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Abstract: Solar desalination systems are a promising solution to the water scarcity problem since the
majority of the earth’s water resources are salty. With the increasing focus on desalination research,
many innovative methods are being developed to extract salts from saline water. Energy consumption
is a significant concern in desalination, and renewable energy, particularly solar energy, is considered
a viable alternative to fossil fuel energy. In this review, we will focus on direct and indirect solar
desalination methods, specifically traditional direct solar desalination methods such as solar still and
humidification dehumidification (HDH) desalination systems. We will also briefly discuss a recent
advancement in the desalination method known as the fogging process, which is a development of
the HDH desalination system.

Keywords: desalination; direct; indirect; solar; HDH; solar still; fog

1. Introduction

Access to clean, potable water is crucial for all living beings and is used for various
purposes such as drinking, household activities, agriculture, and industrial processes. The
annual minimum requirement for an individual’s potable water needs is estimated to be
approximately 1000 m? [1]. When the annual potable water supply for an individual falls
below 1000 m3, it is considered a severe crisis, while water stress starts between 1000 m>
and 1700 m> per person [2]. The impact of water scarcity affects many parts of the world,
with approximately 3.7 billion people currently experiencing water scarcity [3]. Unfortu-
nately, this number is expected to rise by almost 2 billion people by 2050 [3]. Consistent and
excessive use of potable water resources can lead to an environmental disaster. The Popu-
lation Action International Institute has estimated that by 2050, potable water sufficiency,
stress, and scarcity will be 58%, 24%, and 18%, respectively [4]. Figures 1 and 2 illustrate
the global potable water scarcity and stress, respectively, in 2007 and 1995/2025 [4,5]. The
demand for potable water has doubled from almost 4.2 million m? in the past 50 years to
30% of the accessible potable water supply by 2000, with estimates that it will reach 70%
by 2025 [2]. This consumption pattern creates a significant disparity between developed
and developing countries, with Egypt’s daily potable water consumption being less than
0.2 m® per person in contrast to Canada’s 0.274 m® per person in 2004 [6]. Figure 3 depicts
the daily use of potable water per person in 2010 and highlights the vast gap between
developed and developing countries [7].

According to The United Nations Children’s Fund (UNICEF), approximately 884 million
people utilize contaminated potable water. Nearly 60% of people were provided with
improved potable water via artificial means for drinking by public standpipes, boreholes,
protected springs, household connections, rainwater and a protected dug well [4]. Figure 4
indicates the global consumption of improved potable water in 2008 [8]. The aforemen-
tioned causes push researchers to provide a viable solution for water scarcity. One of these
solutions is desalination. Nowadays, the overwhelming majority of nations depend mainly
on desalination. Figure 5 indicates the amount of freshwater that could be produced using
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desalination. From this graph, we can observe that some desalination techniques could
offer up to 10° m3/d.
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Figure 1. Global potable water scarcity map in 2007 [4].
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Figure 2. Worldwide potable water stress in 1995 and 2025 [3].
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Figure 3. Daily use of potable water per person in different countries in 2010 [7].
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Figure 4. Worldwide use of potable water in 2008 [8].
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Figure 5. The performance of different desalination techniques.

2. Method of Desalination

The main concept of desalination is removing salts from water and it involves two

main methods:

1.  Thermal desalination: works by vaporizing the saline water to separate the salt and
then condensing the vapor. Therefore, heat is considered the main driving force to
separate water from salts, such as multi-effect desalination (MED), the humidification—
dehumidification method (HDH) and multi-stage flash desalination (MSF) [9]. The
main merit of thermal methods is using low-grade energy, flexibility and a simple

design. This process can be powered by solar energy.
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2. Membrane distillation: water vapor is forced to pass through a membrane, leaving salt
on one side. The main advantage of the membrane method is mass production. How-
ever, the main issue of desalination is reducing the energy required and increasing
the dependency on renewable energy as well.

3. Other methods such as chemical approaches, such as ion exchange, gas hydrate, and
liquid-to-liquid extraction, differ greatly from thermal and semi-permeable membrane
desalination. Ion exchange, for example, requires expensive chemicals and is only
practical for treating low-saline water.

Desalination also provides low-cost potable water between 0.5 USD/m?® and
1 USD/m?3 [10]. The global distribution of desalination technologies used between 2013
and 2014 is shown in Figure 5. Thermal desalination provides a great capacity of potable
water and can be classified into:

1.  Multi-stage flash (MSF).
2. Multi-effect evaporation (MEE) or multi-effect desalination (MED).
3. Thermal or mechanical vapor compression.

The MSF technique depends on the evaporation and condensation of water vapor. The
evaporation process is carried out by bulk liquid boiling and lowering its pressure. The
heat of condensation is used to preheat saline water in each stage. Approximately 40%
of desalination capacity results from multi-stage flash. Multi-effect evaporation (MEE) or
multi-effect desalination is similar to MSF but the vapor is condensed in the next successive
stage for utilizing the heat of condensation to produce more vapor. It is not widely used
because of problems concerning scaling of heat transfer tubes. However, it has more
attention due to its high efficiency. Lowering the pressure in each successive stage increases
the performance of MEE. The advantages of MEE are that it gives the flexibility to manage
for the high- or low-temperature setting and consequently reduces the scaling of corrosion.
However, scaling is still the main obstacle for MEE. The main difference between MSF
and MEE is that saline water is heated and evaporated by boiling in MEE, which results
in forming scaling on the surface of the tubes, meanwhile, saline water is heated without
boiling in MSF, and then the evaporation process occurs due to lowering the pressure in
the chamber and thus reducing the scaling on the surface of the tubes [11].

Vapor compression desalination processes depend on the reduction in pressure to
drive evaporation. Vapor is compressed by either a mechanical compressor (MVC) or
steam ejector (thermal vapor compression, TVC) to supply heat of evaporation [11]. Me-
chanical vapor compression systems generally have a single stage, while TVC systems
have multi-stages. The performance of TVC increases with increasing stages. Finally,
vapor compression systems are utilized for small to medium requirements [11]. Membrane
desalination processes are also crucial technologies for industrial desalination. It can be
categorized to reverse osmosis (RO) or electric dialysis (ED). Reverse osmosis relies on
increasing the pressure of the saline water to force it to pass through a membrane separating
the solute on one side and solvent on the other side. ED processes depend on electricity
for separating by a specific ion-exchange membrane, RO is used mainly for large-scale
desalination, and both RO and ED can be applied in case of low-salinity-water desalination.

