques to desalinate water. On a vertical
scale, it states the status of the respective technology. For instance, solar stills are in the application of
producing freshwater with a capacity of less than 0.1-meter cube per day. On the other hand, RO plants
are also in the application phase with a production capacity of more than 5000-meter cubes per day.
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In addition, solar MD, geothermal, and solar MEH are in the phase of advanced research and
development. While the technologies in the basic research are solar EDR, Wind ED, etc.
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Figure 3. Commercialization status of various desalination technologies [1].
2.1.  Solar energy

The thermal energy of the sun, being received in the form of radiation is captured by a variety of
methods, including 1) concentrated solar power (CSP), technologies that extract energy from the sun
in terms of thermal energy; and 2) photovoltaic (PV)/concentrator photovoltaic (CPV)—solar modules
that capture the solar energy carried by photons as electricity.

2.1.1. Solar thermal energy

Solar thermal is the most widely used method which is under research consideration technologies.
It usually employs thermal collectors and concentrated thermal collectors to extract the required energy.
The thermal energy is responsible for driving: Membrane Desalination Multi-Stage Flash, Multi-Effect
Desalination, and vapor compression distillation. These mechanisms consume a significant amount of
energy, particularly in regions with more salinity in the water, such as African countries (having the
potential to approach 45 mg/mL) [8]. Whereas, the following areas demonstrate favorable solar
irradiation conditions, with seasonal ranges of 2200 to 2400 kWh/m? [9]. Innovative designs are on
their way to desalination, such as in Southern Xinjiang (China), Fang et al. [10] developed a new solar
photothermal desalination technique that involved the use of an evaporator and membrane processing
equipment to produce freshwater from brackish water.
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Chao et al. [11] evaluated the credibility of solar power amalgamated with desalination processes
to mitigate the upcoming crisis with the need for drinkable water in China. A unique solar-driven
desalination method for efficient water output was proposed by Lu et al. [12] Comprises of a cascaded
latent heat recovery structure integrated with a thermal concentration design. The system has a lot of
promise for use in both commercial and small-scale desalination. Traditional sun-powered thermal
desalination requires a large amount of land surface area and, as a result, a lot of solar radiation-
concentrating equipment with a large surface area. This has a detrimental economic effect as compared
to the use of conventional fuels. Among others, Zheng and Hatzell [13] have created a technical and
financial design for the optimization of the Reverse Osmosis process running on solar thermal energy.
They used theoretical data to assess the conditions in 7 maritime cities in the United States, and they
concluded that Miami is the ideal location (Florida).

2.1.2. Solar electrical energy by photovoltaic cells

Studies that have been done on this technique generally focus on the viability of employing PV
technology for water desalination in the Reverse Osmosis method, or PV-RO, provided that there is
sufficient availability or solar irradiation for the system to operate on its own.

The various studies referring to the investigation of desalination methods employing Reverse
Numerous scholars and researchers have studied Osmosis and Photovoltaic, such as; Findings from a
work of Calise et al. [14] that talked about using solar collectors to desalinate saltwater and
synchronized cooling, heating, and electricity process based on photovoltaics. Several studies on the
use of PVs in the RO process for the desalination of seawater without the need for a battery system
were conducted by Thomson et al. [15]. Karavas et al. [16] examined the potential for combining a
DC microgrid and hybrid transitory energy saving. Antonio et al. [17] and Yong et al. [18] both made
intriguing recommendations for limited (500 Wp) systems situated in rural regions. Yong came to the
same conclusions when they asserted that limited PV systems are an especially attractive answer in
places that are off the grid. Researchers from Spain presented the early findings of a cutting-edge
hybrid solar (PV) and brackish water RO desalination system [19]. Although connecting solar systems
with desalination systems can be advantageous in the next generation, there is still an obligation of
assessing the sustainability, lucrative, and environmental implications of such systems.
Nanotechnology was identified as a possible development direction, by Bait [20], from the perspective
of lowering the costs involved with the elimination of, for example, microbes in the water treatment
process and he also Reflected the Nano fluids-based solar desalination processes including direct and
indirect systems Another intriguing idea is concentrated photovoltaic technology (CPV). Their
working concept is similar to that of conventional PV systems, but they require substantially fewer
cells due to the use of extra mirrors that concentrate solar radiation on the PV cells [21]. To
automatically follow the sun throughout the day, these systems typically need a solar tracking device.
Due to their better efficiency and thus higher energy yields per megawatt of installed capacity,
particularly in the temperate zone, CPV systems are an alternative to conventional PV installations [22].

