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Abstract—Due to the current fossil fuel crisis and associated adverse environmental impacts, renewable energy sources
(RES) have drawn interest as alternatives to fossil fuels for powering water desalination systems. Over the last few
decades the utility of renewable energy sources such as solar, geothermal, and wind to run desalination processes has
been explored. However, the expansion of these technologies to larger scales is hampered by techno-economic and
thermo-economic challenges. This paper reviews the state-of-the-art in the field of renewable energy-powered thermal
desalination systems (RE-PTD) to compare their productivity and efficiency through thermodynamic, economic, and
environmental analyses. We performed a comparative study using published data to classify RE-PTD systems technolo-
gies on the basis of the energy collection systems that they use. Among RE-PTD systems, solar energy powered-ther-
mal desalination systems demonstrate high thermo-environ-economic efficiency to produce fresh water to meet

various scales of demand.
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INTRODUCTION

Population growth and changing weather conditions have exac-
erbated shortages of freshwater in many countries [1]. Approxi-
mately 400 million people now live in areas where drinking water
is scarce, and this number may grow to 4 billion by mid-century.
Most of the earths water has salinity of up to 10,000 ppm, whereas
seawater normally has salinity in the range of 35,000-45,000 ppm
total dissolved salts [2]. Desalination technologies have greatly im-
proved in the past few decades in order to produce potable water
with salinity of 500 ppm (according to the World Health Organi-
zation) and in special cases, up to 1,000 ppm. The two most widely
used desalination techniques are membrane-based technologies such
as reverse osmosis (RO), membrane distillation (MD) and electro-
dialysis (ED), and thermal-based technologies such as multi-effect
distillation (MED) and multi-stage flash (MSF) desalination systems.
Currently, thermal desalination processes account for more than
65% of the production capacity of the desalination industry [2-4].

Desalination is an energy-intensive process that requires expen-
sive non-renewable fossil fuels, thereby contributing to global
warming, air pollution, and environmental restrictions [5,6]. More
sustainable energy sources such as renewable energies should be
used to develop sustainable and environmentally friendly desalina-
tion systems. Selection of the most suitable renewable energy-
powered desalination (RE-PD) technology depends on factors such
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as location of operation, amount of water production, size of the
site, type of technology, and production costs related to the salin-
ity of the feed water, remoteness, access to an electrical grid, and
the availability of renewable energy sources [2,7]. Solar and possi-
bly geothermal energy could be good alternatives to fossil fuels
because they are abundantly available, especially in regions that
face water shortages [8]. Among several options to connect seawa-
ter desalination systems to solar power plants, the combination of
a thermal desalination system such as multi effect distillation
(MED) and a solar trough field as the heat source is one of the
most promising [1]. Solar desalination systems are classified into
two categories based on solar energy collection technologies, direct
and indirect. In direct collection systems, solar energy is directly
used to produce distillate in the solar collector, whereas in indirect
systems, one subsystem is employed to collect the energy and the
other to desalinate water [1]. Fig. 1 shows the dlassification of solar
desalination systems [9].

Since renewable energy-powered desalination systems are energy-
intensive, energy analyses are used to assess and improve their
performance. In addition, exergy analysis is used because energy
analysis provides no information on how, where, and how much
the system performance is degraded [10]. Exergy analysis usually
aims to determine the maximum performance of the system and
to identify the equipment in which exergy loss occurs, and to indi-
cate potential thermodynamic improvements [11,12]. Thermo-eco-
nomics combines the principles of thermodynamics and economics
to provide useful information on cost-effective energy conversion
systems that conventional energy and economic modeling do not
usually yield. The thermoeconomic approach has been used to
distribute the cost of the entire desalination process onto internal
process streams based on exergy, not energy. The monetary costs
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Fig. 1. Classification of solar desalination systems [9,13,46,222,223].

of the process streams, specifically the cost of freshwater, in ther-
moeconomic analyses are calculated by stream-cost equations that
are arranged in a matrix [13].

We present here a comprehensive survey and review of renew-
able energy-powered thermal desalination systems in thermody-
namic, economic, and environmental contexts. We compare RE-
PD technologies based on the direction of energy collection and
freshwater production costs. Thermodynamic models of several
important processes such as solar basin stills, humidification-de-
humidification, and solar chimney processes are presented for deter-
mining the energy and exergy efficiency of desalination systems.

PROCESS MODEL AND DESCRIPTION

Renewable thermal desalination technologies are divided into
two main categories: solar and non-solar. Solar desalination can
either be direct, using solar energy to produce distillate directly in
the solar collector; or indirect, combining conventional desalina-
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tion techniques, such as multistage flash desalination (MSF), vapor
compression (VC), reverse osmosis (RO), membrane distillation
(MD) and electro dialysis, with solar collectors for heat generation
[14]. In indirect systems, solar energy is used either to generate the
heat required for desalination and/or to generate electricity that is
used to provide the required electric power for conventional desali-
nation plants such as ME, MSF or RO systems [15].
1. Solar Desalination
1-1. Direct Solar Desalination

Direct solar desalination requires large land areas and has a rel-
atively low productivity compared to indirect technologies. How-
ever, it is competitive with indirect desalination in small-scale
production contexts due to its relatively low cost and simplicity
[14]. Direct solar desalination systems can be categorized as solar
stills, solar humidification-dehumidification, and solar chimneys
as shown in Fig. 1.
1-1-1. Solar Stills

The direct solar desalination method is suited for small produc-
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Fig. 3. Cross section of a single effect solar still [225].

tion systems, such as solar stills (including single effect solar stills,
multi effect solar stills, basin stills, wick stills and diffusion stills) in
regions where the freshwater demand is less than 200 m*/day [16,
17]. Fig. 2 shows a simple basin type solar still, the oldest such
method, improvements in the design of which have been made to
increase efficiency [18].
1-1-1-1. Single Effect Solar Still

The single effect solar still (SESS) shown in Fig. 3 is a simple
device to convert saline water into potable water. The process is
the same as that of natural rainfall generation. The SESS heats
water using solar energy, which causes water to evaporate and then
condense. The resulting product is high quality drinkable water
without salts, inorganics, or microbes. A solar still is made up of a
brackish basin with a glass or plastic cover, with glass used for
long-term and plastic for short-term applications [14]. The desali-
nation yield is between 4 and 5//m’/day practically [19]. As 51/
day is the typical potable water requirement per person, 1-1.3 m’
of solar still is needed per person. SESS desalination has low ther-
mal efficiency, which can be improved by using different passive
and active methods.
1-1-1-2. Basin Still

Basin solar stills (BSS) of the type shown in Fig. 4 include a thin
layer of water, a transparent glass cover over the water basin, and a
channel for collecting the distillate water from solar still. Radia-
tion is transmitted through the glass, heats the saline water in the
basin or solar still, and is absorbed by the bottom of the solar still
[20]. BSS are categorized as (1) single slope basin stills (SSBSS)
and double slope basin stills (DSBSS), (2) stills with cover cooling,
and (3) stills with treated cover surfaces [21].
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Fig. 4. A schematic of basin solar desalination [177].

Fig. 5. A schematic of a single slope basin still [18].

SBSS are fabricated easily using locally available materials like
wood and aluminum [20]. In cold climates SSBSS (Fig. 5) works
better than double slope stills, but the opposite is true in warm cli-
mates or during summer [22]. Water evaporation rates may be
increased by increasing the temperature difference between the
heat sink and source [23]. This may be achieved for solar stills
with cover cooling by flowing cooling water between double cover
glasses [14] as shown in Fig. 6. Moreover, if a passive condenser is
added to an SSBS as shown in Fig. 7, efficiency can be improved

Korean J. Chem. Eng.(Vol. 33, No. 2)
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by 45% [9]. The yield can also be increased by using black dye in
the seawater. A comparison between single slope and double slope
basin stills is shown in Fig. 8.

Setoodeh et al. [24] developed a model to calculate yield for
basin type solar stills by applying two-phase three-dimensional
model using CFD. They found that estimates of productivity and
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Fig. 7. Single-sloped still with passive condenser [221].
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temperature of fresh water obtained using the model have good
agreement with experimental data, and therefore concluded that
CEFD is a powerful tool for solar still modeling.

The major energy transfer mechanism in a single effect double
slope basin type conventional solar still is shown in Fig. 9. The
corresponding heat transfer model equations developed by Ran-
jan and Kaushik [25] under steady state conditions are summa-
rized in Table 1.

Table 1. Heat transfer model of solar basin

1-1-1-3. Wick Stills

Wick is a porous, radiation-absorbing padding in which water
flows slowly. Sodha et al. [26] described two advantages of wick
stills over basin stills: first, the wick can be tilted so that reflection
can be reduced and the effective area increased, and second, less
feed water is in the still at any time so the water is heated more
quickly and to a higher temperature. Simple wick stills as shown
in Fig. 10 are more efficient than basin stills, and the costs of cer-

Description Equation No Ref.
Energy analysis SE+YQ=YE, + W, (1 [195]
=1
Exergy analysis SE+YE=YE, +YE,, +IRor E, @ [195]
T
Exergy transfer ZES W, - Q( - FO) (3) [195]
Destroyed exergy IR or E,.;)=W,..— Wonar=Wiost (4) [195]
Solar exer: T\ T (5) [23]
& Exsun = G3A|: 1+ l(_0> - A_L(_O :|
3\T 3\T
Exergy efficiency of the solar distillation system 1. — SXCIBY output of a solar still 6  [196]
ex 1 T0)4 4 (To
Al 3(2) 32
G, [ *30T) 73 T) J
Energy balance equation on the saline water body in the basin dT 7) [23]
& q Y (Tcab)Gs:qe+qr, b—g+qc, b—g+qL+Cb_d_t_b
Solar energy absorbed by glass cover dT ®) (23]
& Y gl 9 + q, b—g+ q, b—g+ Gs ag: qe, g-a + 9, g-a + Caag

Radiation exchange between basin and glass cover Qr, 4-g=0.9 o(Ty— Tg) © [197]
Convection energy transfer from basin to the glass cover Qe b-g=he po(Tp—Tp) (10)  [197]
Convective heat transfer coefficient between the water surface (P,,—P,.) 13 (11)  [197]

h, , ,=0.884| (T,—T,)+{ —2t—we _lT

and the glass cover . bg b tg 268.9><103—wa b

Evaporative heat transfer, qe from water surface to glass cover q,=16.273% 1073h£) b-e(Pup—Puy) (12) [20]
Exergy destruction (irreversibility) in the collector or basin liner ~ E, =¢,E, —(E, +E, ) (13) [23]
Exergy balances on the saline water according E, =E,-E, andE  =E v B (14) [23]
Exergy efficiency of collector basin liner E, (15) [23]

77ex, b= E -
Exergy efficiency of evaporation from saline water E, (16) [23]
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Fig. 10. Wick basin type solar still [52].
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tain designs are less than those for basin stills of the same output.

Wick stills are reported to be efficient and economic systems for
producing fresh water [14]. The water production of floating wick
type solar stills is higher than that of other types of solar stills [27].
Absorbers such as jute wicks and char coal wicks, cotton cloth,
and floating perforated black aluminum plates in the basin can
affect the yield of solar stills [14].

For a floating wick type solar still as shown in Fig. 11 the water
layer thickness is calculated as follows [27]:

AY< —;-liw—-— )

%,;&V - U2As

where kw is thermal conductivity of water (w/m K), p, is density
of water (kg/m’), c,,, is specific heat capacity of water (J/kg K), A7
is selected time interval (2 min), U, is overall heat transfer coeffi-
cient between the bottom wall and surrounding (W/m’ °C), and
A, is area of the still (m).

The rate of condensation for each time interval is calculated for
the mean values of meteorological data such as solar intensity, wind
speed, and ambient temperature, as follows [27]:

hcon TW_T i
m )=o) ®

Solar rodiction

Solar rodiation

Single basin Double - basin

where, T,, and T, are water and glass temperatures (°C), and the
hourly productivity, m,, i=1, 2, R=3600/A7. If W is the number of
operating hours per day, then daily productivity (Pd) is obtained
as [27]

P, = z;mi ®3)
1-1-1-4. Diffusion Stills

Diftusion stills are combinations of a heat tank with a solar col-
lector and distillate unit. One design of diffusion stills is the four-
effect still. Per 1 m” active cross-section of the apparatus, 4 m” sur-
face of evaporator and condenser, and energy input of 2.0 kWm >,
the theoretical distillate output is 8.7 kg m > h™" [28].
1-1-1-5. Multiple-effect Solar Stills

In multiple effect solar still (MESS) systems the condensation
latent heat is reused, making them more efficient than (SESS) [29].
The re-utilization of latent heat in two or more stages is known as
a multi effect distillation system. Their higher efficiency leads to
higher capital and operating costs [29]. The additional production
resulting from multi-effect stills justifies the additional cost [21].
The production rate of a unit investigated by [29] reached 25L/
m’/day, for a value of 4.8 kW h/m’/day of solar radiation. The clas-
sification of MESS is the same as of SESS. The main innovations of
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Fig. 12. Double-basin solar stills. (a) Schematic of single and double-basin stills. (b) Stationary double-basin still with flowing water over

upper basin [19].
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multi-stage stills are double effect basin stills, (DEBS), multi-effect
multi-wick stills (MEWS), and multi-effect diffusion stills [21].