3. Solar Desalination Techniques

The distinction between direct and indirect solar techniques is that solar heat is
used to evaporate the saline water, in the former, directly, and, in the latter, indirectly.
Regarding indirect solar systems, solar radiation is converted to electricity by photovoltaics,
in other words, heat from the sun is not applied directly to evaporate water. Most thermal
desalination systems employ different types of solar collectors such as MSF, MED, TVC,
and MD, whereas ED and RO techniques are integrated into PV systems. ED and RO
are mostly coupled with wind energy to provide electricity requirements [12]. Figure 6
indicates the categories of solar desalination systems.
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Figure 6. Solar desalination methods.

4. Review of Traditional Direct Solar Desalination Methods
4.1. Solar Still

Alaian et al. [13] investigated experimentally the productivity of solar still augmented
with pin finned wick and compared the result with conventional solar still. The area of the
basins was 80 x 125 cm, while the horizontal glass cover slope was 17° horizontal with
a 4 mm thickness. They used a pinned finned wick with a diameter of 1 cm and a height
of 9 cm as shown in Figure 7 so that the effect of the capillary tube could be significant.
Solar radiation, ambient temperature and the temperatures at various locations in the
systems are recorded under different weather conditions. The results show that the system
efficiency increases to 55% and the water productivity to more than 23% compared to the
conventional one. The increase in productivity was limited to 11.53% using a wick fin due
to the fluctuations of solar radiation. The performance of solar still varies with the change
in ambient conditions.

N

Figure 7. The experimental test unit [13].

Rajaseenivasan et al. [14] studied experimentally and theoretically the performance
of a glass basin solar still. They divided the basin into two sections by a glass plate as
shown in Figure 8. The lower one is assigned for preheating the saline water and provided
with hollow rectangular fins, which were filled with an energy-storing material. The upper
section was used for evaporating water. Feed water enters the preheater section and is
pre-heated by the absorber plate before entering the upper section through a small channel.
The depth of the preheater section could be changed from 2 cm to 8 cm with the aid of the
glass plate. The effect of preheated section depth on the still performance and productivity
was investigated as well as the type of energy-storing material. The results showed that
daytime productivity is adversely affected by increasing water depth contrary to nighttime.
The peak productivity of 3.61 kg/d is achieved when the charcoal material is applied. The
daily productivity of distillate water increased from 3.12 to 3.25 kg /day by reducing the
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depth of the preheater from 8 cm to 2 cm. It was found that the maximum enhancement in
the distillate water was 26.74% for river sand, 29.3% for metal scrap and 33.7% for charcoal.

Valve
I Glass Cover plate

Stopper

Fins with energy storing materials Preheater section
Glass plate

Figure 8. Solar still with preheater section [14].

Kabeel et al. [15] studied experimentally and theoretically the performance of stepped
solar still and compared their results with the conventional still as shown in Figure 9. Wicks
were added to the vertical sides of trays to increase productivity. The effect of the depth
and width of the trays of stepped solar still on the performance and productivity of the
solar still was investigated. The feed water was preheated using an evacuated tube solar
water heater to enhance the productivity of the stepped solar still. The results indicated that
the maximum performance reached 57.3% using trays of 5 mm depth and 120 mm height.
Additionally, it was noticed that preheating inlet water to the solar still increases slightly
the productivity and reduces the efficiency to half. The increase in productivity of stepped
solar still using wick on the vertical sides ranges from 3% to 5%. The cost of distillate per
liter was 0.039 USD for the stepped solar collector and 0.049 USD for the conventional solar
still with daily efficiency of 53% and 33.5%, respectively.
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Figure 9. Schematic diagram of the experimental device [15].

Kabeel and Mohamed [16] studied the performance of solar still using PCM as a
thermal storage medium as shown in Figure 10. The investigation was carried out experi-
mentally by fabricating two solar stills. The first is conventional and the second is solar still
with PCM. The experimental results show that the daily productivity for solar still with
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PCM is higher than that of the conventional solar still. The daily freshwater productivity
reached 7.54 L./m? compared to 4.51 L/m? for the conventional solar still. Finally, the cost
of both units per liter was approximately the same (0.03 USD for solar still with PCM and
0.032 USD and conventional solar still).

Feed

water

tank
Solar radiation

r W X

Collection
Trough

PCM

AN SN

NN\

SIS SSS

Fiberglass Wooden box Distilled water Saline water

Figure 10. Schematic diagram of the experimental work [16].

Samuel Hansen et al. [17] studied experimentally the performance analysis of inclined
solar still using different new wick materials and wire mesh. They used wood pulp paper
wick, wicking water coral fleece fabric and polystyrene sponge with different designs of
the basin (inclined solar still with flat absorber, stepped flat plate and mesh wire flat plate)
as shown in Figure 11. They studied the effect of different configurations of the basin shape
and wick materials on productivity and efficiency. The maximum yield reached 4.28 L/d
for water coral fleece fabric when used with a wire mesh stepped absorber plate. The daily
productivity increased by 71.2% for water coral fleece fabric with a wire mesh stepped
absorber plate.

Feed Water Tank

| Thermocol insulation

Figure 11. Photographic view of the inclined solar still and the wick material [17].

Anburaj et al. [18] studied experimentally the performance of an inclined still using
rectangular grooves and ridges in the absorber plate as shown in Figure 12. They investi-
gated experimentally the effect of declination angle with horizontal on the performance of
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the system. They tested a south-oriented absorber plate with 35°, 30° and 25° to the hori-
zontal. In addition, they performed a comparison of the effect of the wicking materials such
as (black cotton cloth, jute cloth, and waste cotton pieces) on productivity and efficiency.
The effect of placing porous materials such as (clay pots) and energy-storing materials such
as (mild steel pieces) by placing them in grooves was investigated. The results showed
that the productivity reached a peak of 3.77 L/d at an angle of 30° among the angles tested.
As a result, the best-inclined basin angle for the India location was recommended to be
30°. The productivity of solar still increased to 4.21 L/d when the black cotton cloth was
applied.

)

500

1035

€91

Front view
Scale: 1:10

1582

All dimensions are in mm

Figure 12. Schematic diagram of the inclined solar still [18].