2.2.  Wind energy

Aside from solar energy, wind energy is the most frequently used and researched renewable
energy source concerning pairing it with water desalination devices. In this instance, electricity
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produced by renewable energy sources is used to operate an independent desalination plant [23]. For
example, Qingfen & Hui [24], Mohammad Ali et al. [25], Soraida Aguilar et al. [26], Jamie et al. [27],
and Diaz and Soares [28] have collated the most recent evaluations of wind power utilization
concerning offshore wind farms.

2.3.  Biomass energy

Biomass energy is the sole form of energy that has yet to be used in the desalination of water.
However, recent years have seen the publication of the results of numerous studies that looked at the
possibility of using bioenergy in composite systems in combination with other sustainable and non-
sustainable energy sources.

2.4.  Geothermal energy

Power and heat generation are considered when employing geothermal energy for water
desalination, even though high-enthalpy geothermal resources are rather uncommon in comparison to
low-enthalpy ones, which are far more frequently available [29].

Aguilar-Jim'enez et al. [30] suggested a novel strategy for combining Membrane Desalination
technology and Organic Rankine Cycle. It was suggested to install the ORC because it enables merged
PV and desalination utilizing low-grade energy resources in the initial phase of MD performance.
According to the results, the desalination method combined having Organic Rankine Cycle shows 22%
more effectiveness at desalinating water in comparison to a traditional MED system while only
requiring a 6.9% increase in the heat exchange rate. It ought to be emphasized that geothermal water
could also be treated if it has suitable chemical properties, in addition to geothermal energy, in
desalination procedures [31]. Although several desalination/treatment plants using geothermal energy
are in operation globally, these projects are frequently suitable for small-scale purposes [32]. For the
island of Nisyros, Jang et al. offered a different model; the system was able of providing freshwater at
a projected 225 m®/day [33].

3. Solar desalination technologies

Based on how technology obtains energy from the sun, this technology is split to direct and
indirect, two different approaches [34]. Systems that use direct solar desalination, like solar stills,
directly harvest solar thermal energy. As opposed to this, indirect solar desalination systems use solar
energy, either as thermal or electrical energy, to power the desalination process. Even though various
cutting-edge and optimization studies for solar still technologies have been conducted, these
technologies are not frequently deployed for large-scale freshwater production [35]. Additionally,
research is ongoing to find more sophisticated solar stills that can be used for desalination. Reverse
osmosis, electrodialysis, humidification and dehumidification, membrane desalination, multi-effect
desalination, multi-stage flash, and multi-effect desalination are examples of indirect desalination
systems. Reverse osmosis is seen as practical for industrial production but not for small-scale
desalination [36].
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3.1. Direct solar desalination

Despite being among the earliest and most basic desalination systems, solar energy is still being
investigated for new materials [37]. Its operation is simple and easy to comprehend. In this technology,
feed water is directly vaporized using incoming solar radiation and then the evaporated vapors are
condensed as distilled water [38]. Studies are undergoing for solar stills to work in the absence of solar
energy by latent heat storage systems [39]. Large-scale systems are not deemed ideal for solar still
designs [40]. Due to the few pieces of equipment and simple design, it is affordable and maintenance
costs are also low. However, it is less efficient and includes heat losses. However, recent advancements
and modifications have again paved the way for solar still desalination to be effective and capable of
producing freshwater.