In DEBS, water from the second basin can either flow over the
glass cover (Fig. 12(a)) or remain stationary (Fig. 12(b)) [21]. Sodha
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L

water flow
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I

pipe with holes ( inlet -2)

:Vapour' G2

Srainage for
exess water

Drainage for
distilled water

et al. [30] showed that double-basin type stills produced about
56% higher yield than single effect stills. In multi-effect multi-wick
type solar stills (Fig. 13) the availability of latent vaporization heat
is maximized and equalized for least water depths in each effect,

=== Black jute cloth
. Black Polytene

Fig. 13. A schematic of a multi-effect multi-wick solar still [24].
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including the lower basin [26].
1-1-1-6. Solar Still Greenhouse Combination

Solar still greenhouse combinations (Fig. 14) are interesting
designs for locations where saline or brackish water is available
[22]. This type integrates a solar still with a greenhouse environ-
ment for cultivating crops and can produce sufficient water for its
own use [31].

Chaibi and Jilar [32] developed an integrated solar system
greenhouse based on the Bettaque system. In their system, solar
radiation is absorbed by a layer of water flowing on glass that is
covered by a top glass, so that roof light transmission is reduced.
Fresh water evaporates, condenses on the top glass, and is collected
at the roof eaves.
1-1-1-7. Externally Heated (Active) Solar Stills

To increase the temperature of saline water, external heating can
be accomplished using a solar heater or a solar concentrator and
waste heat recovery system [14]. If phase change material is added
and the latent heat is reused, the yield will also increase [33].

Coupling a solar still with a solar collector and storage tank will
increase yield. The input- output method can be used to estimate
yield with an accuracy of 3%. Hybrid behavior can be applied
during the design or usage of such systems. Fig. 15 shows a sche-
matic hybrid diagram of a solar still and water heating system [34].
1-1-2. Water Desalination with Humidification-dehumidification

Direct contact of saline water with the collector may corrode
the still, negatively impacting still performance and efficiency [35].
To solve this problem, humidification-dehumidification desalina-
tion (HDH) systems have been developed, in which the working
fluid is air. Air can be humidified with notable amounts of vapor;
1 kg of dry air can carry 0.5 kg of vapor and about 670 kcal energy,
while increasing the temperature from 30 to 80 °C. Fresh water is
produced during the air dehumidification process. This provides a
means for low pressure, low temperature desalination and is very

Table 2. Classification of HDH systems under three categories [13]
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Fig. 16. A simple humidification-dehumidification process [13].

cost competitive [36] with many other methods, but not with reverse
osmosis and the multistage flash evaporation [37]. For multi-effect
humidification the yield is about 6,000 L/month [38]. Miiller-Holst
et al. [39] reported 500 L/day yield for a solar MEH-desalination
system with a 38 m’ collector area. The HDH system has other
merits, including much simpler brine pre-treatment, disposal require-
ments, simplified operation and maintenance [14]. Fig. 16 shows a
schematic of the humidification-dehumidification process.

HDH systems are classified into three broad categories based
on the form of energy used, the cycle configuration, and the type
of heating used [14], as summarized in Table 2. The specific water
production is between 4 and 12kg/m* day and the GOR varies
between 1.2 and 4.5. These GOR values translate into energy con-
sumption rates ranging from 140 to 550 kWh/m?, which are higher
than those of conventional technologies such as MSF or RO. RO
plants, which are the most energy efficient, consume 4 to 10 kWh/
m’ [14].

Form of energy used

Cycle configuration

Type of heating used

« Solar
o Thermal
o Geothermal

o Closed-water open-air (CWOA); air is heated, humidified and partially dehumidified
and let out in, the process is shown in Fig.17(a)
« Closed-air open-water (CAOW); air is circulated in a closed loop between the humidi-

« Water heating system
o Air heating system

fier and the dehumidifier the process of CAOW is shown in Fig. 17(b).
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Humidifier efficiency can be obtained using the h-x diagram
shown in Fig. 18 as follows [40]:

7,=100{(%—x,)/(%—x,)} )

where x; and x, are inlet humidity and maximum achievable satu-
ration humidity.
The water enthalpy reduction will be identical to the enthalpy

increase of air
. . m,, .
my- Al’lL: Cpy,-m, - (twi_ twA)*)AhL = E ‘CPyy M, (twi_ tWA) (21)
1

where 1y, is air flow rate, kg/h; m,, is flow rate of injected water,
kg/h; t,,; is water inlet temperature, °C; t,,, is water outlet tempera-
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Fig. 18. An h-x diagram to define humidification efficiency, 1 to 2
heating processes, 2 to 3 humidifying processes.

ture, °C; cp,, is specific ‘heat of water, kJ/kg and Ah; is enthalpy
change of air flow, kJ/kg [40].
1-1-2-1. Gained-output-ratio (GOR)

The gained-output-ratio (GOR) is the ratio of the latent heat of
evaporation of the distillate produced to the total heat input ab-
sorbed by the solar collector [14]. Shaobo et al. [41] used Pinch
technology in both humidification and dehumidification processes
to determine the maximum temperatures of saturated air, rejected
water, and water leaving the heat exchanger. Considering the dia-
gram of the HDD process shown in Fig. 18, and the thermody-
namic data of the thermal system, the relationship of T and H is:

For feed sea and spraying seawater:

H, . =4.1868m,,,,,T=4.1868RatioT (5)
and for the saturated air:
H,, =exp(2.39329+0.10648T—0.00135T°+0.000010058T°) ©6)
= Hot Air 6 3 Hot Water
To be heated by a T
solar collector LT
111
111
111
111
111
111
I
Sea Water 1 : : ]l :
ColdHair 5
Desalinated Water 4 Saline Water

Fig. 19. Sketch of a humidification-dehumidification desalination
process [39].
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Table 3. Mathematic model for the humidification dehumidification [42]

Description Mathematical model No.
Condenser heat transfer area mCp(T,—T,)=UALMTD, (26)"
T,-T T,;—T b
LMTD _ ( a2 co) ( a3 cz) (27)
ln(TaZ TCl
Ta3 - Tc
Humidifier energy balance LCp,(T,,—T,,)=G(H,,—H,)+Q, (28)
Condenser energy balance m Cp(T,—T,)=G(H,,—H,)- QC (29)
Overall mass transfer coefficient (G/L)(H, —H.,)=(kaV /L‘( i—Hap) —(Hyo—Ha) (30)
In (Hwi — Huz)
(Hwo - Ha 1)
Production flow rate m;=G(W,;—W,,) (31
Model correlations
Humid air density B (I+W)M,P, (32)
Pa= R(1+1.6078W)(273.15 TT)
Absolute humidity of air W=0.62198 (33)
(P, Pd)
Air enthalpy H,=(Cp,+1.88)T,+W,4 (34)
Water specific heat at constant pressure [4206.81 1262T +1.2026 x 10-2T2j , (35)
= x10"
+6.8777x107 T
Latent heat for water evaporation 2501.897149 = 2.407064037 T + (36)
= )
1.92217x107°T*~1.5863x 10"°T"
Water vapor pressure at the dry bulb temperature P,=¢P, (37)
Water vapor saturation pressure at the dry bulb temperature T, (38)
In(P/P)=| ———-1
T,+273.15

8 s
XY £,(0.01(T,+273.15-338.15))"
i=1

“m, is the cooling water flow rate in the condenser (kg/s),

C,. is the specific heat at constant pressure of the cooling water (kJ/kgK), T,, and

T, are outlet and inlet cooling water temperatures (°C), U, is the overall heat transfer coefficient of the condenser (kW/m” °C), A, is the con-

denser heat transfer area (m?)

YLMTD, is the condenser logarithmic mean temperature difference, T,; and T, are the outlet and inlet air stream temperatures to the con-

denser (°C)
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Determining the minimum approach temperature for both pro- a T-H diagram of these points is shown in Fig. 20.
cesses, and obtaining hot and cold curves on a single chart, the least The thermal energy recovery rate, k, can be obtained as follows
energies that should be added, recovered, and rejected are deter- [41]
mined as follows: E
k= —r 8
Era:Hﬁ_ HS_ Eadded (7) H6 - HS ( )
Points from 1 to 6 in an HDH process are shown in Fig. 19, and When temperature differences decrease at the pinch point, re-
Table 4. Mathematical model of HDh developed by Zhani [43]
Equations No.
dr,, Ul 5
Water solar collector ar,_ U, ( ol T, - TW) (39)
dx m,C\U,
Evaporation tower: water phase d_T_l _hja(T,- Tg) (40)®
dz = LG
Evaporation tower: air phase d_T‘g _ha(T,-T) (41)
dz GC,
Evaporation tower: air-water interface: thermal ha(T,=T)+ha(T,-T)) (42)
W,=W, +
8 AoKga
Evaporation tower: air-water interface: mass dWL k,a(W,-W,) (43)
dz G
Evaporation tower: mass exchange coefficient K = 2.09G""°°L™* (44)
s a4
Evaporation tower: heat exchange coefficient e 5900G***#*L.*1%° (45)
=== -
a
Condensation tower: water phase dT, UA(T,.-T) (46)
dz~ D,
Condensation tower: air phase dTg _ A(hG(TG =T,)+Akc(Ws—W,)) (47)
dz GCq
Condensation tower: air-condensate interface: heat ho(Ts—-T,)+U(T,~T,) (48)
Wic = WG +
ﬂ’okG
Condensation tower: air-condensate interface: mass dWs kGA(Wo-W,) (49)
dz G
Condensation tower: water balance equation dm=GdW, (50)
Condensation tower: flow rate of the condensed water dm, =k;A(W,—Wg)dz (51)
d
U= 1 (52)
GNGHE
h y) h
Overall heat transfer coefficient A 033 (53)

0.8
h2=0.023B-E-Re Pr

h2

[ ol (54)
) 4lch(Tic_Tp)

Output ratio GOR= m.4, (85)°
LCi(le - Tll)
Thermal efficiency _m,C,(T,,—T,) (56)
- IS

“There is no mass or concentration change collector that can be modeled solely from thermal energy balances

"The model is developed using thermal and mass balance for water and air face and also air-water interface

‘G=air flow rate, L=water flow rate

“From the air-condensate interface to the cooling water inside the condenser

‘m, is the condensation flow rate, L is the water mass flowrate in the evaporation tower, and 4, is the latent heat of vaporization

m,, is the water mass flow rate, C, is the water heat capacity, T,, is the water outlet temperature, T,,, is the water inlet temperature, I is the
solar irradiation intensity and S is the collector area
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covery of thermal energy increases [41,42]. The two-stage solar
multi-effect HDD has a higher energy recover rate than the one-
stage type with 1°C as the minimum temperature difference at the
pinches, with an energy recovery rate of 0.836 [42], while the
recovery rate of the one-stage type is 0.75 [41]. If the energy recov-
ery rate reaches 0.9, the GOR increases significantly [42]. Hallaj et
al. [43] showed that the HD process powered by waste heat is
superior to other conventional processes based on waste heat,
including GOR, and that the capital cost for the higher produc-
tion capacity of HDH is lower [43].

The mathematical model for the humidification dehumidifica-
tion system shown in Fig. 21 is summarized in Table 3. The pro-
duction rate is strongly affected by hot and cooling water tem-
peratures. High hot water temperature, low cooling water tempera-
ture, high air flow rate, and low hot water flow rate result in the
highest production rates, heat transfer, and mass transfer coeffi-
cients [44].

Khalifa [45] developed a mathematical model in steady state
regimes based on heat and mass transfer in the water solar collec-
tor, evaporation tower, and condensation tower of desalination
systems to numerically simulate HDH. This model is summa-
rized in Table 4.

1-1-3. Solar Chimney Desalination
1-1-3-1. Solo Solar Chimney (SSCh)

Solar chimneys convert solar thermal energy into kinetic energy,
which can be converted into electrical energy using a turbo-gener-
ator. The main components of a solar chimney are large diameter
solar collectors, turbines, generators, and long chimneys. A solar
chimney is a combination of three established technologies: the

Collector

Cold air
Freshwaler [
Salt water 3

greenhouse, the chimney, and the wind turbine. The chimney,
which is a long tubular structure, is placed in the center of the cir-
cular greenhouse, while the wind turbine is mounted inside the
chimney [46]. The kinetic energy of the moving air causes rota-
tion of the turbine mounted below the chimney to produce power
[47]. Compared to conventional solar chimney power plants, sloped
solar chimney power plants are more efficient and provide smoother
power output [48]. The electrical power from the solar chimney to
the grid is calculated as follows [47]:

2
Pout: 5 ur ncollEgT_HchAcollq (9)
pra

where 77, is the efficiency of the collector, 77, is the efficiency of
the chimney;, and 7, is the efficiency of the wind turbine generator.
1-1-3-2. Solar Chimney Desalination (SChD)

Lu et al. [48] studied the integration of desalination systems
with solar chimney power plants as shown in Fig. 22. The inte-
grated system consists of five major components: chimney, collec-
tor, turbine, energy storage layer, and basin solar still. Below the
energy collector, the basin still and rock energy storage layer serve
as an absorber bed. They found that solar stills are cheap and have
low maintenance costs, but the small amount of water produced
was unacceptable [49]. The reasons for this poor production include
[50]:

o The latent heat of condensation of water vapor released at the
inner surface of the still cover is not reutilized and is wasted to the
ambient air;

« The use of natural convective heat transfer mode in solar stills
greatly limits the improvement of thermal performance of stills;

»

L

:

Solar chimney
‘ ‘
‘ ‘

Wind turbine

Seawaler
Fig. 22. Schematic diagram of solar chimney desalination [49].
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Table 5. Performance analysis of solo solar chimney power system [49]

Description Performance analysis No
SSCS: airflow . S mMm% (58)

qcp,m ch,mf 27 61‘

ch,mzhcg,m(Tg_ Tm) (59)a

Qep, mzhcp, m(Tp_ T,) (60)b
SSCS: collector roof Qom gt rp gt % 1= Qg s+ g 0 (61)°
SSCS: black absorber & 7 1=qg it Qi+ Qg (62)*
SSCS: velocity of hot air flow at chimney inlet Ty a—T (63)

Vch = ngch o .