El-Sebaii and El-Naggar [19] examined the performance of finned basin solar still as
shown in Figure 13 and compared the outputs with another flat basin solar still. They
used a wide range of liner materials as fins. Validation of the mathematical model was
carried out using one experimental case. Further, a cost analysis was performed based on
a year-round analysis. The outputs indicated that the average annual yield of the finned
still reached 1898.8 L/m? for the year when compared to conventional solar still with
1467.4 L/m2. Applying various fin materials did not enhance the performance greatly.
The production cost was 0.28, 0.21 and 0.20 LE/1 for copper, glass, and mica compared to
0.31 LE for the conventional type.
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Figure 13. The finned basin solar still [19].
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4.2. Solar Humidification De-Humidification Systems

Desalination is a natural process that occurs daily. In the morning, the sun heats saline
ocean water, which evaporates and humidifies the surrounding air. Humidified air rises,
and the vapor condensed in the sky forms clouds, which drop in the form of rain causing
dehumidification of air. Therefore, humidification—-dehumidification (HDH) desalination
processes are naturally found. The synthetic HDH desalination process depends on the
same idea.

The HDH desalination process depends mainly on three components

1.  The heating source—heat is supplied to saline water.
The humidifier—at which the air is humidified.
3. The dehumidifier—at which vapor condenses from the air [20].

Firstly, the air is humidified by spraying saline water in the air stream, then the air is
dehumidified by a condenser that holds saline cold water for the preheating process. HDH
process is a promising technique for desalination. This method is suitable for saline seawater
desalination. There are many advantages to these types such as simplicity, compact design,
low operating costs, flexibility in productivity and capability to use low-grade thermal
energy [20]. In these methods, saline water pretreatment is required to prevent scaling and
fouling of the humidifier.

4.2.1. Classification of HDH Systems

HDH desalination systems are categorized into three broad classifications. The first
category is based on the source of thermal energy used such as nuclear, solar, wind and
geothermal. The second category is based on cycle configurations. For instance, some
HDH systems use open-air, closed-water cycles (OACW) and closed-air, open-water cycles
(CAOW). Other systems use open-air, open-water cycles (OAOW), but it has low efficiency
and productivity. The third category is based on either air or water being heated or not.

4.2.2. Open-Air, Closed-Water (OACW) Cycle, Water Heater Systems

Heated saline water is pumped to the humidifier section where the air is delivered in
cold streams to get heated and humidified. The evaporation process results in the cooling of
saline water by the absorption of latent heat and air humidification. Then, the air is passed
through a condenser. At this point, the air is dehumidified, and the condensate is collected.
In these systems, the condensation process may be achieved by cooling streams of the
saline water out of the evaporation process and this has the advantage of using the heat of
condensation to preheat saline water before entering the heater again. Unfortunately, one
disadvantage of the OACW cycle is that when the humidification process does not cool the
sprayed saline water sufficiently, the saline water temperature at the inlet of the condenser
is higher, resulting in lower air dehumidification and lower distilled water production [11].

4.2.3. Closed-Air, Open-Water (CAOW) Cycles, Water Heater Systems

In these systems, the air is circulated into the falling hot saline water in the evaporation
section. The air is heated and humidified by the heated saline water before entering
the condenser and getting dehumidified. Finally, the air is recirculated by entering the
humidifier section again. The condensation process is achieved by saline seawater, which
is preheated before entering the heater. The productivity of such systems is high. However,
the power required for air circulation is higher. Experimental data collected from previous
research show that the efficiency of (CAOW) with natural circulation systems is better than
forced circulation systems [11].

4.2.4. Closed-Air, Open-Water (CAOW) Cycles, Air Heater Systems

The air is heated in the heater reaching between 80 and 90 °C and then enters the
humidifier section, where it is humidified and cooled by the saline water. The main
disadvantage of these systems is that higher energy consumption is required compared
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to water-heated systems. In air-heated systems, the air heats the water in the humidifier
and this energy is not subsequently recovered from the water. However, in water-heated
systems, the water stream is cooled in the humidifier and heat is recovered in the air stream.

Sharshir et al. [21] constructed a hybrid desalination system of an HDH unit integrated
with four solar stills. They used an evacuated tube solar collector for heating feed saline
water. Figure 14 shows the configuration of the whole system. Firstly, saline water is
pumped from a cold saline water tank to the dehumidifier section for preheating before
entering the solar collector. Heated saline water is sprayed in the humidifier section by a
circulation pump and a blower is used to circulate the air in a closed loop. For boosting the
yield, brine water that remains in the humidifier section is allowed to pass into four solar
stills. Some of the saline water found in the tank is drawn to individual solar still so that they
can compare the degree of productivity enhancement. It was found that the performance
of each solar still reached 90%, while the productivity of the solar stills integrated with
the system increased by 200% compared to conventional solar still. Moreover, the results
showed that the daily productivity of the hybrid system was 66.3 kg/d with GOR of 3.18.
Finally, the cost of the distillate water was 0.034 USD/kg.

Water sprayers
P \ Dehumidufier
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Figure 14. Experimental model of the hybrid desalination system [21].

Zubair et al. [22] studied the impact of geographic sites and feed saline water levels on
the performance of an HDH desalination setup coupled with an evacuated tube solar heater.
Air was circulated in a closed loop while the water loop was opened. Their setup involved
different capacities of the evacuated tube solar heater. They found that the ratio between
air and water rates should be 1.8 to maximize the performance. The system could reach
maximum productivity in summer. Additionally, the cost ranged from 0.032 USD/kg to
0.038 USD/kg according to the location. Nematollahi et al. [23] investigated experimentally
and theoretically the efficiency of an HDH desalination system coupled with a solar air
collector. Their study investigated the impact of humidifier dimensions, entrance air
temperature and the tower radius. They found that as the humidifier radius increases, the
exergtic efficiency increases. Further, raising inlet air temperature responded negatively
to system efficiency. Amer et al. [24] established an HDH desalination system. Both
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air and water were open loop circulated as highlighted in Figure 15. An air blower is
applied to pass air through the flat plate solar collector and the air is in the humidifier
section, which is a packed bed, and water is sprayed vertically downward. As a result,
the air is heated and humidified before entering the dehumidifier section, where it is
dehumidified by atmospheric air. Finally, the condensate is collected. They investigated
theoretically and experimentally the efficiency of this unit. The findings demonstrated that
productivity increased with increasing mass flow rates, whereas rising water temperatures
at the humidifier entrance increases the humidity ratio between the entrance and the exit
of the condenser. Furthermore, the productivity peaked at 5.8 kg/h using wooden slates
packing in the humidifier section with forced air circulation. Finally, it was remarked that
with higher saline water temperature, natural air circulation is preferable.