Thakur et al. [40] used limited graphene oxide layered absorber plate consisting of an activated
carbon pellet which resulted in a water yield of 58.15% and an efficiency throughout the day of 64.44
respectively. It proved to be more efficient in comparison to Conventional Solar Still. Shoeibi et al. [41]
used activated carbon as porous materials which resulted in an energy efficiency enhancement of 94.14.
He conducted an experiment on three different solar stills and elaborated difference in the yield.
Additionally, by using porous materials such as black steel wool fiber and aluminum fins, the
production from a solar still desalination was enhanced by roughly 42.3% and 20.9%, respectively.
The comparison of the daily accumulated yield is shown in Figure 4. The figure represents the yield
comparison of three different solar stills, named as the conventional solar still (CSS), solar still with
reduced graphene oxide coated absorber (SS-RGO), and the solar still with combined RGO and
activated carbon pallet (SS-RGO-ACP). In each of the cases, the maximum yield is achieved at 2:00
p.m.; the conventional solar still (CSS) resulted 0.56 L/m? at the intensity of 971 W/m?. In the other
case, a solar still with (RGO) coated absorber plate, the heat transfer rate increased and peak hour
freshly yield increased by 21.4% as 0.68 L/m?. The combined effects of the RGO coating and the
porous activated carbon’s ability to retain thermal energy significantly increased the yield in the
case of the SS-RGO-ACP. The peak hourly and daily water yields of SS-RGO-ACP were observed
to be 0.79 L/m? and 4.46 L/m? respectively.
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Figure 4. Analysis of the solar stills' hourly yield and daily cumulative yield [41].
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In an additional attempt, Pani and PEGDA double-network hydrogel were applied on an
insulating layer of polyethylene (EPE) coated in cellulose, which was developed by Yin et al. [42], for
a steam formation method. And the device resulted in an efficiency of 91.5% as a solar steam generator
under 1 kw/m?. However, the review suggested that the parameters of nanoparticles following their
conduct in solar still in addition to the way the heat transfer process takes place are to be investigated.
Additionally, in the direct solar stills, nanofluids are added to the saline water basin, and environmental
concerns must be treated seriously [43]. Parasa et al. [44] evaluated some innovative designs such as
adding an external thermoelectric condenser and using an Ag-based Nanofluid. The system yielded
around 8 L/m? and has an efficiency of 30.6 and 50.8% for Nano fluid-based solar still and condenser-
based solar still. Yu et al. [45] employed targeted evaporation to help with desalination and
manufactured gold nanoparticle (AuNP) films on a nonporous anodized aluminum oxide (AA)
supporting layer.

3.2.  Indirect desalination
3.2.1. Multi-stage flash desalination (MSF)

MSF is a thermally driven technique. Conventionally, brine solution waste heat was used to heat
water and then subjected to flashing through numerous chambers by changing the saturation pressure.
Moustafa et al. [46] Used a three-way valve hot water thermal storage system which resulted in a GOR
of 6.5 to 8. Kapil et al. [47] provided a conceptual model of a brine loop system for MSF desalination
represented in Figure 5. The system includes a Direct absorption solar collector (DASC) which is a
counter-flow heat exchanger, it transfers heat from nanofluid to preheat recycled brine. The DASC is
made up of a confined area through which the nanofluid moves and absorbs solar energy. The incident
radiation can pass through the transparent cover on the collector's top surface and reach the nanofluid.
After reaching the desired temperature, the nanofluid exits the collector and enters the counter-flow
heat exchanger, where it transfers heat to recycled brine that has already been heated and is leaving
the condenser tubes of the BR-MSF system’s first flashing stage (at temperature T1). The nanofluid is
then pumped back to the DASC to complete its cycle after exiting the heat exchanger.

The system resulted in a GOR of 11 to 14 and this model led to another concept of using a
parabolic trough collector system coupled with MSF
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Figure 5. Brine recirculation-multistage flash desalination system [47].

Alsehli [48] Experimentally Validated the Solar Powered MFD system withstand in the Storage
method. The output reflected that the process is well equipped to produce freshwater water
economically as 1.92 m? of solar thermal collector area wash enough for a daily yield of 19.7 kg of
fresh water with as low as $0.015 per liter. In another study, Babaeebazaz et al. [49] practically
evaluated a simple, twin-model, multi-stage flash desalination system featuring a vacuum pump, a
solar parabolic collector, and a conical cavity receiver was tested in practice. The freshwater yield
was 3.22 L per 5 hours in a day while the flow rate of feed water was heated to 94.25 °C.