T,
SSCS: power output 1 1 1 T = T*? (64)
P tp Pe =3 ntpch, inAchVih =3 ntpch, in(_ ﬂ-Dih) (Zchhh’—)
3 3 4 T,
SSCS: daily utilization efficiency of solar energy - P, (65)
1
Z(ﬂ)(Dfoll_ D?h) -1

Integrated system: air flow S, mM,0T,, (66)

qcc,m+ch,m:_ .

27r  Or

Integrated system: collector roof Qo g+ e g+ O =g o Qg s (67)
Integrated system: glass cover Qe vt ot Gt O T 1=Qe Qg (68)
Integrated system: sea water dT,, (69)

Oy T Ty I T, w=e, wt Dow, c T Qew, ¢ T Cp, WMWE
Integrated system: pond bottom plate (1= 04,) 7 7 1=qp, Qo ins (70)
Integrated system: daily utilization efficiency of solar ener 1 71

& 4 Y ¥ &Y :L(”)(Dioll_D)zcu)qeerPe ( )
= 1 2 2
Z( ﬂ)(Dcoll - Dch) -1
Integrated system: hourly productivity of fre water m= (}1% 3600 (72)
/4

‘g m: the convective heat transfer rate between the collector roof and the air inside the collector

bqq,,m is the convective heat transfer rate between the surface of absorber and the air inside the collector

‘Qyp¢ is the radiation heat transfer rate between the surface of absorber and the collector roof, q is the radiation heat transfer rate between
the collector roof and the sky and q, is the convective heat transfer rate between the collector roof and the environment

“qy, is the conduction heat transfer rate from the absorber surface to the energy storage layer

o The heating capacity of the sea water that is evaporated is too
high, so the enhancement of operating temperature is limited, and
therefore the driving force of evaporation is weakened.

Meteorological parameters such as wind velocity, solar radia-
tion, sky temperature, ambient temperature, relative humidity, salt
concentration, sea water thickness, algae formation on the water,
and mineral layers on basin liners significantly affect the perfor-
mance of solar stills [49]. Performance analyses of solo solar chim-
ney power systems (SSCh) and integrated systems are summarized
in Table 5 [48]. Energy flows through a control volume of SSCh
and SChD are shown in Figs. 23 and 24, respectively.
1-1-3-3. Thermal Efficiency

The thermal efficiency of the desalination unit is given by [51]

m,) L
nd:IOO—W)m . vap (73)

Qin + Wc

where m,,),, is the water measurement productivity; L, ,,, is the
latent heat of vaporization of water at brackish water temperature
in the evaporator chamber; W, is the power of the compressor.
The yield of the system after correlation with a maximum devia-

Collector roof

ro.s
I

Gegm

Ty
Airflow ‘qq’_m fi'ms
Ty l black absorber
Gip

Fig. 23. Energy flow through a control volume of SSCh [49].

tion of 7% is [52]

3.971

m, =1.597x 10" (T, )" x(0.127+2352x 10 h) (74)
x(0.87231-0.0247311,)
at:50<87 °C; 20<h<60 cm; 4.2<m,<14kg,/h

where, m,,),, is the water measurement productivity of the sys-
tem, L,,,,, is the latent heat of vaporization of water at brackish
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drg.s
I Geg.a Collector roof

Geg,m

Ty — — — —— — Seawater

bottom plate
Y Gp ins

Fig. 24. Energy flow through a control volume of SChD [49].

water temperature in the evaporator chamber and W, is the power
of the compressor.
1-1-4. Membrane Desalination (MD)

Membrane based-desalination processes include reverse osmo-
sis (RO) [53,54], membrane distillation (MD), and electrodialysis
(ED). Renewable energy sources can be used to drive membrane
desalination systems with lower water production costs compared
to the conventional energy sources [55]. Among renewable ener-
gies, solar is more appropriate for powering the membrane pro-
cess. The required energy of RO and ED systems is in the form of
electricity, which can be provided by solar photovoltaic, while MD
requires mainly thermal energy, which can be provided by solar
thermal collectors. PV-powered RO system (PV-RO) system is one
of the most promising forms of renewable energy powered mem-
brane process, especially for remote areas. Many PV-RO systems
have been installed around the world with energy storage systems
to run the system 24 h a day. Among all membrane based-desali-
nation processes, the MD process can be categorized as a hybrid
thermal distillation and membrane process. Therefore, in this

Condensation
Membrane plate

Condensation
channel

Fig. 25. Principle of the membrane distillation process [45].
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paper we review the solar powered-MD.

Membrane distillation (MD) as a low cost and energy saving
alternative to conventional membrane desalination process is a
hybrid of thermal distillation and membrane processes. Since the
flux of MD process is lower than the other membrane-separation
process such as reverse osmosis, therefore MD is not commercial-
ized yet for large scale freshwater production capacities [56-59].
Fig. 25 shows the principle of membrane distillation in which a
hydrophobic microporous membrane separates a warm solution
from cooler chamber, which contains either a liquid or a gas. The
temperature difference produces a vapor pressure gradient that causes
vapor molecules to pass through the membrane and condense on
the cooler surface as high purity freshwater. There are several vari-
ous configuration of MD process based on method of vapor passing
through the membrane including, direct contact membrane distil-
lation (DCMD, air gap membrane distillation (AGMD), vacuum
membrane distillation (VMD), sweeping gas membrane distillation.

Membrane distillation process can be powered by low-grade
and renewable energy sources such as wind, solar; and geothermal.
The required heat of the process can be provided by solar energy
collectors such as flat plate collectors, vacuum collectors, solar ponds,
solar stills, and parabolic troughs [60]. Fig. 26 shows the configu-
ration of a typical solar stand-alone MD desalination system with
flat plate collectors.

The coupling of MD systems with solar thermal systems has
been studied by several researchers. The first study, done by Hogan
et al. [61], described an MD system with capacity of 0.05 m’/d that
used 3 m’ flat plate solar collectors. They reported that the ther-
mal and electrical energy consumption was 22 kWh/m’. Thomas
[62] installed a solar powered-MD system with a 12m” field of
vacuum tube collectors. Banat et al. [63] installed a large MD sys-
tem with two loops, including desalination loop which operated
with seawater and collector loop which operated by a titanium
corrosion resistant heat exchanger. Recently, Wang et al. [64]
described the performance of a solar-heated hollow fiver vacuum
membrane distillation system for freshwater production from un-
derground water. They used an 8 m” solar energy collector with a
0.09m’ membrane. A solar still-membrane distillation system oper-
ated with artificial seawater was investigated by Banat et al. [65]. In
their system hot water from the still was circulated into an MD
module before returning back to the still. The freshwater was pro-

~ # Solar
Q irradiation Feed
an
e S
— |

MD
Solar module QOver flow
collector 47
Feed Background
- ump container
Distillate N
[ #v] | (-
PV module Refilling pump
Fig. 26. Solar stand-alone MD desalination system with flat plate
collector [70].
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duced from both the solar still and MD module. They reported
that the flux of membrane distillation module was four-times
higher than that from the solar still

Very few studies have reported the freshwater production costs
of the solar powered MD systems. Kullab and Martin [66] esti-
mated 8.9 $/m’ for a yearly freshwater production of 24,000 m’.
The cost of potable water produced by the stand-alone compact
MD unit has been estimated between 15 to 18 $/m’ by Banat and
Jwaied [67]. The MD systems can be integrated with other ther-
mal desalination systems such as MED or MSF to reduce the water
production costs.

In membrane desalination systems powered by photovoltaic
systems the investment cost is relatively high which leads to
increase the water production costs. PV-RO and PV-ED are two
commercially applicable systems in this area. Based on published
reports by Garcra-Rodriguez [68], and Alkhudhiri et al. [58] the
freshwater production cost by seawater reverse osmosis is in the
range of 7.95 to 29 $/m’ for units with capacity of 120 to 12 m’/d.
Thomson et al. [69] estimated that the unit freshwater production
cost of seawater RO with capacity of less than 100 m’/d is from
11.7 to 15.6 $/m’, while the unit freshwater production cost of
brackish RO system is from 6.5 to 9.1 $/m’. Few pilot plants of
PV-ED systems with capacities of less than 100 m’/d have been
implemented around the world. The freshwater production cost of
these systems is from 5.8 to 16 $/m’ [70].

The main characteristics of direct solar desalination technolo-
gies are summarized in Table 6.

1-1-5. Comparison between Thermal Desalination and Membrane-
based Reverse Osmosis

RO as the pioneer membrane-based technology has been com-

Table 6. Main characteristics of direct solar desalination technologies

peting with thermal desalination technologies in the last decades.
Although both thermal and membrane-based desalination tech-
nologies can be integrated with renewable energy technologies, the
amount of the produced water, the capacity of the system and the
economic parameters of the yield water varies significantly for the
systems. Table 7 summarizes the production capacity, energy demand
and water production costs of RO and thermal desalination com-
bined with renewable energy.

According to Table 7, photovoltaic utilizing processes are the
most costly technologies in comparison with ordinary powered units.
That is because the operation and maintenance costs of the batter-
ies of this type are fairly high by the date. However, the environ-
mental benefits of the renewable systems should be also mentioned.
On the other hand, membrane technologies say RO as the pioneer,
well-matured one saves considerably greater amounts of financial
resources in comparison with other technologies. Thus, it can be
easily understood why most of the researchers have focused their
interest on RO and MED which is much cheaper than MSF among
thermal systems. However, the high energy demand of MED makes
it also impossible to use the systems under high energy deficit con-
ditions.

Based on the summarized results in Table 7 which are obtained
from the literature, RO technology is suitable for both small and
large scale cases because of the flexible operating capacity. Indirect
renewable technologies own more cases with large capacity demand.
That can be explained for the reliability necessities of the consum-
ers of large scale in addition to the economic concerns. In general,
researches are directed to considering the long-term pros and cons
of the technologies as well the initial investment and operating
costs, considering the environmental objectives besides the eco-

Process Highlights Water production Description
Single-effect, single  In cold climate, SSBSS works better than double slope stills. 4-5L/m’/d -
and double slop The opposite is true in warm climates.
basin solar still Double-basin type stills produce about 56% higher yield
than single effect stills
Wick, basin and The wick can be tilted so that the effective area increases. 11 L/m’/d Per 1 m” active cross-section,
diffusion still Less feed water is in the still at any time in comparison to 4 m” surface of evaporator
basin stills so the water is heated more quickly and to a and condenser, and energy
higher temperature. input of 2.0 kWm ™.
Multiple effect The condensation latent heat is reused so the efficiency 15 L/m*/d for a value of 4.8 kWh/m?/
solar still increases. MESS has highest capital and operating costs day of solar radiation.
among solar still desalination technologies.
HDH HDH avoids direct contact of saline water with the collector 4-12 L/m*d GOR varies between 1.2 and
that may corrode the still. 45

HDH provides a means for low pressure, low temperature
desalination and is the most cost competitive after RO and
MSE

Solar chimney Solar chimney produces more water than solar stills but has - -

desalination higher maintenance costs.
Membrane MD is not commercialized yet. - -
distillation However, the low grade temperature allows the integration

of the process with various systems.
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Table 7. Comparison between thermal and membrane-based desalination technologies [134,198]

RE-desalination process Typical capacity (m’/day) Energy demand (kWhe/m’) Water production cost (US$/m’)
Solar still <100 Solar passive 1.3-6.5
Solar MEH 1-100 Thermal: 29.6 2.6-6.5
Electrical: 1.5
Solar MD 0.15-10 45-59 10.5-19.5
Solar pond/MED 20,000-200,000 Thermal: 12.4-24.1 0.71-0.89
Electrical: 2-3
Solar pond/RO 20,000-200,000 Seawater: 4-6 0.66-0.77
Brackish water: 1.5-4
Solar CSP/MED >5,000 Thermal: 12.4-24.1 24-2.8
Electrical: 2-3
Solar PV/RO <100 Seawater: 4-6 11.7-15.6
Brackish water: 1.5-4 6.5-9.1
Solar PV/EDR <100 1.5-4 10.4-11.7
Wind/RO 50-2,000 Seawater: 4-6 6.6-9.0 small capacity
Brackish water:1.5-4 1.95-5.2 for 1000 m*/d
Wind/MVC <100 7-12 52-7.8
Geothermal/MED 80 Thermal: 12.4-24.1 2-2.8
Electrical: 2-3
RO 10 4
Reverse osmosis 250 3.21
Reverse osmosis 100,000 043
RO-sea water 100,000-320,000 0.45-0.66
RO-sea water 15,000-60,000 0.48-1.62
RO-sea water 1,000-4,800 0.7-1.72
RO-brackish water 40,000 0.26-0.54
RO-brackish water 20-1,200 0.78-1.33
RO-brackish water <20 0.56-12.99

nomics. Thus, it is expected that the thermal systems will be
improved to satisfy the economic issues where the membrane base
systems will be developed much on environmental aspects.

1-2. Indirect Solar Desalination

Solar energy can be used directly or indirectly for desalination.
Systems that combine solar energy collection systems with con-
ventional desalination technologies are known as indirect systems.
In indirect systems, solar energy can be utilized to generate the
heat required for desalination and/or to generate electricity that is
used to provide the electric power required for conventional desali-
nation plants [13]. There are several non-membrane desalination
systems. Multi-stage flash, multi-effect distillation, heat pump, pas-
sive and natural vacuum desalination, vapor compression desali-
nation, and absorption desalination systems combined with solar
energy are described in the following sections [71,72].