Gas conductor

Condensate

Packed bed
T—

Glass cover

Solar collector

Insulation
— Air direction
Absorber plate = Water direction

Figure 15. System schematic diagram [24].

Zhani and Ben Bacha [25] established a solar HDH desalination system. The main
system setup involved the evaporator and the condenser in the same unit as shown in
Figure 16. Their system comprised air and water solar heaters, a humidification unit, an
evaporation tower, and a condenser. Feed saline water enters the condenser and then
the solar collector for heating. After that, it is pumped into the dehumidifier section.
Meanwhile, the air is propelled by a fan to pass through the solar air collector entering
the humidifier. Consequently, the air is heated and dehumidified before entering the
condenser. Part of the hot saline water evaporates in the evaporator section. Finally, the
dehumidified air gets out from the condenser to the fan. Additionally, the impact of the
weather conditions on the performance of the system is studied. The outputs indicated that
the summer season involved maximum productivity. Additionally, no mentioned effect
of both solar insolation intensities and ambient temperatures on the temperature slopes
at various locations in the system had been noticed. Yuan and Zhang [26] developed a
mathematical model for a solar HDH desalination system. The system contained an air and
water-closed circulation loop. They found that increasing the water mass flow rate reduces
system productivity.
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Figure 16. Solar HDH desalination system [25].

Al-Hallaj et al. [27] built a solar HDH desalination system. The air loop was closed and
saline water was heated using either a solar flat plate heater or an electric heater, air was
naturally circulated in one experiment and was circulated using a fan in another experiment.
Saline water was preheated using the latent heat of condensation. Their results showed that
certain values of saline water rate maximize productivity. Further, forced air circulation
had no mentioned effect on the system productivity at a high temperature, approximately
70 °C, while forced air circulation had a superior impact at a low temperature. Therefore,
increasing air velocity was recommended at a lower temperature, approximately 50 °C.

Yamali and Solmus [28] investigated the performance of a solar HDH desalination
system. Their setup involved a humidifier, dehumidifier, two passes solar air heater and a
water storage tank in addition to a solar evacuated tube water heater type. The outputs
demonstrated that increasing the initial water temperature in the storage tank enhances the
system’s productivity. The saline water flow rate and mass flow rate of cooling water also
increase the productivity of the system as well. However, boosting the air flow rate had no
significant effect. The performance experienced a 15% decrease when the two passes solar
air heater was not applied to the system.

Orfi et al. [29] studied the design and construction of a solar HDH desalination unit
that applied a wetted wall vertical humidifier. Their system consisted of an evaporator,
condenser, two solar heaters, and the wetted type humidifier. Their mathematical model
also included heat and mass transfer analysis in different components. Their results showed
that certain values of saline water rate maximize productivity. El-Agouz [30] performed an
experimental and theoretical study to determine the effect of a bubble-column humidifier
on performance. Air enters slots beneath the water level in an evaporator by a compressor.
The evaporator contains electric heaters. As the mixture heats, the air is humidified and
rises upwards from the evaporator to the condenser which is run by cold seawater. As a
result, the air is dehumidified and released from the condenser. The condensate and brine
are collected. A manometer is fixed in the air path and a stem is fixed in the evaporator
to measure the pressure of the air and the level of saline water. His experimental work
investigated the effect of saline water temperature and the injection of airflow rate into the
water on the performance of the system. His outputs highlighted that the yield increases
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with the increase in saline water flow rates, whereas decreases with increasing airflow
rate. However, the impact of the water level was less significant on the productivity of
the system. The system productivity reached 8.2 kg, /h at a saline water temperature of
86 °C and an air mass flow rate of 14 kg, /h. Figure 17 indicates the experimental setup of
the system.
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Figure 17. HDH desalination system with bubble-column dehumidifier [30].

Tow and Lienhard [31] investigated theoretically and experimentally the design of a
bubble-column dehumidifier. As shown in Figure 18, moist warm air is injected through
a porous stainless steel cartridge sprager. Air bubbles are created and they are cooled by
insulated rubber tubing. As a result, water vapor is condensed and dehumidified air is out
from an upper hole. They found that decreasing the coil area decreased the effectiveness
of the dehumidifier and raised the heat flux. Similarly, increasing the airflow rate and
temperature resulted in the same effect on heat flux and effectiveness. However, there was
not any significant effect on both column heights or the number of bubbles. Finally, the air
gap beneath the column liquid boosted the heat transfer.

Muthusamy and Srithar [32] established a solar HDH desalination system that used
inserts in the air heater to enhance heat transfer and system performance. They tested three
types of inserts namely, cut-out conical tabulators with fins, the short length of twisted tape
with tapered form and half-perforated circular inserts with different orientation angles.
Further, they used two types of packing materials sawdust and gunny bag to increase the
rate of heat transfer.

They found an approximately 45% increase in system productivity with the twisted
tape of short length with a pitch ratio of 3 in the air heater, gunny bag in the humidifier
and spring in the dehumidifier. For one hour operating period, the productivity reached
0.67 kg per 0.0597 m? of the air heater. They investigated both the exergy and energy
efficiency of the system, which reached 38% and 44%, respectively. They concluded that
the enhancement of the heat transfer reached 9 times as compared with the conventional
one. Srithar and Rajaseenisaan [33] constructed experimentally an HDH system integrated
with a solar air heater, which contains tabulators and a bubble-column humidifier. They
investigated the humidifier performance with preheated air from the solar heater and
without it. Their results showed that preheating air increased the specific humidity of the
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air. Additionally, they investigated the effect of saline water depth and mass flow rate
when the humidifier was integrated with the solar heater to optimize performance. The
tabulator inserts increased specific humidity to 0.187 kg / kg, compared to 0.11 kg, /kga
without it. Consequently, the productivity reached 20.61 kg/m?-d.

Coolant inlet Coolant outlet

Cold dry air out

\\

Insulation

N

Rubber tubes

Potable water
outlet

Sparger

- - Warm, moist air inlet

Figure 18. Schematic diagram of the experimental dehumidifier [31].