Direct steam generation is one of those technologies capable of higher cycle temperature and
higher system efficiency and it is also a current trend of many researchers Vahland et al. [50]. In
continuation of the system, Khoshrou et al. [51] came up with a modification of Direct steam
generation as an alternative renewable energy source which resulted in 17.8 MW of fossil fuel energy
replacement with solar energy. And about 53 percent of feed water rejected to the sea is also conserved.

3.2.2. Multi-effect desalination

The several effects (single evaporators) of the multi-effect desalination system are linked in series
with a condenser, several feed water preheaters, and flashing chambers. Multi-effect desalination
systems typically come in three different shapes and sizes: parallel cross-feed forward feeds, and
reverse feed [52]. With the advent of technology, various innovative designs have been embedded with
the existing desalination techniques. For instance, d'Accadia et al. [53] and Calise et al. [54] studied
MED technology integrated with a polygeneration system in addition to the concentrating Photovoltaic
thermal collector, a boiler running on biofuel, and an absorption chiller, which was used for distant
and social services. In another study [55], multi-effect desalination with 3 to 14 evaporators resulted
in steam at 72 °C with a simple payback time of 12.5 to 15 years for polygeneration systems. The
studies on environmental analysis reflect that the freshwater produced by solar-driven-MED
prevents 10 kg of CO2z as compared to one produces with fossil fuels. In addition, the Linear Fresnel
collector proved to be more efficient than the parabolic trough collector for the MED system. The
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evacuated thermal collector was investigated by Xiaohua et al. [56] That ranges between 84 °C to 94 °C.
The results indicated that the system produces 35 m*/day at a minimum cost of 3.64 $/m® when the
collector area is 6000 m?,

3.2.3. Thermally driven membrane desalination

The vapor partial pressure differential of the two streams on the membrane sides, which is a
function of the temperature difference across the membrane, is what drives permeation over the
membrane during membrane desalination, which is a thermally driven separation process. Although
many desalination methods have been developed, they are quite energy-intensive. On the other hand,
membrane distillation (MD), which depends on heat energy to function, is a fortunate technology.
Geothermal energy, thermal collectors, and waste heat from various thermal systems can all be used
to harvest thermal energy from solar energy [57]. Even in industries, a huge amount of waste heat is
unloaded into the atmosphere which, if utilized, could greatly benefit both community and industry.
Various desalination techniques have been invented, but they require an enormous amount of energy.
But, membrane distillation (MD) offers to be a promising technology since its dependence on thermal
energy to work. as required energy could be extracted from solar radiations using collectors,
geothermal energy, and waste heat of different thermal systems [57]. Membrane desalination
technology has vast applications ranging from pharmaceuticals to juices, industrial waste treatment to
textile and chemical treatments [58]. In distant locations where solar energy is available, membrane
desalination proved to be competitive and economical [59]. Thomas et al. [60] Studied the phases of
membrane desalination and came across three distinct phases. First, the initiation phase (1970-1990),
then the emergence phase (1991-2010), and finally the growth phase (2010-2016). The recent
development in photothermal material has also paved the way for the MD desalination system;
photothermal efficiency has become an important variable for the MD system's operation. The
materials can absorb the entire solar radiation, with a wavelength of 250-2500 nm. The materials used
are semiconductors combined with organic-inorganic and metallic semiconductors. Until now,
numerous MD units have been designed and investigated using solar thermal energy devices such as
flat plate thermal collectors (FPC) [61], evacuated tube collectors [62], compound parabolic
collectors (CPC) [62], solar ponds [63] and solar still [64]. There are four common MD configurations: (1)
direct contact membrane distillation (DCMD), (2) air gap membrane distillation (AGMD), (3)
sweeping gas MD, and (4) vacuum MD, of all this paper discusses only DCMD system.