1-2-1. Solar Assisted Multi-stage Flash (MSF)

Solar assisted multi-stage flash (MSF) systems offer the second
largest installed desalination capacity after (RO) systems. A MSF
desalination plant integrated with solar pond and partially pow-
ered by commercial electricity is more economical than any other
type of solar powered desalination technology [73]. Most of the
energy consumption in MSF plants is due to the thermal energy
used to distill water, while some electricity is needed for pumping.

Fig. 27 shows that the temperature of feed saline water increases
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to saturation temperature due to heating by the brine heater unit
and flashes in the vessel, where the pressure drops due to the vac-
uum pump. The brine flashed in each stage is discharged from
previous stages. The vapor formed in each stage is condensed
while the inlet saline water is preheated [46].

Singh and Sharma [74] reported that solar MSF units are supe-
rior to direct thermal desalination units using solar energy. The
performance ratio (PR) of a solar multistage flash desalination unit
was 3-10 times higher than that of a solar still. On the other hand,
for the same plant capacity the water production cost and capital
investment required for a multistage flash plant was lower than
that for a solar still [74].

Solar MSF is especially useful given certain project require-
ments. For instance, a 10 m’/d capacity solar powered multi-stage
flash desalination plant with brine recirculation was developed by
Mexico and the Federal Republic of Germany in 1974. This proj-
ect's goal was to demonstrate the feasibility of solar energy as a
source of thermic energy required for the MSF process. Similar
desalination units were developed by the Swiss Federal Institute of
Technology and Atlantis Energy, Ltd. and tested in Kuwait, where
the results were found to be satisfactory [75].

Numerous studies have been performed to improve the effi-
ciency of solar MSE Szacsvay et al. [76] found that the water pro-
duction costs of MSF units could be decreased by increasing plant
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Fig. 27. Schematic representation of a solar powered multi-stage flash desalination system [77].

capacity and coupling the desalination unit with a solar pond,
where collection and storage of solar energy would both occur
[76]. The distillate yield of the plant could be increased by increas-
ing the temperature difference between the hot brine and inlet
seawater. The thermal storage subsystem was useful for leveling
the thermal energy supply and allowing the production of desali-
nated water to continue during periods of low radiation and at
nighttime [77]. Hanafi [78] performed a transient analysis of solar
multistage flash desalination units and confirmed that the produc-
tion of water could be increased by using water as heat transfer
fluid in solar collectors and by increasing the number of storage
tanks and their volume [78]. Laboratory prototype experiments by

Solar Pond

| Upper Convective Zone (UCZ)

Non-Convective Zone (NCZ)

Safi (79] indicated that almost 15m’/d of water could be pro-
duced by coupling ten flash desalination units of 1 m” area each
operating at 0.9 bar with solar pond of 70°C. The desalination
unit was coupled to a 1,500 m” solar pond for tests [79]. The gained
output ratio of solar MSF desalination units could also be increased
by operating the plant along a wide temperature range, as well as
discharging the condensate during the last stage. Lu et al. [80]
reported that zero discharge desalination could be achieved by
integrating MSF desalination units with solar ponds and brine
concentration recovery systems (BCRS), such that the rejected brine
could be converted into salt and used for maintaining the salinity
of solar ponds. These conclusions were drawn from 16-year stud-
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Fig. 28. Schematic of a solar pond assisted multi-stage flash desalination process [87].
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ies of the El-Paso solar pond [80].
1-2-1-1. Solar Pond Driven MSF Desalination

As illustrated in Fig. 28, a solar pond (SP) is a stable pool full of
salt water. There is a non-convective layer in the middle, where the
water salinity increases from top to the bottom. A gradient is
maintained so that convective mixing of absorbing solar radiation
and subsequent increases in temperature may be prevented. Heat
is passively collected and stored in the lower convective zone
(LCZ), because it is impossible for heat to pass the non-convec-
tive zone (NCZ). Most commercial MSF units operate with top
brine temperatures of 90-110°C [81] and are heated by steam,
while solar pond systems operate in the range of 30-95°C. Note
that in solar pond-assisted MSF systems, unlike conventional MSF
units, the first stage of the MSF heat exchangers is a liquid-liquid
heat exchanger instead of a steam-liquid heat exchanger. Energy
requirements sometimes dominate other effective factors in both
design and practice. However, solar pond units have reasonable
product costs in comparison with nuclear reactors and other sources
in areas with small populations [82]. Cogeneration plays another
important role in solar ponds where SP units can store extra waste
heat, such as heat from gas turbine exhaust harvested during peak
times to lower water production costs and decrease solar pond
size. Increase of the power plant from 30 MWe to 120 MWe leads
water production quantities to increase from 303 to 1,816 m’/day
[83]. Thus, solar ponds have many advantages over other solar
desalination technologies [84], such as low cost per unit area of
the collector, inherent storage capacity, and capability of utilizing
reject brine, which is often considered a waste product. There is
also the potential of low temperature surface water to be used as
cooling water in hot weather [85,86]. However, there are several
disadvantages of these systems, such as the requirement that solar

ponds have sunny conditions, large flat land areas, and serious
environmental impacts such as soil contamination by pond brine
leakage if the leakage is not monitored carefully. It is also import-
ant to maintain the salinity profile of the solar pond, the saline water
needs to be maintained at low pH, pond dlarity must be moni-
tored very carefully, and wind factors must be considered before
construction [87].

1-2-1-2. Solar Collector Driven MSF

Some researchers have concluded that concentrating solar power
(CSP) offers a sustainable alternative to fossil fuels for large scale
seawater desalination [88]. In SCP, a solar collector field is con-
nected to a conventional distillation plant to provide thermal energy
for the desalination process because fossil fuel is not economical or
sustainable for long-term use in large scale desalination units. The
collectors are usually tracked as stationary, single-axis, and double-
axis groups. Stationary collectors usually run in a wide range from
30° to 240 °C with concentration ratios of 1-5, while the single-axis
type shows a greater concentration ratio from 5 to 50 while oper-
ating from 60°-300 °C. Double-axis collectors are operated from
100°-2,000 °C with concentration ratios varying from 100 to 1,500
(89].

As mentioned, solar collectors work under a wide range of tem-
peratures, so they should be chosen based on the desired process
temperature. Concentrating solar systems can be trough, dish, or
central receiver tower types. The possibility of conjunctions with
large heat facilities makes concentrating solar systems superior to
other renewable sources. It is also practical to use these systems in
hybrid mode with fossil fuel or biomass to compensate for fluctua-
tions in daily irradiance and to produce electricity beyond the
sunshine hours [90]. Fig. 29 illustrates different solar technologies.

Studies have already been performed for MSF process optimi-

Solar tower

Parabolic trough

Fig. 29. Different solar technologies [99].
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zation. Shaobo et al. [91] used pinch analysis to optimize a solar
multi-stage flash (MSF) desalination process and concluded that a
wide working temperature range of MSF is needed to enhance
performance. In addition, to gain higher gained output ratio, they
found that it is better to discharge the brine at the last stage. It is
also important to control the flash evaporation pressure; by reduc-
ing the flash evaporation pressure from 0.014 MPa to 0.010 MPa,
the desalination rate could be increased almost five-fold in some
direct solar thermal desalination systems [92]. Since solar heat is
intermittent, an effective thermal storage system, ie., a storage
tank, can be used for thermal buffering [93]. MSF uses the seawa-
ter feed as the coolant, which means that MSF uses sensible heat
to recover the latent heat from the distilled water. This is why MSF
requires large amounts of seawater recirculating within the system
and consumes more electricity than MED processes. In addition,
MED plants are more flexible to operate under partial loads.

1-2-2. Solar Multi Effect Distillation (MED)

As illustrated in Fig. 30, multi-effect distillation (MED) units
consist of vessels known as effects that are maintained successively
at low pressure, where saline water is sprayed. The necessary heat
for evaporation in the first effect is supplied by an energy source
that can be solar energy or fossil fuel combustion. Thus, the vapors
formed are used to heat the feed in the next effect. The latent heat
of the vapors produced in the previous effects is utilized for the
following effects in MED. MED systems are gaining market share
due to better compatibility with solar thermal desalination, lower
sensitivity to scaling, and greater suitability for limited capacity
applications [94]. A dynamic computer model developed by Tsilin-
giris [95] showed that an MED unit coupled to a solar pond 30,000-
40,000 m” in area could annually produce 1,00,000 tons of distilled

water at a cost comparable to conventional methods of desalina-
tion in which water production cost mainly depends on the cost
of salt. The cost of production in an MED also decreases with in-
creases in solar pond area [95].

MED units show good flexibility when compared with other
systems. For instance, the essential power of a double effect Li-Br
absorption heat pump can be provided by a solar collector field, as
shown in Fig. 30. The heat pump is coupled to the MED so that it
uses the heat from the solar field and the MED unit uses the heat
rejected by the condenser and absorber of the heat pump. The
thermal energy consumption and solar field requirement for
MED units coupled with absorption heat pumps are half those of
a conventional MED system. Such systems can be operated in
hybrid solar/gas mode, solar mode, or even gas mode, with per-
formance ratios ranging from 10 to 20 [97].

The feasibility of low temperature MED (LT-MED) units inte-
grated with flash chambers and solar collectors was studied by
Jiang et al. [92], who described the performance of a directly
heated solar desalination system. The design concept was based
on a direct solar energy collection unit integrated with flash evap-
oration and low temperature multi-effect distillation (LT-MED)
equipment. The water heated in the solar collector was flashed in
the flash chamber, and the vapors produced were used as a heat-
ing source for the first stage of MED. The water discharged from
the flash chamber was used as the feed water of the MED unit.
Replacing the condenser of a solar operated power plant with an
LT-MED unit is more efficient than using an LT-MED fed by the
exhaust steam of a solar operated power plant compressed by a
thermal vapor compressing unit [98]. Sharaf et al. [1] investigated
two configurations for integrating MED with solar cycles. In the
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Fig. 30. Schematic representation of an improved MED system [96].
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first technique, solar energy was directly transferred from the solar
collector field via an evaporator heat exchanger for use in the first
effect of the MED process. In the second technique, the energy
exhausted from the organic Rankine cycle (ORC) turbine was
used in the first effect of the MED process. The second technique
produces electricity in addition to desalted water. Parallel feed con-
figuration dominated against the forward feed when there was a
feed heater configuration, while increasing the number of effects
to more than 12 effects.

Different configurations are available, such as multi effect distil-
lation-backward feed (MED-BF), multi effect distillation-parallel
feed (MED-PF), multi effect distillation-forward feed with heater
(MED-FFH), and multi effect distillation-forward feed (MED-FF),
but MED-FFH and MED-PF are found to be more efficient than
all of these [1]. The SORC-Ejector-MED unit is capable of treat-
ing high saline water with an exergy efficiency of 40%. This system
is driven by low-grade heat sources such as solar energy and com-
bines a supercritical organic Rankine cycle (SORC), an ejector,
and a multi-effect distillation (MED) desalination system. It can be
used for treating seawater or concentrated brine [99]. The gain
output ratio (GOR) of the MED unit depends mainly on the
evaporator temperature of the last effect and is much less affected
by the temperature of the feed stream. The results indicate that
effect number is very important to balance lower costs and more
highly distillated products in the MED system, because degree of
distillation is related to the number of effects. [100]. Joo and Kwak
[101] developed a solar MED unit with 3 m’/d capacity and a shell
and tube type heat exchanger, which was optimized for solar ther-
mal desalination systems. They concluded that multi-effect distilla-
tion required about 40 kW heat and a 35kW cooling source to
produce 3 m’/day of fresh water. The solar assisted MED process
requires both thermal and mechanical energy, like the solar assisted
MSF process. However, MED systems may be operated in three
configurations: forward feed, backward feed, and parallel feed [101].

MED systems use falling film horizontal tube evaporator/con-
densers to achieve high heat transfer efficiency [102], and operate
with a relatively low top brine temperature (usually less than 75 °C)
to reduce scale formation and corrosion. The high purity of the
water produced also allows the water to be used directly for indus-
trial processes (as boiler feed water) or to be blended with locally
available brackish water [103]. MED systems can be combined
with heat pumps to improve overall efficiency [104,105]. The com-
bination of low cost and low energy consumption, together with
the inherent durability of low temperature MED systems, avoids
the necessity of comprehensive seawater pretreatment and makes
the MED process one of the best candidates for safe and durable
large capacity desalination [106]. MED has higher overall effi-
ciency, higher heat transfer coefficient, more independent stages,
and requires less water recycling than MSF [107]. However, to
decrease energy consumption, MED systems require large flat areas
for evaporators to reduce the temperature differences between ad-
jacent stages. [108].
1-2-2-1. Solar Pond-assisted MED

A solar pond-assisted MED system is similar to a solar pond-
driven MSF system, but the lower temperature requirements of
MED make solar pond operation easier than in MSE Using math-
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ematical modeling, Hawaj and Darwish [109] found that interme-
diate steam temperatures (80-90 °C) are more efficient than higher
temperatures for the operation of solar-assisted MED systems,
because higher steam supply temperatures decrease solar enhance-
ment. Large ratios of solar pond surface area to MED heat trans-
fer area leads to continuous increases in pond temperature [109].
Garman and Muntasser [110] found a linear relationship between
the thermal load required for the desalination unit and the sur-
face area of the solar pond. They suggested that the optimum
thickness for the upper convecting zone is 0.3 m, while for the
non-convecting zone it is 1.1 and for the lower convecting zone it
is4m.

Solar collector-assisted MED seawater desalination processes
have been studied extensively. Some solar MED systems have been
combined with heat pumps to improve efficiency. The technical
reliability of solar collector-assisted MED systems has been vali-
dated by long-term tests. Two well-known experimental units are
the Abu Dhabi solar desalination plant and the Solar Thermal
Desalination (STD) Project [111-113] at the Platform a Solar de
Almeria (PSA), Spain. The Abu Dhabi solar desalination plant,
which operated from1984 to 2002, was equipped with evacuated
tube solar collector (ETC)-assisted MED systems [111]. Like other
fluid dealing processes, some plant maintenance is necessary, such
as removal of dust deposition that could cause monthly drops in
glass tube transmittance of 10-18%. Such transmittance deficien-
cies could lead to drops in water production to 40% of clean col-
lector production [114].