Li et al. [34] developed an HDH desalination system connected to an evacuated tube
solar air heater as shown in Figure 19. They constructed the system with open-air and closed
saline water circulation. Air is pumped to the solar heater and then the humidifier where
saline water is sprayed by pump 1 from tank 1. The air is humidified and unevaporated
water returns to tank 1. Heated air enters the condenser which is cooled and dehumidified
by a closed loop of cold water. The cold water is circulated by pump 2 and the condensate
is collected at tank 3. The results showed that increasing spraying rates in the humidifier
from 9 °C to 27 °C enhance the water content from 89% to 97% and air temperature at
the humidifier exit from 35 °C to 42 °C, respectively. The maximum productivity was
1000 kg/d.

Yamali and Solmus [35] developed a theoretical model for solar-powered HDH units
to study the impact of weather conditions, kinds of air solar collectors, operating conditions
and other design parametric variables. Their system consisted of a humidifier unit, storage
tank, dehumidifier and two passes flat solar air collector. Their setup utilized heated air
with open circulation and unheated saline water with a closed loop. The results showed
that 8% increase in the system productivity when using a double-pass flat plate solar
air heater compared with a single-pass one. However, it was observed that the system
productivity decreased by 30% without the solar heater. Further, the outputs showed that
nearly 0.02 kg/s of air flow rates achieve the maximum productivity for the same saline
water. Moreover, increasing both saline water mass and initial saline water temperature
in the tank storage increased significantly the system performance. They found that the
efficiency of the system integrated with the double glass flat plate solar air heater is not
affected by wind speed compared to the single one.
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Figure 19. Experimental setup of the system [34].

Guofeng et al. [36] studied experimentally a pilot plant of an HDH desalination
system powered by a 100 m? evacuated tube solar air heater, 12 m? evacuated tube solar
water heater, humidifier unit and dehumidifying exchanger. Both pre-treatment and
post-treatment processes were performed to get potable water output. They found that
the productivity peaked at 1200 kg/d, at an average solar intensity of 550 W/m?. The
temperature of the air at the solar heater outlet reached 118 °C with average solar radiation
of 760 W/m?, moreover, the air temperature ranged from 40 °C to 55 °C and the relative
humidity changed between 80% and 90%. They conducted an economic analysis which
resulted in 2.7 USD/m? of distilled water.

Zhani [37] investigated theoretically and experimentally a solar-powered HDH desali-
nation system. His system was composed of a flat plate solar water collector, packed pad
humidifier unit and dehumidifier. His results showed that there is an optimum value of
the saline water mass flow rate, approximately 0.4 kg/s, at which the Gained Output Ratio
(GOR) is maximized. He also investigated the efficiency of the flat plate solar water collector.
He concluded that increasing the saline water mass flow rate increases the efficiency of
the solar collector. However, increasing the inlet saline water temperature decreases the
efficiency of the solar collector. Moreover, he concluded that low solar radiation intensity
decreases thermal efficiency. To summarize the previous literature review, Table 1 compares
the properties and performance of the various HDH systems.

4.3. Spray Evaporator Desalination Systems

Chen et al. [38] used a spray evaporator at low temperatures (15-55 °C) to promote
the evaporation process. This system was powered by a solar collector. Their system
applied a coil condenser and feed tank as shown in Figure 20. The solar heater is used to
heat the feed tank bypassing pure water in tubes. Heated saline water coming from the
feed tank is sprayed into the evaporator. The vapor is released up to the coil, where it is
condensed by brine water. Finally, condensate is collected and the brine is heated by the
heat of condensation before going to the tank again. They investigated the performance of
the system experimentally and theoretically. Moreover, they performed an exergy analysis
to evaluate the energy losses in their system. The results showed that the losses of solar
collector performance and spray evaporator were responsible for the inefficiency of the
system. Additionally, the maximum productivity was 30 kg/d at a solar collector area of
7.6 m? and a storage tank of size 305 kg under Singapore’s climatic conditions. They also
presented an optimized design capable of running in the long term.



Energies 2023, 16, 3957

16 of 31

M

A 4

Figure 20. Experimental setup of the solar desalination system [38].

Ikegami et al. [39] studied experimentally the process of spray flash process using
an upward spray. They carried out a comparison with the downward spray direction of
previous works [40] under the same conditions. Their system applied 20 mm internal
diameter stainless steel cylindrical steel sprayers with a length of 81.3 mm.

Heated saline water at 24.0, 30.0 and 40.0 °C with inlet velocity ranging from 1.74
to 3.62 m/s was injected into a high-pressure chamber. It was observed that the upward
flash evaporation completed shorter than the downward flash one as the mean velocity of
the spraying increased under the same inlet temperature of 24.0 °C. For the upward flash
evaporation at a spray temperature of 30 °C, the evaporation was completed at a short
vertical distance and lower velocity. They concluded that the higher the inlet temperature
was, the higher promoted flash evaporator was. Further, the empirical equation for the
downward spray direction is not valid for the upward one. For the downward spray,
lowering the mean velocity of the spraying boosted the evaporation process in contrast to
the evaporation process in the case of the upward spray.

Chen et al. [41] investigated theoretically the spray evaporation process based on
the droplets analysis. A mathematical model was developed and compared to previous
work. Their system used a nozzle with a diameter of 5 mm, which was directed vertically
downward as shown in Figure 21. Heated saline water is injected into the 5 mm nozzle,
which is directed vertically downwards. As a result, the vapor is collected by passing
through the demister and then to the condenser which is run by a cold saline water stream.
The results showed that the capability of the compact design of spray evaporators could be
achieved by producing smaller droplets, which in turn, promotes the evaporation rate. The
complete evaporation of the droplets can be achieved at a height of 900 mm downward
with droplet diameters of 500 um. Moreover, increasing the initial velocity of the droplets
decreased the thermal efficiency in contrast to the productivity, which increased due to the
increase in the mass flow rate.