3.2.3.1.  Direct contact membrane desalination

Direct-contact membrane-based desalination systems involve fluids that are in direct junctions
with the membrane on both the hot and cold sides. The heated saline water flows through the feed side
of the module with adequate energy for evaporation. When the evaporated water travels the membrane
sides, it condenses on the permeate side where cold water continually circulates [65]. The thermal
energy required for the evaporation of water molecules is provided by the use of flat plate thermal
collectors, evacuated tube collectors, parabolic concentrators, and salinity gradient pools [66].
Whereas, the electrical energy required for the operation of electrical devices, such as pumps, is
provided by the use of PV panels, also known as the stand-alone way [67,68]. Figure 6 shows the
single-loop and double-loop solar powered desalination systems. Between them, the dual loop is
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mostly preferred to avoid corrosion due to saline water. The first method is to continue use the heated
saline water in the MD module, while the second one uses heat storage tank to increase the output with
smooth flow [69,70].

Heat
exchanger

(A)

Distillate

..................................................................................................................................................................

Figure 6. Solar-powered MD system: (a) single-loop, and (b) two-loop [70].

This evaporation and condensation are responsible for the temperature gradient which results in
vapor pressure difference [71]. Moreover, the DCMD technique needs lower pre-treatment [69]. It has
lower losses of heat, is suitable for low pressures, is easy to comprehend the operation and greater
efficiencies, and requires the least equipment [72]. For better performance of the DCMD process, it is
suggested to use a low-cost heating source [73]. In addition, even moderate temperature could be the
driving force across the membrane empowering the amalgamation of the DCMD system with solar
thermal energy. The solution to water scarcity is also a sustainable solution by eliminating salts and
other unwanted minerals from salty water available to engender fresh drinkable water [74]. Several
researchers, up to date, attempted to put forward cutting-edge designs to conciliate solar energy with
the DCMD system. Nakoa et al. [75] presented a sustainable method of desalination with negligible
liquid leaving out. The system is amalgamated into a salinity gradient solar pool and uses DCMD
technology. The technology includes the solar heating of saline water and various research works are
continued on it. Shafeian et al. [76] proposed amalgamated membrane-based vacuum glass tubes added
to the desalination system to improve its capacity to absorb sun energy units. Experimental
investigations on the system's performance—uwithout the cooling unit in Case I, with it in Case II,
and without it in Case Ill—in summer and winter (Case Ill). The system's overall efficiency
increased from 46.6% in Case | to 61.8% in Case Il, demonstrating the cooling unit's technical
performance when installed in the system's permeate flow loop. The production of the system is shown
in Figure 7 which states that in case | the maximum fresh water production rate, at 14:30, is 3.8 L/m?.
However, in case Il the production rate is 4.7 L/m? which is greater than the case I. At last, the case Il
yields the lowest of all cases, around 2.2 L/m?.

AIMS Energy Volume 11, Issue 2, 293-318.



305

@ Case [ Total Uncertainty: = 1.8%
mCase 11
4 @ Case ITT
g
=
8 9
g Ny % % o %3. - %\S \& %
£ N B N = N N e R R \S \;
O Ok E
9:30 10:30 11:30 12:30 13:30 14:30 15:30 16:30

Time

Figure 7. Hourly average freshwater production rate of the solar desalination system [76].

Another proposed model of DCMD system is shown in the schematic diagram, Figure 8. The DC
pump will pump the saline water from storage tank 1 into the thermal collector; the flow rate of the
DC pump is regulated by the control valve. The control valve regulates the flow by varying the opening
of the valve. The saline water after absorbing heat is stored in tank 2; where another dc pump throws
the feed into the cascade of the feed loop. On the other hand, a cold permeate is stored in tank 3, where
permeate pump pumps the cold stream into the DCMD unit's cold side and vapors from a hot stream
are condensed. The permeate flux is stored in the tank from where it can be extracted.
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Figure 8. Schematic diagram of solar driven DCMD desalination model.
Bouguecha et al. [77] proposed a thermal collector of flat plate design to run a solar DCMD