Economic feasibility studies [115] indicate that operating desali-
nation systems solely on solar energy is not feasible, because of the
high percentage of inactive time. The use of an integrated collec-
tor storage (ICS) system is recommended in this paper [116]. The
use of a double heat pump improves the performance of solar ther-
mal technology as shown by a 14 stage MED. These results were
taken from a two-phase project conducted in Spain [116].

Desalination HP units are generally used for small and medium
scale [117] applications and are normally combined with other
thermal processes. Heat pump combined systems run in a similar
fashion. All recover low temperature vapor from parts of the MED
or MSF system and convert it to higher temperature vapor to
improve system efficiency. The whole desalination system requires
less cooling water and consumes less electricity because the low
temperature vapor is recovered [87].

Applications of heat pumps in desalination systems include ther-
mal vapor compressor (TVC) (Fig. 31(a)), mechanical vapor com-
pressor (MVC) (Fig. 31(b)), absorption heat pump (ABHP) (Fig.
31(c)), and adsorption heat pump (ADHP) (Fig. 5(d)) [118]. There
are additional differences between heat pump-based systems illus-
trated in Fig. 6: (1) MVCs use electricity as an energy source and
can function as stand-alone desalination systems; (2) TVCs use
higher temperature and pressure (4,200 kPa) steam; and (3) ABHP
and ADHP use either higher temperature steam or other heat
sources [87]. As can be seen in Fig. 32, MSF systems can be con-
nected with a solar thermal heat source and the power grid at the
same time, or can be connected with a solar thermal system
through a heat engine to provide heat and electricity at the same
time. Solar pond type solar thermal systems may be especially
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compression (MVC), (c) single effect adsorption heat pump, and (d) single-effect absorption heat pump [156].

applicable, since the salt produced could be used in the pond itself
[73,87].

A mechanical vapor compressor (MVC) or thermos vapor com-
pressor (TVC) is necessary to increase the pressure and tempera-
ture of vapor in vapor compression desalination systems. Seawater
is used as the feed and is heated by an external heat source until it
flashes. The compressed vapor is then used to heat the same stage
or the inlet feed water of the other stages.

Helal and Al-Malek [119] developed a mechanical vapor com-
pression desalination unit with 120 m*d capacity that was pow-
ered by PV/diesel and included heat recovery [119]. The hybrid
system was capable of reducing emissions by 179 tons of CO” per
year, but the water production cost was high compared to conven-
tional methods. They found that increasing plant capacity reduced
the costs.

Mechanical vapor compressor (MVC) desalination units driven
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by wind/PV hybrid system consist of MVC, PV module, wind
turbine, and storage tank. The hybrid unit supplies power to the
desalination system and is connected to an external electrical net-
work in case of deficiencies. Excess power is stored and the remain-
ing power is supplied to the external electrical network. Three
different locations in Morocco were used to validate the theoreti-
cal system. The cost of water production by this method is com-
parable to that of conventional water production methods if the
capacity is greater than 120 m’/d [120].

Specific power consumption, steam flow rate, and total water
production costs of multi-effect distillation-parallel feed-thermo
vapor compressor (MED-PF-TVC) units are lower than those of
multi effect distillation-parallel feed-mechanical vapor compressor
(MED-PE-MVC) units. MED-PE-MVC is competitive if there are
more than 12 effects. Reductions in the value of the compression
ratio associated with increases in evaporator numbers result in
decreases of specific power consumption, solar field area, and
thermo-economic costs. The operation of a steam ejector increases
the gain ratio in a straightforward manner [121].

Results of research on multi-effect thermal vapor compression
(ME-TVC) [122] showed that the maximum gain ratio varied be-
tween 8.5 and 18.5, respectively, for systems with 4 and 12 effects
and that the optimal top brine temperature ranged between 55.8
and 67.5 °C with a reasonable specific heat transfer area. The opti-
mal ranges of compression and entrainment ratios are between
1.81 to 3.68 and 0.73 to 1.65, respectively. The optimal results for a
4-effect TVC unit were also compared with those of three com-
mercial four-effect units having almost the same input. These
comparisons showed that further improvements in distillate out-
put production, compression, and entrainment ratio can be achieved
by combining an ME-TVC system with a conventional multi-
effect unit [122].

TVC has been studied in combination with MED or MSF for
use in different sizes of commercial desalination plants [123] in
which steam compression is carried out by an ejector, and the
vapor from the last effect of the MED process is carried back to
the first effect by a motive stream. MVC is widely used for its sim-
plicity and relatively low energy consumption. The performance of
MVD is better when there is lower concentration and increased
compressor speed. The highest average performance ratio obtained
by Bahar et al. was 2.52 [124]. ABHP and ADHP are regarded as
having higher potential for desalination applications than TVC
and MVC. ABHP and ADHP processes were studied with an open
cycle using zeolite as the solid vapor adsorbent [125], but no com-
mercial applications have been reported.

1-2-3. Solar Vacuum Desalination

It is possible to produce vapor from saline water at lower tem-
peratures by creating a vacuum. A vacuum can be created by vac-
uum pumps or, naturally, by gravity. Vacuum pumps are power
consumers, while natural vacuums simply require the fall of water
under gravity [126].
1-2-3-1. Solar-assisted Passive Vacuum Desalination (PVD)

Al-Kharabsheh and Goswami adopted a process for small scale
desalination applications that used a thermal system without a
steam ejector or vacuum pump. Such systems are known as pas-
sive vacuum pump (PVD) systems [127,128].
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As shown in Fig. 33, the seawater initially filling a thermal sys-
tem is more than 10m above the ground, and then the water
drains to generate a vacuum in the head space created when the
standing column of water held by atmospheric pressure drops by
gravity force in a sealed tank that is taller than 10 m.

In Abutayeh and Goswami’s model [129], the simulated pro-
cess consists of pumping seawater through a solar heater before
flashing it under a passively created vacuum in an elevated cham-
ber. The vacuum causes evaporation and balances the hydrostatic
pressure inside the chamber and the atmospheric pressure. Sev-
eral different passive vacuum systems have been combined with
sensible heat thermal energy storage (TES) [130], wind power [131],
and PV systems [132]. Passive vacuum units generate a vacuum
using natural gravity without any hydraulic pressure sources such
as vacuum pumps. Therefore, non-condensable gases accumulate
over time within seawater and disrupt the vacuum conditions in
the evaporator, resulting in decreases in overall heat transfer effi-
ciency and fresh water production rate [46].

In conclusion, PVD is a simplified MSF/MED thermal system
that is most suitable for applications in contexts such as ships,
where the deck is more than 10 m higher than sea level and where
strong desalination systems are needed.
1-2-3-2. Natural Vacuum Desalination Systems

It has been repeatedly emphasized that natural vacuum desali-
nation systems are suitable for small scale applications. Al-Karab-
sheh and Goswami [133] did theoretical analyses and obtained
preliminary experimental results using natural means of produc-
ing vacuums such as gravity and atmospheric pressure. They found
that the vacuum equivalent of 4 kPa (abs) or less could be obtained
depending on the ambient temperature at which condensation
takes place. Fig. 34 schematically represents such facilities.

A system recently developed by Gude et al. is capable of pro-
ducing 100L/d freshwater using a solar collector 18 m® in area
while considering climate fluctuations. This unit was equipped
with a thermal energy storage volume of 3 m® [134].

An innovative solar-driven flash desalination system was pro-
posed by Maroo and Goswami [126]. This system uses the natu-
ral force of gravity and atmospheric pressure to create a vacuum
and consists of evaporator(s), condenser(s), collection tanks, a heat
source, and a seawater circulation pump. A theoretical analysis of



Renewable energies powered desalinations

373

| 1 |
‘ondenser | T
1
Solar Evaporator |
Heatmg
System = ;
Niva
34 B n
A 2
om 44 A
10 m A -]
3l A 0
, ‘N 0
Saline > A
Water a Brine @
¥ T
N, WAV, AN N (onden\m?
> T boooed P
Saline Water Tank

Fig. 34. Schematic representation of a natural vacuum desalination system [133].

the single-stage and two-stage concepts was performed for the sys-
tem coupled with a constant temperature heat source and solar
collector. When coupled with a solar collector 1 m” in area, a sin-
gle-stage system produces 5.54 kg of water in 7.83 h, while a two-
stage system produces 8.66kg in 7.7h. The performance ratios
including the efficiency of the solar collectors were 0.48 and 0.75
for a single-stage and two-stage system, respectively, or 0.748 and
1.350 if only the useful heat collected by the solar collector is con-
sidered. It is also possible to couple natural vacuum desalination
systems with absorption refrigerators. Using a thermal storage sys-
tem with the combined system, the cooling capacity is 3.25kW
while the distillate yield is 4.5 kg/h [135].

The results of a field test of a two-stage low temperature phase
change desalination process indicate that a two-stage desalination
process has a specific energy consumption of 1,500 k]/kg of fresh-

Condenser

water. Economic analyses conducted of this desalination system
suggest desalination costs of $3/m’ when using a cheap waste heat
source purchased at $0.5/GJ. The desalination costs would be less
than $7/m” if powered by a low grade flat plate solar collector heat
source [136]. Ayhan and Al Madani [131] developed a novel
desalination system using natural vacuums to meet water require-
ments in a sustainable manner. Their system consists of an evapo-
rator column exposed to solar radiation. Zhao and Liu [227]
proposed an innovative solar multi-effect evaporator-condenser
desalination system in which the vacuum is maintained by tides.
Stable operation of the unit can be achieved for areas with tides
that range 2 m in height.
1-2-4. Adsorption Desalination

As seen in Fig. 35, the main units comprising an adsorption
desalination system are as follows: evaporator, adsorption beds,
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Fig. 35. Schematic representation of a two bed adsorption desalination system [137].
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and condenser. For a single bed system, the adsorption occurs in a
single bed, whereas for a two-bed system, adsorption takes place
in one bed and desorption simultaneously takes place in another
bed [137]. Saline water evaporates in the evaporator and is ad-
sorbed by a bed (or beds) maintained at low temperature by circu-
lating cooling water.

The water production rate and energy consumption of an ad-
sorption desalination system are mainly dependent on the cool-
ing water inlet and hot water inlet temperatures, as well as the sil-
ica gel adsorption constant. Such systems can be optimized for
high water production rate with low energy consumption only
when the plant is operating under optimum conditions [137]. Zejli
et al. [125] studied solar adsorption desalination in combination
with a multi-effect distillation system using theoretical models.
The proposed system consists of an evaporator set between two
reactors filled with zeolite as adsorbent material the adsorbent heat
required for the process was supplied by solar parabolic trough
collectors. The vapors leaving the adsorption system transferred
the heat required by the three effect distillation system. The saline
water entering the condenser of the three effect distillation unit
was preheated to 70 °C by the heat transfer fluid and allowed to
flash inside the evaporator, where the necessary vapor was pro-
duced. In the meantime, during the first cycle one adsorbent bed
runs at 120 °C while the other runs at 195 °C. In the second cycle,
the adsorbent bed temperature is reversed by changing the direc-
tion of flow of the hot fluid. The vapors produced are adsorbed by
the low temperature zeolite bed, and the adsorbed water vapor is
released by passing hot heat transfer fluid through the bed. Vapor
is used as the heat source for the three effect distillation system to
evaporate brine water that is disposed by the evaporator, and the
vapors thus formed are then condensed.

Wu et al. [138] analyzed the potential of adsorption desalina-
tion systems to use waste heat to co-generate cooling and fresh

water from saline water through adsorption on silica. They focused
on thermodynamic cycles for the adsorption desalination system.
The optimum situation, in which was obtained maximum water
production with minimum energy consumption, occurred if the
evaporator temperature was kept equal to or higher than the tem-
perature of the cooling water used to cool the adsorption bed. The
proposed thermodynamic models were experimentally verified,
and the results were found to be close to the predicted values
[139]. The daily water productivity of four bed adsorption desali-
nation facilities operating with silica gel and low temperature waste
heat was 4.7 kg/kg. Water productivity can be enhanced by manip-
ulating temperature, for example by increasing the temperature of
chilled water supplied to the evaporator and decreasing the tem-
perature of cooling water circulated around the constant hot water
inlet to the adsorption bed.

Thu et al. [140] sought to optimize AD cycles according to perfor-
mance parameters such as specific daily water production (SDWP),
cycle time, performance ratio (PR) for various heat source tem-
peratures, mass flow rates, and cycle times along with a fixed heat
sink temperature. The maximum potable water production per
ton of silica gel adsorbent per day is about 10 m’, while the corre-
sponding performance ratio is 0.61. They found that longer cycle
time is required to achieve maximum water production at lower
heat source temperatures. Ng et al. [141] studied the performance
of a waste heat-driven adsorption desalination cycle producing
potable water and refrigeration using mathematical models. They
validated their system through experiments under different oper-
ating parameters. The system was successfully operating at a hot
water inlet temperature of 65 °C. An advanced adsorption desali-
nation system was developed by Thu et al. [142], which utilized
the heat rejected by the condenser to evaporate saline water from
the evaporator. Improved yield was obtained at high hot water
inlet temperatures, low cooling water temperatures, and by main-

Table 8. Main characteristics of indirect solar desalination technologies

Process

Highlights

Water production

Description

Solar assisted
multi-stage
flash

Solar multi effect
distillation

Solar assisted
heat pump

Solar vacuum
desalination

A Solar assisted MSF desalination plant integrated with solar
pond is the most economical desalination technology.