Hamed et al. [42] experimentally and theoretically investigated a solar-powered
humidification—dehumidification desalination system integrated with an evacuated tube
solar water heater as shown in Figure 22. Firstly, saline water is pumped from a saline
water tank to the dehumidifier section for preheating before entering the solar collector.
Heated saline water is sprayed in the humidifier section by a circulation pump. Air is forced
circulated at a closed loop. Temperature is measured at various locations in the system



Energies 2023, 16, 3957

17 of 31

using thermocouples connected to a temperature recorder integrated with a computer. They
tested their system in two sets of experiments. The first was from 9 AM to 5 PM, whereas
the second was from 1 AM to 5 PM after preheating the saline water. The results showed
that the 4 h operating system has higher performance with 22 kg/d compared to the 8 h
operating system with 16 kg/d. Moreover, productivity increased by raising saline water
temperatures at the humidifier inlet. There was a good agreement between experimental
and theoretical work. Finally, it was reported that the cost was 0.0578 USD/kg.

(®)

Cold
seawater

Single droplet

Demister
.—"

Superheated
seawater

my,Tig

Distillate

Droplet

Vapor

‘olidjet{ ‘

® o @
oo o000
® 200 00
o000 O® 00
e o000 OO
® o0 0000000
o000 00® S0 00

1y, Ty

Brine drainage

Figure 21. Schematic drawing of (a) the spray evaporator and (b) a single droplet [41].

Figure 22. Schematic drawing of the system [42].
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Prakash Narayan et al. [43] reviewed previous techniques related to HDH and pre-
sented a theoretical study to improve or optimize the HDH desalination technique. They
reached high system performance by multi-extraction, multi-pressure and thermal vapor
compression cycles. They reached better performance other than conventional systems. The
best performance was 5 (GOR). Prakash Narayan et al. [44] discussed various small-scale
solar HDH desalination systems in terms of the limitations, classifications and components
of solar HDH desalination cycles. They also presented some other alternative similar
HDH cycles. In the last paragraphs, they outlined some improvements for HDH cycles.
Mistry et al. [45] tried to investigate the performance of thermal desalination systems in
terms of second-law efficiency. They defined the second law as the minimum required
power to separate water from the salt of a unit of saline water. They applied mathematical
models to estimate the amount of entropy generation throughout the cycle components and
processes. The main advantage of their models was their ability to estimate the entropy gen-
eration for different desalination techniques such as MED, MFD, MD, RO, HDH, and vapor
compression cycles. Additionally, they recommended considering chemical and physical
exergy when calculating the exergy. The obvious difference between the exergy efficiency
and the second law efficiency is that the former compares the possible efficiencies with
respect to the ambient conditions, in other words, the dead state while the latter considers
the operating conditions when efficiencies are being calculated. As shown in Figure 23,
ELzayed et al. [46] tried to enhance the performance of the HDH desalination system by
reaching a thermodynamic balance between different streams in different processes. They
presented their data in a temperature enthalpy diagram and defined some parameters such
as dimensionless enthalpy pinch to measure the degree of thermal efficiency. Additionally,
they did an economic analysis to observe the feasibility of this method to reduce the cost
of production. The results indicated that this model can reduce the cost by 40%. The
outputs also showed that the dehumidifier is the key factor more than the humidifier in
determining GOR.

Water heater

Humidifier
Dehumidifier

U tube manometer

Pump Water flow meter

Fresh water tank

Supply tank

Figure 23. Schematic drawing of the system [46].
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Table 1. Summary of HDH desalination systems.
No. Reference Year Setup Humidifier Dehumidifier Productivity Performance Cost
Hybrid desalination
Sharshir et al. system of an HDH unit . . o .
1 1] 2016 integrated with four Packing material cellulose type Copper coil with corrugated fins 66.3kg/d (GOR) 3.18 0.034 USD/kg
solar stills
. Solar HDH desalination
Zubair et al.
2 [22] 2017 (evacuated tube solar - - 2.2197 kg/h (GOR) 1.85 0.032 USD/kg
water heater)
3 Nematollahi 2013 Solar HDH desalination ~ Cylindrical galvanized iron tube A galvanized shell-and-tube heat 017 ke /m2h ) }
et al. [23] system filled with Pall Rings exchanger ’ &
The dimensions of the
Packed bed condensation tower are 200 cm in
Amer et al Conventional HDH ((gunny b ac f th)e (pl d height, 40 cm in length, and
4 orerak 2009 desalination system Uiy bag coty), \Pywoo 50 cm in width. A copper tube 58L/h - -
[24] slates) and (PVC o
(CAOW) sheets)) formed as a coil is used as a
condenser of 15 m in length and
1.27 cm outer diameter.
Textile (viscose) surface is used as . .
acking to increase the interface Dismantled copper vertical rows,
Zhani and Ben Solar HDH desalination  © to ensure their maintenance, and Maximum
5 Bacha [25] 2010 system area between organized in a triangular (21.7 kg/day) ) 1.6€/day
4 the air and water, which form the & & /Kg/qay
arrangement
wetted surface
Yuan and 24 h/d operating HDH Closed tower structure tank 5
6 Zhang [26] 2007 desalination system driven by blowers 52kg/m"/d
. Conventional solar . Cooling tower Galvanized steel plates. A copper Peak hourly
Al-Hallaj et al. .. built of wooden structure and tube was welded to .. Performance
7 1998 HDH desalination . - i . . productivity
[27] fixed in the second the dehumidifier plate in a helical 5 factor =1.8
system d 0.7 kg/m*-h
uct shape
A double-pass flat-plate Four pads in series, made of Three-air cooler heat exchangers
8 Yamali and 2008 solar plastic material manufactured with copper tubes 25ke/h ) .
Solmus [28] air heater HDH and it forms the wetted surface of and corrugated K8

desalination system.

the humidifier

aluminium fins
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Table 1. Cont.