system and provided valuable results of the system. Huang et al. [78] presented work on solar
membrane desalination enabled by PVDF membrane and localized heating. Ma et al. [79] using
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concurrently equations of mass and heat transfer studied the relationship between a thermal collector
of flat plate shape to a DCMD unit of weensy size for distant areas. Kim et al. [80] present direct
contact membrane distillation (DCMD) system obliged with solar energy for the energy recovery
concepts using a temperature-modulating scheme for the working of the whole day. Tlili et al. [81]
presented a single-dimensional unique design to evaluate the effects of different functioning and
geometric variables on the energy utilization of DCMD processes which helps in building the basic
concept of the system. Krnac et al. [82] used a concentric photovoltaic (CPV) and DCMD hybrid
system to produce fresh water. The membrane-based desalination system could be coupled with waste
heat to desalinate water. The use of low-grade energy has attracted the concern of various researchers.
Lagbaqbi et al. [83] presented work on the desalination process that was utilized for dye solution of
textile wastewater treatment operating polyvinylidene fluoride (P\VDF) membrane’s thin sheet. Kumar
et al. [84] presented a review of the innovation of solar thermal energy technologies. These
technologies mainly deal with industrial process heat and its prospects. It is an extensive compilation
of solar thermal energy and its uses in various processes. The work presents different types of thermal
collectors and their subdivisions and sun-tracking technologies. Morave et al. [85] presented a
performance evaluation of an innovative design in thermal collectors. It is a flat-panel collector with a
circular shape and spiral pipes and their efficiency comparison shows that the change in the shape of
the collector to circular has resulted in higher efficiency than that of the rectangular-shaped collector.
Kumar et al. [86] carried out the modeling and outdoor experimental performance analysis of a solar-
assisted process heating (SAPH) system for industrial process heat. Nanophotonics-enabled solar
membrane distillation system was proposed by a group at Rice University. The concept utilizes
nanoparticle-assisted solar vaporization. The comparison of conventional and nanoparticle embedded
is shown in Figure 9 [87].
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Figure 9. Comparison of MD with (A) conventional PVDF membrane and (B) PVDF
membrane deposited with a layer of carbon black-embedded electrospun PVA [87].

The use of nanoparticles embedded in electro-spun polyvinyl alcohol layered in conventional

PVDF MD membrane [87]. The localized heating resulted in 99.5% salt rejection and 5.38 kg/m?h
of flux.
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4. Recent trends
4.1.  Special wettability membranes in MD technology

In solar-driven MD systems, vapors transfer matter the most. MD membranes are usually porous
and hydrophobic to avoid being wet. The full-scale application of MD systems has been hampered by the
present membranes' low wetting resilience [88]. For DCMD utilizing 0.5 M NaCl as feed, Li et al. [89]
modified quartz fiber membranes with alkylsilane molecules and discovered that the least wetting-
resistant membrane had twice the vapor transfer of the most wetting-resistant membrane. To increase
hydrophobicity, Xie et al. [90] applied spray-coated CNTs to three distinct substrates:
polytetrafluoroethylene (PTFE), polypropylene (PP), and polyvinylidene fluoride (PVDF). By
fluorinating the ZnO blended electrospun PVDF membrane, Li et al. [91] created a super hydrophobic
PDTS-ZnO-PVDF membrane. The type of ions in the feed affected the wetting resistance, with CaSOa
and SDS increasing membrane wetting. Cross-linked PVDF-based hollow-fiber membranes with dual
wettability were created by Zou et al. [92]. The thick hydrophilic layer was created using a PVDF/PEG
blend, and both layers were created by spinning PVDF. A mixture of PVDF, ammonium, and water
with varying ammonium and water contents was used to make the dope solution for spinning. For
seawater desalination, they reported outstanding performance with flux as high as 97.6 kg/m?h
and 99.9% rejection. Yin et al. [93] compared the effects of gypsum and silica scaling in MD on a
hydrophobic membrane, a hydrophilic-hydrophobic membrane, and a superhydrophobic membrane.