PR of a solar MSF is 3-10 times higher than that of a solar still.

Solar ponds need sunny conditions, large flat land areas, and
serious environmental impacts such as soil contamination
by pond brine leakage.

MED systems are low cost and low energy consumers with the
inherent durability of low temperature.

MED does not require comprehensive seawater pretreatment
so it is used for large capacity desalination.

In order to decrease energy consumption, MED systems
require large flat areas for evaporators to reduce the tem-
perature differences between adjacent stages.

HP units are generally used for small and medium scale appli-
cations and are normally combined with other thermal pro-
cesses.

Most suitable for applications in contexts such as ships, where
the deck is more than 10 m higher than sea level and where
strong desalination systems are needed.

12-15L/m%*/d

6-13L/m*/d

17-27 L/m*d

By coupling 10 flash units
operating at 0.9 bar with
solar pond of 700 c.

MED unit 30,000-40,000 m*
in area could annually
produce 1,00,000 tons of
water at a cost compara-
ble to conventional meth-
ods of desalination

Both single-stage and two-
stage systems are possible
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taining high flow rates. The optimum cycle time of this advanced
adsorption desalination system was found to be shorter than that
of a conventional adsorption desalination system.

The main characteristics of indirect solar desalination technolo-
gies are summarized in Table 8.

2. Non-solar Desalination Systems

Although non-solar energy sources are not considered promis-
ing thermal resources for desalination processes, several studies
have examined integrated wind, geothermal, and waste heat units
used by desalination systems.

2-1. Geothermal Energy in Thermal Desalination

Geothermal energy is a proven technology for electricity pro-
duction, but is most often used only on small research scales. Geo-
thermal energy is useful for desalination due to the following
advantages:

1. Stability: Geothermal energy provides a reliable heat supply,
ensuring the stability of thermal desalination.

2. Maturity: Geothermal production technology (the extraction
of hot water from underground aquifers) is mature.

3. Conformity: Typical geothermal source temperatures are in
the range of 70-90°C, which is ideal for low-temperature MED
desalination.

4. Economical: Geothermal desalination is cost effective, and
simultaneous electricity production is possible.

5. Environmental: Geothermal desalination is environmentally
friendly; as only renewable energy is used with no emissions of air
pollutants or greenhouse gasses [143].

High-temperature geothermal energy sources are mostly used
to produce electricity, while low-temperature sources seem suit-
able for desalination. The advantage of geothermal sources is that
energy output is generally constant, making them ideal for ther-
mal desalination processes. Note that geothermal waters can be
simultaneously used for two purposes in desalination processes,
both as feed and heat transfer media for desalination [143]. Bou-
rouni et al. [144] reported an aero-evapo-condensation process that
was found to be promising for cooling as well as desalting geo-
thermal water. A geothermal spring with a water temperature of
about 70 °C was used in this study [144,145]. Karystsas [146] pub-
lished a case study of a low enthalpy geothermal energy driven
seawater desalination plant built on Milos Island in Greece that
coupled MED units to a geothermal groundwater source with tem-
peratures ranging from 75 to 90 °C. The exploitation of low enthalpy
geothermal energy would save the equivalent of 5,000 TOE/year

Process Waste Heat

for a proposed plant with a capacity of 600-800 m’/day of fresh
water. Geothermal capacity is not a major factor in desalination
processes such as MED, thermal vapor compression (TVC), sin-
gle-stage flash distillation (SF), and MSE These processes benefit
greatly when coupled to geothermal sources because considerable
amounts of energy are needed for pre-heating,
2-2. Wind Energy in Thermal Desalination

Wind energy is available in a variety of environmental contexts.
Windy conditions at mountain stations, in coastal areas, and on
islands are all suitable for wind-powered desalination systems. It is
important to couple wind energy with appropriate processes for
the operation of wind-powered desalination plants. These systems
should not be sensitive to repeated start-up and shutdown caused
by rapidly changing wind conditions. Wind energy is considered a
mechanical energy source rather than a thermal energy source.
Although there are several different desalination processes with
varying degrees of technological maturity, only a few can utilize
the electrical energy from a wind turbine and are technologically
ready to be employed. Mechanical vapor compression has been
widely studied in this context [143]. Mechanical vapor compres-
sion (MVC) processes are more tolerant of intermittent operation
than RO, but are not traditionally used with variable power sup-
plies [147]. However, two independent wind-driven MVC desali-
nation plants that operate with variable power have been built. In
both plants a variable speed compressor and a resistive heating ele-
ment in the brine tank allow a variable amount of power to be
absorbed by the unit [148]. One plant on Borkum Island in the
Leer District in Lower Saxony, northwestern Germany uses a
60 kW wind turbine, an MVC unit with a 4-36 kW compressor,
and a 0-15kW resistive heater. The system is capable of produc-
ing distillate at 0.3-2m’/h and consumes 16-20 kWh/m® [149].
Another wind-powered MVC desalination plant with a capacity of
360 m’/day is located on the Island of Rugen in the Baltic Sea
[148]. The wind energy production capacity at this plant is 300
kW. Depending on wind speed conditions, distillate production
varies between 2 and 15 m’/h.
2-3. Waste Heat Energy in Thermal Desalination

As shown in Fig. 36, waste heat can be stored to be utilized for
desalination. Lower thermal losses, lower operation costs, and
lower maintenance and capital costs are major benefits of low
temperature desalination. Studies of a low temperature desalina-
tion process that taps heat rejected from the condenser of a
domestic air-conditioning system indicate that evaporation of saline

Thermal Desalination Plant

Collectors

Fig. 36. Thermal desalination system powered by waste heat source [145].
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Table 9. Main characteristics of non-solar desalination technologies

Process Highlights Water production Description
Geothermal assisted ~ Low-temperature sources seem suitable for desalination. - -
desalination Energy output is generally constant in Geothermal sources,
which makes them ideal for thermal desalination processes.
Wind energy assisted ~ Windy conditions at mountain stations, in coastal areas, and on  6-13 L/m’*/d The plant uses a 60 kW
desalination islands are all suitable for wind-powered desalination systems. wind turbine, an MVC
But these systems should not be sensitive to repeated start-up unit with a 4-36 kW
and shutdown caused by rapidly changing wind conditions. compressor, and a 0-
15 kW resistive heater.
Waste heat energy Lower thermal losses, lower operation costs, and lower mainte- - -
in thermal nance and capital costs are major benefits of low tempera-
desalination ture desalination.

water takes place at near-vacuum pressures created by exploiting
the principles of local barometric head. The evaporator can be run
in a temperature range from 40-50 °C with heat supplied by a TES
unit. The energy requirements for the system are lower than those
for an MSF distillation process. The thermal energy rejected by an
absorption refrigeration system (ARS) with a cooling capacity of
325kW (0975 tons of refrigeration) along with an additional
energy input of 208 kJ/kg of desalinated water is sufficient for
desalinated water production at an average rate of 4.5kg/h. This
energy consumption is only 60% that of a typical MSF distillation
process (338 kJ/kg) [150]. A TES unit volume of 10 m’ and a solar
panel area of 25 m” are required for such applications.

In another recent study [151], an integrated process model was
developed for the novel application of a sensible TES system for
energy conservation and water desalination in power plants. In
this configuration, a cold TES was designed to diminish the nega-
tive effects of high ambient temperatures, which weaken the per-
formance of air-cooled condensers. These condensers can suc-
cessfully cool a 500 MW CCPP (combined cycle power plant).
Stack gases from CCPP may also be used to drive an ARS, which
maintains the chilled water temperature in a TES tank. A process
model integrating CCPB, ARS, TES, and MED was developed to
optimize the volume of the TES.

In many cases, the energy requirements for desalination pro-
cess increase directly with thermal energy source temperatures
due to higher heat losses to the ambient atmosphere. This suggests
that low temperature operation, and thus low temperature TES
systems, could be more energy-efficient as described above [134].
Part of the cooling load from the TES was utilized to cool the final
condenser in the MED system, in order to facilitate additional
stages in the MED process.

Further, when the number of stages increases, thermal energy
requirements decrease. Preliminary analysis of the integrated pro-
cess showed that a cold TES tank volume of 2,950 m® was suffi-
cient to meet the cooling requirements of ACC and MED in both
hot and cold seasons. A potential savings of 2.5% of the power loss
in a CCPP was realized on a hot summer day for this TES system,
along with an estimated desalination capacity of 950-1,600 m’/d
for top brine temperatures between 100 °C and 70 °C in the MED.
The main characteristics of non-solar desalination technologies are
summarized in Table 9.

2-4. Pressure-retarded Osmosis and Reverse Electrodialysis

The salinity-gradient energy is a type of renewable and gas emis-
sion-free energy that is based on the release of free energy of mix-
ing upon mixing of waters with different salt concentrations [152;
153]. The membrane-based desalination technologies can be used
to generate power from salinity-gradient energy when operated in
the reversed mode. Two types of membrane-based processes for
energy conversion of salinity-gradient energy are pressure-retarded
osmosis (PRO), and reverse electrodialysis (RED) [154]. The power
generated by PRO and RED as renewable energy sources can be
used to power the desalination systems. Among the desalination
processes, RO process is most attractive for integrating with PRO
and RED systems due to similarity of processes (membrane-base).
In the RO-PRO and RO-RED systems the brine of the RO pro-
cess can be used as PRO and RED processes influent without the
need for additional pre-treatment.

Fig. 37 shows the diagram of RO-PRO system when low saline
water is supplied as RO feed. As shown in Fig. 37, first the seawa-
ter and low salinity water is pretreated by a pretreatment unit. The
pretreated seawater is sent to the PRO system as draw solution
and low-saline water is passed through the RO membrane. The

Seawater —>» Pre-

Low-saline

Produced
water

Fig. 37. Schematic of RO-PRO hybrid configuration [155].
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Fig. 38. Schematic diagram of the basic RO-RED hybrid processes [156].

brine of the RO system is used as the feed solution for PRO. The
high salinity water flow draws the less concentrated water through
the membrane due to its higher osmotic pressure, which leads to
increase in volume of flow. The high volume flow is passed through
a hydropower turbine to generate a portion of required RO elec-
tric power. Four possible configurations of hybrid RO-PRO pro-
cess have been investigated by Kim et al. [155].

There are two basic configurations for RO-RED systems based
on different assemblages of the RED and RO units. As shown in
Fig. 38(a), in the first system (RED—RO mode) seawater as con-
centered salt solution and a secondary effluent as a diluted solu-
tion pass the RED unit to filed between the membranes. The
salinity gradient results in a potential difference (e.g., 80 mV for
seawater and river water) over each membrane, which causes the
transport of ions through the membranes from the concentrated
solution to the diluted solution. For a sodium chloride solution,
sodium ions pass through the cation exchange membrane in the
cathode direction, and chloride ions pass through the anion ex-
change membrane in the anode direction. The electrical current
and the potential difference over the electrodes are used to gener-
ate electrical power by connecting an RO electric pump to the cir-
cuit. The seawater with reduced salinity is passed through the RO
membrane to produce freshwater. In the second configuration
(RO—RED mode) shown in Fig. 38(b), first seawater is passed
through the RO membrane where the freshwater is produced and
brine is used as the concentrated salt solution for RED unit [156].

In all RO-PRO and RO-RED configurations, the RO energy
consumption and adverse environmental impact that seawater RO
brine disposal can have on marine ecology are reduced compared to
an optimized RO system with an energy recovery device [156,157].

SYSTEM ANALYSIS

Any analysis of solar thermal systems will be incomplete with-
out including the thermodynamic and economic perspectives.
The primary objective in the design and optimization of solar dis-
tillation processes is to maximize the available solar energy while
restricting heat losses from the system to minimum thermody-

namic and economic levels, which in turn obtains the maximum
output (distilled water) in both quantity and quality (ie., to maxi-
mize still productivity). Quantity and quality of energy transfer as
well as the cost of components should be investigated throughout
the distillation processes. Therefore, a thorough analysis of convec-
tion and radiation processes should be based on economic analy-
sis and energy conservation principles, including the exergy balance
of the process [158-160] and thermoeconomic analysis.
1. Exergy Analysis

In brief, exergy analysis is a method that implements the con-
servation of mass and conservation of energy principles together
with the second law of thermodynamics for the analysis, design,
optimization, and improvement of energy systems. Exergy analysis
is used to complement rather than to substitute for energy analy-
sis [23,161].

Based on the first and second laws of thermodynamics, the fol-
lowing exergy balance equation is obtained [162,163]:

EXQ+ZExi:ZExe+ExW+ExD (75)

where subscripts e and i represent inlet and outlet specific exergy
of the control volume, respectively, and Exj, is exergy destruction.
Other terms in this equation are as follows [Wonchala et al., 2014;
Janghorban Esfahani and Yoo, 2013a:

. Ty -
Ex,= (17 ;FQ)Q,- (76)
Ex, =W (77)
Ex=rhex (78)

where ex is the overall exergy of the stream calculated by Eq. (79)
e=(h=h)~Ty(s~s")+ 3x,(t; ~ 41) (79)
i=1
where e, h, T, s, X, and g are specific exergy, specific enthalpy, tem-
perature, specific entropy, mass fraction, and chemical potential,
respectively. Subscript i represents the number of substances in the

system. Superscript ‘0’ refers to ambient pressure, temperature, and
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concentration conditions, while superscript *’ refers to ambient
pressure and temperature, and initial concentrations of the system
conditions [4,164,165].