No. Reference Year Setup Humidifier Dehumidifier Productivity Performance Cost
Five parallel plates made of
. Solar HDH desalination wood and Two rows of
? Orfietal. [29] 2004 system covered with textile (cotton) are long cylinders made of copper ) i )
fixed
HDH desalination -
10 EBl-Agouz[30] 2010 system (air through Bubble-column humidifier A two-shell and tube heat 822kg/h Efficiency 046 USD/kg
exchanger ~80%
seawater)
Tow and Direct-contact Direct-contact Df(}hutrirélckﬁer
11 owa 2014 dehumidification in - dehumidification in bubble - erecTveness -
Lienhard [31] peaked at
bubble columns columns
nearly 0.99
Made of polyvinyl
Muthusamy HDH desalination Cgigrr;ife?;?;g(l)} fncr)i 1hSezi r?én Shell and 4;2’:;:52‘%?’
12 and Srithar 2015 system using various . sht tube condenser with one shell 0.340 kg/h o yr -
. packing 38% exergy
[32] inserts . . and 5 tube passes -
materials are arranged in two efficiency
layers
Srithar and Single-basin single-slope solar
13 Rajaseenisaan 2017 Solar HDH desalination  still with the provision for the air ~ The glass covering the solar still ~ 20.61 kg/m?-d - -
[33] inlet and outlet
Solar HDH desalination Oni;ﬁﬁf:i?;i;gfi;ig}? ted A chamber with a rectangular
14 Liet al. [34] 2014 (solar air heater with . ¢ cross-section; two rows of long 1000 L/day - -
constitutes the large and wetted
evacuated tubes) tubes made of copper
surface
Yamali and Solar HDH desalination
15 2007 system (double-pass flat - - 10 kg/day - -
Solmus [35] .
plate solar air heater)
Covered with polyurethane
Guofene et al Solar HDH desalination ~ sandwich panels, of which the Fin-tube heat exchanger with no
16 [ 6g] ' 2011 system (air and water upper and lower boards insulation between the 1000 L/day - 19.2 Yuan/m3

solar heaters)

were pre-painted stainless steel
sheets

humidifier section
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Table 1. Cont.

No Reference Year Setup Humidifier Dehumidifier Productivity Performance Cost
Mathematical model of Packed bed “horn trees or palm The condensation chamber
17 Zhani [37] 2013 solar HDH desalination tree leaves” P contains polypropylene ~2.25kg/h (GOR) ~ 3.0 -
system condensation plates
Naravan et al Theoretical
18 EEB] ’ 2009 improvement of HDH - - - (GOR) ~ 5.0 -
desalination systems
Prakash
19 Narayan et al. 2010 Review paper with novel proposals for improvement
[44]
Investigate the
20 Mistry et al. 2011 performance of FIDH in Present physical models that could be applied to different thermal desalination systems
[45] terms of second-law
efficiency
Enhance the 1.7 m height structured packing Fin-tube copper coils through
performance of HDH by humidifier with a square which water partially gains heat reduce the cost
ELzayed et al. reaching cross-sectional area of indirectly from moist air. The
21 2020 . 5 . . 11.5L/h (GOR) ~ 0.99 by 40%
[46] thermodynamics 30 x 30 cm” made of galvanized copper coils have a square (0.033 USD/L.)
balancing in different mild steel sheets of 1 mm dimension of 30 cm x 30 cm and ’ ’
components thickness the coil diameter is 1/4 inches
22 Lienhard [47] 2019 Book chapter discussed some problems such as energy consumption and the effectiveness of different processes
Lawal et al A hybrid system of MSF
23 (48] ' 2021 and HDH desalination - - 5L/h (GOR) ~873  1.068 USD/m3
system
Soomro et al Solar HDH desalination
24 ' 2021 system powered by - - 6.2kg/h (GOR) ~ 3.35 -

[49]

air-water solar heater
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Lienhard [47] discussed various types of HDH desalination cycles and handled some
crucial issues such as energy consumption and the effectiveness through different processes,
and the amount of mass extracted and injected to enhance system performance. He also
discussed the idea of a bubble-column dehumidifier. As shown in Figure 24, Lawal et al. [48]
enhanced both the performance and productivity of a MSF system by integration with
HDH. Their main idea was to recover energy from the MSF system. They used the cooling
water from the condenser to provide the humidifier with the required hot water. Their
hybrid system achieved 8.73 (GOR) and the cost was 1.068 USD/m?. As shown in Figure 25,
Soomro et al. [49] investigated the performance of a solar HDH desalination system. The
main difference in this study is that they preheated both air and water using one solar
heater to increase the performance of the system. The maximum hourly productivity was
6.2 kg and the maximum GOR was 3.35 for June.
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Figure 24. Schematic drawing of the system [48].
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5. Recent Solar Membrane Desalination Systems

MD is another thermal distillation method. A membrane with a given porosity is used
to separate the water vapor from salt. The main idea is that the porous material allows
the vapor to pass into the other side, leaving the saline water on one side [50,51]. Much
research has discussed hybrid solar-powered membrane desalination systems to enhance
the overall system performance by recovering energy from the MD. Mohan et al. [52]
examined a novel hybrid desalination system using various types of solar heaters under a
United Arab Emirates climate. Their system contains a MD unit, an absorption refrigeration
unit and solar heater modules as indicated in Figure 26 [53]. Their study tried to optimize
the system performance by investigating the solar area and slope of the solar heater, water
mass flow rates, and storing capacity. The project lifetime is 520,000 USD with 6.75 years
lowest recovery period. The maximum cooling load was 35 kW and the maximum yield
was 80 L/h per year.
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Figure 26. Schematic drawing of the system [53].

Byrne et al. [54] established a mathematical model of a membrane distillation heat
pump for a desalination cooling design to calculate the resulting potable water as a function
of the cooling load. The results indicated that the studied configuration offers better
perspectives than the RO system under the same produced water and the same cooling
capacity. Ghaffour et al. [55] studied a hybrid membrane cooling adsorption distillation
system powered by solar, geothermal or waste energy. The outputs indicated that the
specific energy consumption of the proposed system is less than 1.5 kWh/m3 with 8 m3.
Shafieian et al. [56] introduced the heat from exhaust fumes and cooling marine engines
to supply heat for the MD absorption system. Ayou et al. [57] theoretically examined the
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exergy and energy of MD absorption design run by solar and biomass energy. The total
water produced is 41.4 m3/day. The cooling capacity is 130 kW. The findings from the
majority of previous research indicated that hybrid systems are an excellent way to enhance
the performance of the system and effectively reduce costs.