4.2.  Localized heating in MD

In membrane desalination, the temperature gradient between the sides of the membrane is usually
lower than the temperature gradient between feed and permeate [94]. The recent trend of photothermal
materials is overcoming this problem through localized heating, which in fact, increases the
temperature gradient at the sides of the membrane than bulk fluid and hence enhances MD
performance [95], the schematic depicts the technique in Figure 10.

Sun light

Source water

Photo-thermal layer

Membrane

Distillate

Figure 10. Localized heating using photothermal materials [95].
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Some of the studies reflect that solar vapor generation has already reached the limits of its
efficiency. The following tactics are still the most effective for maximizing STD performance: (1)
light-to-heat energy conversion; (ii) thermal vapor creation; and (iii) vapor-to-water condensation [97].
Traditional solar-powered thermal desalination requires a lot of land surface area and, consequently, a
lot of solar radiation-concentrating equipment with a big surface area. Compared to the usage of
traditional fuels, this has an adverse economic impact. Among many others, Zheng and Hatzell have
established a technical and economic model for the optimization of RO thermal water desalination
systems utilizing solar energy [13]. Based on theoretical data, they analyzed the conditions prevailing
in seven U.S. coastal cities and concluded that the optimal location in Miami (Florida). The results
obtained in their technological and economic model indicated that the discounted cost of freshwater
production at the rate of 1000 m®/day given a solar collector unit price of USD 100/m? and collectors
operating at 40% efficiency would be USD $0.97 per 1 m® of pure water [13], which is indeed an
impressive achievement in comparison with the observed global trends in the unit cost of obtaining
water fit for human consumption both in systems with and without desalination techniques.

4.3.  Integration of solar PV and RO

The most widely used and researched renewable desalination methods today are the solar
photovoltaic integrated RO desalination process, the hybrid solar photovoltaic-wind integrated RO
desalination technique, the hybrid solar photovoltaic-thermal (PVT) incorporated RO desalination
technique, and the hybrid solar photovoltaic-thermal effect distillation (PVT-MED) desalination
process. However, significant research is still needed underway to lower costs, reduce heat loss,
improve performance, and boost output [96,97].

5. Future prospects
5.1. Forward osmosis

Forward osmosis is a form of desalination procedure that is osmotically or salinity gradient-driven
and involves the preferential movement of water over a semi-permeable membrane. Unlike other
membrane-based desalination methods, FO requires minimal energy, lower fouling, and lower
operational and capital costs. The power consumption of FO energy can be as low as 0.25 kWh/m? for
pumping a fluid. Solar thermal energy, in various ways, can provide the energy required to operate the
system. According to recent statistical research by Ang et al. [98], the amount of literature on FO has
steadily climbed since 2009, reaching over 250 annual publications between 2016 and 2018. The
research is underway in the following areas:

* Real-time observation in FO
* Modulation of the support layer

» Alteration of the active layer employing nanomaterials
5.2.  Desalination system driven by hybrid RE

Solar-powered desalination technigues have the potential in the future in terms of efficiency, cost
savings, and/or performance. Since solar energy is intermittent, the fluctuations could be greatly
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reduced when a hybrid system is coupled. For instance, a hybrid PV-thermal MD system would prove
to be much more efficient than standalone MD [99]. Figure 11 shows a hybrid solar powered MD
system with a PV panels, wind energy and biomass. The output of standalone solar driven MD system
decreases in the absence of sunlight, but when a hybrid renewable energy source is attached which
supplies electricity with the help of batteries in the absence of light, the efficiency of the system will
greatly improve. For instance, an electric heater is connected to the system that stores solar energy and
provides heat in the absence of sunlight, the efficiency of the system would greatly increases. The
scientific community has paid particular attention to the use of hybrid RE systems to power
desalination.

(a) PV

Heat supply Electricity (B) Wind energy

supply

j

]|

Solar thermal collector

L —@ (c) Biomass

Figure 11. Schematic of a Hybrid solar-powered MD system with either stand alone or
with (a) PV, (b) wind energy, and (c) biomass.