When calculating exergy, specific entropy, enthalpy, and chemi-
cal potential of the seawater at a specified temperature T, pressure
P, and concentration x are estimated by correlations from ref. [166,
167]. The exergy efficiency of any process is a ratio of the exergy
transfer rate associated with the output to the exergy transfer rate
associated with the driving input [168]. Thus exergy or the sec-
ond Law of efficiency is defined as follows:

_ Exergy output 1- Exergy destruction or irreversibilities
Exergy input Exergy input

ex (80)

Exergetic efficiencies are useful for identifying means for the
utilization of energy resources that are thermodynamically effective.
They can also be used to evaluate the effectiveness of engineering
measures taken to improve the performance of a thermal system.
This can be done by comparing efficiency values determined before
and after modifications have been made to assess how much
improvement has been achieved. The value of 7, is generally less
than unity even when 7,=1 [169]. In solar energy systems, 7, is
very low compared to the same value in other energy systems, as
discussed in the next section. The thermal radiation from the sun
is relatively rich in exergy [170], but the exergy efficiency of solar
thermal collectors or systems is low. An extensive review of the
problems of radiation exergy is provided by Bejan [158]. Some
clarifications regarding the exergy of thermal radiation have been
provided by Petela [159], who blamed the low efficiency of solar
thermal devices on the impossibility of full absorption of the inso-
lation. In this view; to obtain high quality energy at high tempera-
tures, the absorbing surface also has to be at high temperature,
which results in a major loss of energy by emission from the sur-
face. This factor influences both energy and exergy efficiencies.
Such a large exergy loss takes place during the absorption of solar
radiation by the absorber surface at temperatures much lower
than the temperature of the sun as a black body radiation source
[171,172]. Another factor that makes exergy efficiency lower than
energy efficiency in solar thermal devices is a significant degrada-
tion of energy quality. The relatively high temperature (approxi-
mately 6,000 K) of solar radiation is degraded to a relatively low
temperature, e.g., to the temperature of heated water, which is not
much greater than the atmospheric temperature, the temperature
required for drying crops, solar cooking temperature, or the tem-
perature required for photosynthesis [23]. The exergy of solar
radiation can be calculated by Eq. (81).

Exu=GeA-y (81)
where G, is the energy of solar radiation, A is the area of surface of
the solar device on which the solar radiation is incident, and  is
the Petela expression presented in Eq. (8), which presents the rela-
tive potential of maximum energy available from solar radiation
energy [159,171,172].

S

where T, is ambient temperature and T; is solar temperature.
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Caliskan et al. [173] modeled and analyzed hybrid renewable
energy-based hydrogen and electricity production and storage sys-
tems by utilizing energy, exergy and sustainability approaches.
They considered several subsystems, including a hybrid geother-
mal energy-wind turbine-solar photovoltaic (PV) panel, inverter,
electrolyzer, hydrogen storage system, proton exchange mem-
brane fuel cells (PEMFC), and battery and loading systems. A case
study based on a hybrid wind-solar renewable energy system was
also conducted. The dead state temperatures were set to 0°C,
10°C, 20°C and 30 °C, while the environmental temperature was
30C. The maximum efficiencies of the wind turbine, solar PV
panel, electrolyzer, and PEMFC are calculated as 26.15%, 9.06%,
53.55%, and 33.06% through energy analysis, and 71.70%, 9.74%,
53.60%, and 33.02% through exergy analysis, respectively. The
overall exergy efficiency, ranging from 5.838% to 5.865%, is directly
proportional to the dead state temperature and becomes higher
than the corresponding energy efficiency of 3.44% for the entire
system.

Banat and Jwaied [174] employed exergy analysis to evaluate
the exergy efficiency of “compact” and “large” solar driven MD
desalination units. The exergy efficiency of the compact and large
units was calculated with reference to the exergy collected by the
solar collector to be about 0.3% and 0.5%, but was 0.01% and
0.05%, respectively, when referenced to the exergy of solar irradi-
ance. The exergy efficiency of the flat plate solar collectors in both
units varied diurnally, and the maxima were 6.5% and 3% for the
compact and large units, respectively. The greatest exergy destruc-
tion occurs within the membrane distillation module.

Al-Sulaiman et al. [175] used exergy modeling to assess the
exergetic performance of a novel trigeneration system using para-
bolic trough solar collectors (PTSC) and an organic Rankine cycle
(ORC). They considered four cases: electrical power, cooling-cogen-
eration, heating cogeneration, and trigeneration. In their proposed
trigeneration system, a single-effect absorption chiller was utilized
to provide the necessary cooling energy and a heat exchanger was
utilized to provide the necessary heating energy. The trigeneration
system was examined using three modes of operation: solar mode
during the low-solar radiation times of day; solar and storage mode
during the high solar radiation times of day, and storage mode
during the night. Storage mode is operated using heat collected in
a thermal storage tank other modes of operation. Exergy efficien-
cies and exergy destruction rates were examined according to ORC
evaporator pinch point temperature, ORC pump inlet tempera-
ture, and turbine inlet pressure. The maximum electrical-exergy
efficiency for the solar mode is 7%, for the solar and storage mode
is 3.5%, and for the storage mode is 3%. Alternatively, when tri-
generation was used, the exergy efficiency increased noticeably,
with the maximum trigeneration-exergy efficiency for the solar
mode 20%, for solar and storage mode 8%, and for storage mode
7%. Moreover, the main sources of exergy destruction are solar
collectors and ORC evaporators. Therefore, careful selection and
design of these two components are essential to reduce the destroyed
exergy and, thus, increase the exergy efficiencies of the system.

2. Economic Analysis

Many factors affect the economics of desalination, such as intake

water quality, plant capital cost, energy cost, labor and mainte-
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Table 10. Cost analysis formulation for water distillation unit [176]
Equation Description No.
CRF=i(1+i)"/[(1+1)""] CRF=capital recovery factor (83)
I=the interest per year (12%)
N=the number of life years (10)
FAC=P(CRF) FAC=fixed annual cost (84)
CFF=i/[(1+i)""] SFF=Sinking fund factor (85)
S$=0.2P P=is the present capital cost (700%) (86)
AMC=0.15(FAC) AMC=maintenance cost (87)
ACC=CC? ower CC=current cost=0.06 $/kW h (88)
ACC=The cost of power used in system
AC=FAC+AMC-ASV AC=annual cost (89)
CPL=AC/M M=annual yield of solar still (90)
CPL=cost of distilled water per liter
Table 11. Parameters of equations presented in Table 10
Type of solar still Ref. P CRF FAC S SFF ASV AMC AC M CPL
Single slope solar still [199] 275 0177 49 55 0.057 3.5 7.5 53 1511  0.035
Single slope solar still [200] 190 0.177 34 38 0.057 2 5 37 585  0.063
Single slope solar still [201] 250 0.177 44.2 50 0.057 3 6.6 47.8 343 0.14
Solar still with solar collector [201] 1144 0.177 202.5 228.8 0.057 13 30.4 2199 1203 0.18
Solar still with solar collector [202] 480  0.177 96 85 0.057 5.5 15.3 93 806  0.115
Solar still with solar concentrator [203] 300 0177 53.1 60 0.057 34 8 57.7 990  0.058
Solar still with sun tracking [204] 300 0.177 53.1 60 0.057 34 8 57.7 250 0.23
Solar still with wick and fin type 250 0.177 44.3 50 0.057 3 6.6 479 731 0.065

nance cost, concentrate disposal cost, and financing interest rate.
Energy plays the largest role in all desalination systems, ie., the
energy costs of thermal distillation seawater plants is close to 60%
of the overall costs. If heat is supplied from the waste heat from
the turbine exhaust energy costs become much lower.

The payback ratio depends on the cost of distilled water pro-
duction and its applicability. The cost of distilled water per liter
(CPL) can be calculated by dividing the net annualized cost of the
system (AC) by the annual yield of the solar still (M). Cost analy-
sis equations for water distillation units are presented in Table 10
with the parameters presented in Table 11. Increases in air flow
rate and temperature cause the average cost of water production to
increase [176].

For MSF plants with production capacities between 23,000 and
528,000 m*/day, the water production cost ranges between 0.52
and 1.75 US$/m’. For MED plants with production capacities of
more than 90,000 m’/day, the cost ranges between 0.52 and 1.01 $/
m’ [87]. Increasing productivity may lead to higher annual costs for
the fresh water. The best cases are single-slope and pyramid-shaped
solar stills that can produce 1,533 L/m’ annually at a cost of around
0.0135$/L [177]. Solar radiation heats the water and air, causing
evaporation of water to produce distillate and movement of air
through a chimney to produce power. If the plant is operated for
eight days, the cost of water production is 2.23 $/m’ which is
lower than the cost of water produced by any other systems [178].

The cost of water produced by desalination units coupled with
renewable energy resources is strongly related to the cost of energy

produced using renewable energy sources. Despite the free cost of
renewable energy, the capital cost of renewable energy systems is
very high, which in turn increases water costs. However, by devel-
oping economic renewable energy technologies, capital costs may
be reduced and therefore water production costs also decrease.
Table 10 presents the average water production cost, and Table 12

Table 12. Average water production cost of solar desalination

Process Specific cost Ref.
SChD 2.23 ($/m’ per 8hin a day) [178]
Single slope solar still 13.5 $/L/year [177]
Solar assisted MSF 7.9 $/m’ [205]
Desalination with MED ~ 2-3.2 $/m’ [183]
Solar assisted MSF 9¢$/m’ [206]
Solar pond assisted MED ~ 0.52-0.62 $/m’ [86]
Single-slope ST 14 $/m’ [177]
Multi-effect ST 39.456 $/m’ [41]
HDH 33$/m’ [207]
HDH 61.65 $/m’ [208]
Solar still 12.5$/m’ [209]
MESS 50 $/m’ [210]
Solar still 0.52-2.99 [178]
Solar MD 9-18 $/m’ [70]
PV-RO 6.5-29 $/m’ [58,69]
PV-ED 5.8-16 $/m’ [198]
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summarizes a cost analysis of solar still desalination processes.
2-1. Solar Thermal Desalination
2-1-1. Solar Still

The capital cost of solar stills is low and fossil fuel is not necessary
to evaporate the water. However, due to the low productivity of these
stills the water production costs remain high. The average daily pro-
duction rate of such stills ranges from 4 to 6 L/m’ [PRODES, 2010},
and the water costs range between 0.52 [228] and 14 $/m’ [177].
2-1-2. Solar Multi-effect Humidification

Low-temperature heat and electricity are required in MEH units.
The sizes of existing MEH units range from 1 to 100 m’/ day, and
the average total energy consumption (both thermal and electri-
cal) is about 31.1 kWhe/m’. The water production costs of these
units range from 2.6 to 6.5 US$/m’ [179].
2-1-3. Solar Pond Desalination

The temperature of the storage zone of a solar pond may be higher
than 90 °C. This energy can be used to provide heat in both MED
and MSF desalination processes. The cost of the water from pro-
duced by SP/MED units ranges from 0.71 to 0.89 US$/m’ [179,180].
2-1-4. MSF and MED

Solar-assisted MSF and MED processes have productivities of
6-60 and 6-13 L/m”/day, which is greater than those of direct pro-
cesses. The production cost of MSF is 2.5-7.6 $/m’. These pro-
cesses exhibit better function if they are integrated with solar ponds
or solar collectors. The average water production cost of MD is
close to 16 $/m’ [13]. Note that the cost of water produced by these
systems can be reduced by increasing plant capacity.
3. Thermo-economic Analysis

Thermo-economic analysis combines exergy analysis and eco-
nomic principles to design and operate cost-effective systems. This
is a broader perspective than that used in conventional energy and
economic analyses. It is an exergy-based cost minimization tool for
thermal systems. Thermo-economic analysis is sometimes referred
to as exergoeconomic analysis. Using this method, the thermody-
namic inefficiencies of the system (exergy destruction and exergy
losses and costs associated with such inefficiencies) are evaluated.
This approach is referred to as exergy costing, in which a cost is
associated with each exergy stream. Understanding these costs is
useful for improving the cost effectiveness of the system and for
reducing the cost of the final product of the system [161].

Thermo-economic analysis represents a branch of engineering
that combines exergy analysis and cost principles to provide sys-
tem designers and operators with information that is not available
through conventional energy analysis and economic evaluations
[1]. The thermo-economic balance of any unit is calculated based
on exergy and cost balances. In a conventional economic analysis,
a cost balance is usually formulated for the overall system operat-
ing at steady state as follows [181]

ZCin,k+Zlfl+ZkOM:ZCuut,k (91)

where C,,, and C,,, are cost rates associated with streams to/from
the component and Z“ and Z*" are the related costs of capital invest-
ment, operation, and maintenance of the k™ component obtained
using the economic models described in section 1.2 [12].

In applications of the cost balance equation (Eq. (1)) there is
usually more than one inlet-outlet stream for some of the compo-
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nents. Therefore, the number of unknown cost parameters is
greater than the number of cost balance equations for the compo-
nent. To solve this problem, auxiliary thermodynamic equations
were developed according to the P and F rules [12,182]. Based on
these rules, the product is defined as being equal to the sum of all
of the exergy values that are taken into consideration at the outlet,
plus all of the increases in exergy between the inlet and outlet that
are in accordance with the purpose of the component. Similarly,
fuel was defined as being equal to all of the exergy values that are
taken into consideration at the inlet plus all of the decreases in
exergy between the inlet and outlet, minus all of the exergy increases
that are not in accordance with the purpose of the component [2].

Many investigations of thermal power plants, cogeneration, and
other energy systems using thermo-economic analysis have been
performed. Such analyses have proven very useful for optimizing
entire systems or specific variables within a single component. Basic
equations for the thermo-economic analysis of desalination sys-
tems are available elsewhere [6]. Thermo-economic analyses of
desalination and other solar energy systems are rare.