6. Recent Direct Solar Desalination Systems

In their review paper, Ahmed et al. [58] presented a future look of solar-powered
desalination systems. Later, Abu EL-Maaty et al. [59,60] investigated the fogging technique
in solar-powered desalination processes as shown in Figure 27 as follows. Hot water is
misted and sprayed upwards by a fog pump. This pump is reciprocated and selected
to produce a high-pressure mist through a very small-orifice nozzle. A vertical fine mist
stream is promoted. Depending on the experimental findings, the fog was able to overcome
gravity and is released upwards to high levels. The condensation process at different
upper heights indicated that this method is capable of distilling saline water. Since the
ultimate goal is to produce potable water at high rates, a heat exchanger is fixed in the track
of the mist to stimulate the evaporation of the droplets which are not fully evaporated.
Additionally, introducing a heat exchanger creates a high-temperature difference between
the heat exchanger and the condenser, so the air that existed inside the duct is heated and
humidified on one a lower level and cooled and de-humified at a higher level, enabling a
natural circulation process. Finally, this method applies three effects—very small saline
droplets, heating the mist track, and the natural circulation of air.
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Figure 27. The technique of fog desalination [59].

The setup was designed at Mansoura University, Egypt. The mechanism involves
two sections: the fog process section and the solar heater (ETSWH). Figure 28 shows the
schematic diagram of the system. Hot saline water from the solar heater (7) is injected using
a 60 W fog pump (1) through two fog nozzles. These nozzles have orifices of 100 pm. Fog
nozzles are directed vertically and fixed in a square tank (2) with a length of 0.33 m and a
height of 0.76 m. Above this tank, a transparent square duct is placed with a length of 0.33 m
and a height of 1.07 m (3). This duct aims to make the flow visible. A solar-powered heater
of the finned tube type (4) is placed in this transparent duct at a distance of 0.33 m above
the lower edge of this duct. The heater surface also functions as a tool for reducing the fog
salinity by preventing the high-density droplets from flowing up with the lower-density
stream. As a result, both air and fog are heated before rising to the horizontal duct (5) of
0.33 m depth and 0.95 m length connected to a condenser (6) powered by a cooling cycle (9).
At this point, the water vapor carried by air is condensed. It should be noted that the hot
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saline water is firstly circulated by a circulation pump (8) into the heater (4) before entering
the high-pressure fog pump (40 bars). This pump works intermittently due to overheating.
Figure 29 shows the photo of the used system.
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Figure 28. Schematic diagram of the solar-powered fog desalination system [60].
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Alhindawi et al. [61] experimentally studied fog desalination effectiveness with both
water temperature, degree of water salinity and duct elevation. They established two
different system configurations to collect water vapor at different heights as shown in
Figure 30. They found that this technique is capable to reduce the salinity from 30,000 ppm
to 2874 ppm at an inlet water temperature of 90 °C. Additionally, the effectiveness reached
92.94%. They also highlighted some recommendations for future stages depending on their
experimental findings.
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Figure 30. Schematic diagram of the fog desalination setup [61].

In the literature, some other reports focusing on interfacial solar steam generation
systems in recent years exist. For example, Shi et al. [62] established a hydrogel membrane
with a high surface area to produce fresh water. At night, this membrane can absorb fog
droplets efficiently and combine them into a container, through daytime, it works as an
interfacial solar steam generator as shown in Figure 31. The results indicated that the yield
during the daytime reached 3.64 kg/m?-h using 1 sun. The outdoor test demonstrated that
the total production of this membrane could reach 34 L/m?.

Zhang et al. [63] applied two types of naturally occurring molecules to establish low-
cost and highly efficient solar evaporators as shown in Figure 32. They developed their
system 3D printed with conical arrays to enhance the light-harvesting intensity. The peak
yield reached 1.96 kg/m?-h under one sun.

Bai et al. [64] used waste plastics to treat wastewater. They presented a facile solvother-
mal technique to produce a large amount of Co-MOF nanorods from certain types of waste
bottles as shown in Figures 33 and 34. They aimed to purify wastewater as well as produce
fresh water using Co-MOF nanotubes. Their results showed these tubes have low heat
conductance, high absorption of solar heat and super-hydrophilicity. The evaporation rate
reached 2.25 kg/m?-h using 1 kW/m?. The main contribution of this research was not
merely recycling waste plastics but also establishing a feasible way to purify wastewater.
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Figure 31. All-day water harvesting device. (a) Physical demonstration of daytime and nighttime

processes for water production (b) Nighttime mode (c) Daytime modes of the floating design [62].

m High efficiency
= Robustness

= Anti-oil-fouling
= Dye adsorption

4

EX

Naturally
occurring molecules

Hul VINVL

Figure 32. The 3D-printed TAMA evaporator produces clean water [63].
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Figure 33. Fabrication of a Co-MOF/CNT membrane [64].
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Figure 34. Facile solvothermal technique [64].

7. Future Recommandations

Enhancing the performance of solar desalination techniques represents a good way
towards good exploitation of energy resources and although much research has been
performed in this regard, many efforts are still needed in new innovative techniques. For
example, the fog desalination technique represents a promising technique that may provide
more water production in the future. Therefore, much research is still necessary for this
technique as few attempts aim to prove this concept. More experimental investigations are
needed on the system designs, fog nozzle diameters, direction of spraying, spots of heating
within the system, type of the fog pump used, overheating problems of the fog pumps and
operating and weather conditions.

8. Conclusions

In conclusion, solar desalination systems have gained significant attention as a promis-
ing solution to the global water scarcity problem. With the increasing focus on desalination
research, many innovative methods are being developed to extract salts from saline water.
The use of renewable energy, particularly solar energy, is considered a viable alternative
to fossil fuel energy for desalination. This review has focused on direct and indirect solar
desalination methods, specifically traditional direct solar desalination methods such as
solar still and humidification dehumidification (HDH) desalination systems. This review
has highlighted recent advancements in solar stills, such as the use of wicks to increase
productivity and stepped solar stills. It has also briefly discussed the fogging process
and the development of the HDH desalination system. This review has shown that solar
desalination is a promising and sustainable solution to the water scarcity problem, and
ongoing research and development will further enhance the efficiency and effectiveness of
these systems.
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CAOW  Closed-air, open-water cycles

ED Electric dialysis

ETSWH  Evacuated tube solar water heater
GOR Gained output ratio

HDH Humidification dehumidification
MD Membrane desalination

MED Multi-effect desalination
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MEE Multi-effect evaporation
MOF Metal-organic frame

MSF Multi-stage flash desalination
MVC Mechanical vapor compressor

OACW  Open-air, closed-water cycles
OAOW Open-air, open-water cycles

PCM Phase change material

1% Photovoltaic

RO Reverse osmosis

TVC Thermal vapor compression

UNICEF United Nations Children’s Fund
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