5.3.  Dewvaporation

Shifting to different, less-discovered desalination methods is one of the future trends in solar
desalination. Dewvaporation is one such approach that has the potential for solar-powered desalination.
In the dewvaporation method, saturated steam is used as a carrier gas to convert water into steam from
saline input into the distillate [100]. It offers the benefit of energy reuse, depending on the use of heat
exchangers and improved process design. It has been suggested that a solar-powered dewvaporation
device be created for the desalination of salt water. By scientific publication, they adhered gold
nanoparticles to the PMMA surface to achieve a water evaporation conversion efficiency of more
than 50%.
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5.4. Membrane desalination with special wettability and localized heating

The localized heating improves MD performance by increasing the temperature difference at the
sidewalls of the membrane over bulk fluid. It would make the system compact and more efficient. The
special attention to wettability is also going to make significant results.

Particular membrane wettability, to avoid becoming wet, MD membranes are typically permeable
and hydrophobic. The poor wetting resistance of the current membranes has prevented MD systems
from being used on a large scale. Hydrophobicity is related to a decreased vapor flux at the same time.
Another modified quartz fiber membranes with alkylsilane molecules and discovered that, for DCMD
utilizing 0.5 M NacCl as feed, the least wetting-resistant membrane had twice the vapor flux of the most
wetting-resistant membrane. Scientists are investigating membranes with particular wettability as a
result of this trade-off between vapor flux and wetting resistance [101].

5.5.  Hybrid desalination technologies

One intriguing direction for research on new desalination technology is the hybridization of two
or more processes. The goal of hybridization is to raise the overall efficiency of desalination plants
by overcoming the constraints of different systems and attaining comparative advantage [102]. The
phrase “hybrid desalination systems” used to only refer to thermal RO systems like MSF-RO and
MED-RO; however, more recent literature reveals a wide range of hybrid system choices.

5.6.  Environmental friendly desalination

Desalination processes still require a lot of energy and contribute significantly to greenhouse
gas (GHG) emissions, despite significant progress in the direction of energy-efficient desalination.
Although less than thermal processes, the carbon footprint of Sea Water Reverse Osmosis can
reach 6.7 kg CO2 eq/m?® [103]. Due to this, locals and environmental organizations occasionally oppose
plans to construct desalination plants. Low-carbon technologies are probably going to be crucial in
reducing the environmental impact of desalination and increasing public support for it.

6. Conclusions

The paper has reviewed solar thermal desalination with more focus on emerging and future trends.
Reviewing the available literature, it can be concluded that the recent trends have greatly increased the
efficiency of the systems. The emergence of nanoparticles and localized heating in solar desalination
systems have greatly benefited in reducing energy consumption and enhancing the performance of the
system. The development of photo-thermal materials enabled localized heating at the membrane
surface and improve MD performance; solar power combined with emerging processes like membrane
distillation (MD) has also had a recent resurgence. The future holds unprecedented improvements in
desalination technologies in terms of energy savings. Solar energy's potential to power more
contemporary processes like forward osmosis and dewvaporation has also been considered, as well as
prospects for hybrid solar PV-wind energy systems. With the availability of special wettability
membranes, the rate of vapor transfer has significantly increased. Desalination powered by solar
energy is a field of study that is expanding quickly and has made major strides in recent years.
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Desalination is being driven by renewable energy sources due to rising capacity of technologies, an
unavoidable need for mitigating carbon emissions, and the prevention of the harmful consequences of
global warming. Particularly, since freshwater shortage and sun irradiation coincide in many locations,
an ideal energy source for desalination is solar energy.

7. Future recommendation

There have been fewer experimental studies on the Hybrid MD technology than theoretical ones.
The practical results would help in comprehending the feasibility of the system. The concentrated
thermal collectors propose a very promising technology to be integrated with the MSF desalination
system. The CSP is capable of coordinating Rankine Cycle and when integrated with MSF or MD, it
can yield beneficial results. The use of nanoparticle-assisted solar vaporization by using black carbon
nanoparticles embedded in electrospun polyvinyl alcohol layered in conventional PVDF MD
membrane is limited to the tedious area of the membrane and costly for a greater area. The work on
the feasibility of the mechanism for the large area would enable the commercialization of the system.
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