Ranjan and Kaushik [23] investigated solar still systems in the
context of energy, exergy, and thermo-economic analyses. They
found that the energy efficiency and productivity of conventional
solar stills is normally low; in the range of 20-46% and less than
6 L/m’/day, respectively, even under optimized operating condi-
tions. The exergetic efficiencies were estimated to be between 19%
and 26% for a triple effect system, 17-20% for a double effect sys-
tem, and less than 5% for a single effect system. Productivity is
increased significantly by the use of integrated solar stills with bet-
ter efficiency. The overall energy and exergy efficiency of integrated
systems increases to 62% and 8.5%, respectively, using single effect
solar stills. A literature review indicated that the cost of desalina-
tion through solar stills ranges from US$ 0.014 to 0.237/L and de-
creases further with increases in efficiency. Integrated solar desali-
nation systems and technologies are better choices than conven-
tional solar distillation systems for rural as well as urban areas with
sufficient sunshine.

Sharaf et al. [1] thermodynamically evaluated solar energy with
different configurations of multi-effect distillation process. They
considered two different types of combined solar cycles with dif-
ferent configurations of multi effect distillation (MED) processes.
In the first technique, solar energy is directly utilized from the
solar collector field via an evaporator heat exchanger supplying the
first effect of the MED process. This technique produces only pota-
ble water. In the second technique, the exhausted energy from an
organic Rankine cycle (ORC) turbine is used in the first effect of
the MED process to produce power electricity as well as desalted
water. They studied two systems, one with a parabolic trough col-
lector (PTC) with toluene organic oil and water working fluids.
Therminol-VP1 heat transfer oil (HTO) was considered for indi-
rect vapor generation across the solar field and evaporator heat
exchanger. Comparisons were manipulated assuming 100 m’*/day
of distillate product. The desalination-alone technique was consid-
ered more attractive than the combined desalination and power
technique due to its higher gain ratio and the smaller solar field
area needed. The parallel feed configuration is dominant against
the forward feed with a feed heater configuration, while increas-
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ing the number of effects to more than 12. Sharaf et al. [2012a]
thermodynamically compared different types of solar desalination
processes and showed that RO and multi effect distillation ther-
mal vapor compression were superior, according to specific solar
area, total water price, thermo-economic product cost, and the
gain ratio. The systems were based on two scenarios: (1) different
operating conditions due to each individual technology, and (2)
uniform operating conditions.

Sharaf et al. [7] thermo-economically analyzed different solar
power assisted techniques of MED-VC (multi effect distillation-
vapor compression) processes. Two techniques for solar power
cycles were considered to power MED-PF-TVC, MVC (multi effect
distillation thermal and mechanical vapor compressions). In the
first technique, solar thermal power is directly transmitted from
the solar collector field via a boiler heat exchanger unit toward the
steam ejector of the MED-PE-TVC process. In the second tech-
nique, the electrical power generated by the SORC (solar organic
Rankine cycle) is used to power the vapor compressor of the MED-
PF-MVC process. This comparison was implemented according
to the operation of a PTC (parabolic trough collector) with toluene
organic oil and water working fluids (second technique). Thermi-
nol-VP1 HTO (heat transfer oil) was considered across the solar
field, and water was considered for the boiler heat exchanger (1%
technique). The case study assumed 4,545 m’/day of distillate prod-
uct. Reducing the value of the compression ratio while increasing
the evaporator numbers reduced specific power consumption, solar
field area, and thermo-economic costs. The operation of a steam

ejector instead of increasing the evaporators numbers increased
the gain ratio.
4. Environmental Analysis

The environmental impacts associated with desalination sys-
tems can be categorized as greenhouse gas emission, temperature
and salinity of discharged brine, and discharge of chemicals used
in the pretreatment units.

All desalination technologies are powered by energy derived
from the combustion of fossil fuels, which contribute to CO, CO,,
NO, NO,, and SO, as well as several other harmful emissions. The
amount of CO, is estimated to be 25kg/m’ of produced water
[143,180]. Table 13 shows greenhouse gas emissions due to water
production by desalination systems with respect to world popula-
tion and oil required over the past five decades [183]. As presented
in Table 13, currently the desalination capacity required world-
wide is greater than 1.42 million tons of oil/day, which releases 156
metric tons of CO,/day [143,183].

According to the Kyoto Protocol, several countries have com-
mitted to reduce global per capita emissions to 0.2-0.7 ton C/cap/
year from current levels of 0.3 in developing countries, 5.5 in the
USA; and 2.5 in Western Europe [184]. The use of renewable
energy resources is an excellent alternative to overcome harmful
gas emissions. Raluy et al. [185] carried out a global environmen-
tal analysis to estimate the environmental loads of renewable
energy-powered desalination systems and examined the integra-
tion of renewable energies such as wind, solar, and hydropower
with various types of thermal desalination technologies such as

Table 13. World population, desalination capacity, oil required and GHG emissions over past five decades [143,183]

Year World population World desalination capacity Oil required GHG emissions
(billions) (million mS/day) (million metric tons day) (metric tons CO,/day)
1960 3.1 0.12 0 0.36
1970 3.8 0.72 0.02 2.16
1980 45 44 0.12 13.2
1990 53 13 0.36 39
2000 6 23 0.63 69
2008 6.8 52 142 156
Table 14. Air emissions of different RE-MSF systems [185]
Case study ~ RE-MSF Kg CO,/m’ produced water g NO,/m’ produced water g SO,/m’ produced water
1 MSE (ST-S-EM) 11.027 10.201 20.385
2 MSEF (ST-SP-EM) 10.915 9.819 19.858
3 MSF (DWH-EM) 1.98 4.46 14.96
4 MSF (DWH-WE 150 kW) 0.369 0.826 6.173
5 MSF (DWH-WE 2 MW) 0.317 0.842 5912
6 MSF (DWH-PE-S 100 kWp) 1.1 2.519 11.926
7 MSF (DWH-PE-SP 100 kWp) 0.683 1.165 8.841
8 MSF (DWH-PE-S 500 kWp) 0.825 2.232 20.260
9 MSF (DWH-PE-SP 500 kWp) 0.546 1.42 13.008
10 MSF (DWH-HPE) 0.282 0.654 5.98
11 MSE (DWH-NM) 0.28 0.64 5.86

ST: solar thermal; DWH: driven waste heat; WE: wind energy; PE: photovoltaic energy; HPE: hydro-power energy; EM: European model; S:

Switzerland; SP: Spain
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Table 15. Air emissions of different RE-MED systems [185]

Case study ~ RE-MSF Kg CO,/m’ produced water g NO,/m’ produced water g SO,/m’ produced water
1 MED (ST-S-EM) 8.260 7.085 20.533
2 MED (ST-SP-EM) 8.164 6.803 20.107
3 MED (DWH-EM) 1.19 2.53 19.59
4 MED (DWH-WE 150 kW) 0.309 0.688 11.811
5 MED (DWH-WE 2 MW) 0.283 0.696 11.682
6 MED (DWH-PE-S 100 kWp) 0.675 1.536 14.699
7 MED (DWH-PE-SP 100 kWp) 0.363 0.902 14.992
8 MED (DWH-PE-S 500 kWp) 0.536 1.393 18.859
9 MED (DWH-PE-SP 500 kWp) 0.397 0.986 15.232

10 MED (DWH-HPE) 0.265 0.604 11.62
11 MED (DWH-NM) 027 06 11.66

ST: solar thermal; DWH: driven waste heat; WE: wind energy; PE: photovoltaic energy; HPE: hydro-power energy; EM: European model; S:

Switzerland; SP: Spain

MSE and MED. Tables 14 and 15 present their evaluations of
CO,, NO,, and SO, for MSF and MED, respectively, integrated
with renewable energies. In case studies 1 and 2 the required ther-
mal energy is generated by solar flat plate collectors, whereas in
case studies 3-11 the thermal energy is provided by other indus-
trial processes, and the thermal energy is low temperature waste
heat. Electricity is provided by different sources such as in the
European model (43.3% thermal, 40.3% nuclear and 16.4% hydro-
electric) [186], Norwegian model (0.5% thermal, 0.3% nuclear and
99.2% hydroelectric) [186], photovoltaic, wind energy, and hydro-
power. The results obtained by Raluy et al. [185] show that increases
of 92.5% and 20% in the wind plant and photovoltaic production
capacity cause decreases of 20% and 19% in all air emissions,
respectively. A 50% increase in solar radiation results in decreases
of 38% and 36% in air emissions. For systems that are fully inte-
grated with other industrial processes the use of renewable ener-
gies decreases emissions by 70%. CO, and SOy have the highest
and lowest reduction effects, with averages of 72% and 44%,
respectively, among air emissions. Raluy et al. [185] obtained simi-
lar results to those for RE-MSF and RE-MED presented in Tables
14 and 15 respectively.

Seawater desalination plants are located at coastal sites which
are a sensitive environmental habitat [187]. High salinity brine is a
byproduct of desalination with undesirable environmental effects.
It is generally produced as a liquid with very high salt concentra-
tions. The salinity of the discharge from RO plants is about 100%
higher than the salinity of seawater at ambient temperatures, whereas
the salinity of the discharge from distillation (MSF or MED) plants
is about 15% higher than that of seawater and is released at a tem-
perature of 50 to 100°C higher than ambient. Multi-stage flash
(MSF) and other forms of thermal distillation tend to have the
greatest impact on intake water temperature, and can release brines
10-15 °C warmer than oceanic waters [188,189]. Therefore, distil-
lation plants have greater negative impacts on, and represent greater
risks to, marine and aquatic life, because higher temperatures reduce
the overall concentrations of dissolved oxygen in the receiving
waters, therefore threatening life that cannot exist at low oxygen
levels. The distribution and extent of thermal impacts is influ-
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enced by the location of the plant discharge, with brine discharges
to enclosed water bodies more likely to result in measurable ther-
mal effects than discharges to well-flushed environments [190].
The RO process requires more intensive pretreatment than do dis-
tillation processes. Among desalination processes such pretreat-
ment is usually in the form of chemical additives that have direct
and indirect impacts on aquatic marine life. However, the levels of
these chemicals are generally relatively low [191].

Large volumes of seawater are extracted and hypersaline brine
is discharged into the marine environment by desalination plants.
The urgent need for water in many regions has meant that marine
environmental issues associated with desalination have been con-
sidered secondary concerns [192]. Table 16 summarizes the extent
and intensity of brine plumes in receiving water surrounding
desalination plant discharge outlet [190].

4-1. Discharge Options

Brine disposal is a major environmental problem of seawater
desalination plants. If a feasible and efficient alternative to ocean
disposal could be found, the entire problem of marine pollution
would be solved. Conventional disposal methods of desalination
plants comprise:

« Disposal to surface water

« Disposal to sewer

o Deep well injection

o Evaporation ponds

o Land application, e.g. irrigation

The most widely used disposal methods in the USA are sur-
face water discharge (45%), sewer discharge (27%) and deep well
injection (13%) [187].

4-2. Discharge Design

The concentration of a pollutant discharge depends on the ini-
tial discharge concentration, the concentration in the ocean and
the level of dilution [193]. The pollutant concentration after ith
dilution is defined as:

d =X ©2)

RS |

Where
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Table 16. Extent and intensity of brine plumes in receiving waters surrounding desalination plant discharge outlets

Capacity Discharge  Salinity of . . . . .
Reference (ML/d) (ML/d)  brine (ppt) Location Habitat Plume extension and intensity
211 94 NR 373 Muscat, Soft sediments Returned.to background levels within
Oman approximately 100 m of outlet
211 191 NR 4011 Muscat, Soft sediments Appeared to return to background lev-
Oman els 980 m from outlet
Salinity of receiving water reach 51 ppt,
relative to reference areas of 45 ppt,
. plume extended at least 160 m from
Sitra Island, . .

[212] 106 288 51 Bahrain Soft sediments discharge. Temperature also affected,
discharged at 10-15 °C above ambi-
ent, receiving water up to 7 °C above
ambient

0.5 ppt above background levels within

213] o1 2 40-55 Florida, Artificial hard ‘substrata 10—20'm of outlet.. Ne?/ertheless, slight

USA and soft sediments elevation was maintained for 600 m
within the harbour basin
2 ppt above background on the seabed
Canary Islands, . and 1 ppt on the surface within the

214 2 1 2 - f

[214] > 7 75 Spain Sub-tidal rocky ree 20 m of the outlet; similar to back-
ground levels at 100 m.

215] NR NR NR Dhkelia, NR Above backgro.und 100—290 m from

Cyprus outlet, occasionally as high as 60 ppt.

216] 0 75 68 Ahcagte, Seagrass @d 0.5 ppt above ambient for up to 4 km

Spain soft sediments from outlet along the seafloor
217] 28 NR a“ Javea, . Seagrass @d Slightly above background up to 300 m
Spain soft sediments from the outlet
At background levels within 10 m of
. Blanes, Seagrass and
[218] 60 33 60 . . outlet. No apparent measurement or
Spain soft sediments . ..
analysis of salinity
Alicante 2.6 ppt above ambient within 300 m” of
[219] 50 65 68 S ain’ Soft sediments outlet; 1 ppt within 600 m”; similar to
P background at 1,300 m”
Approximately 2 ppt above ambient

[192] 274 600 42 Asllllr( i(lm NR within 400 m of outlet, <1 ppt above

ambient within 4,000 m of the outlet
75 ppt effluent diluted to 38 ppt within
Islands,
[220] 25 NR 75 Ca;la:i}; slands Soft sediments 20 m of outlet, no details given as to
P background salinity
Formentera, 5.5 ppt above background 10 m from

. Seagrass and

[221] NR 2 60 Balearic Islands, outlet; 2.5 ppt at 20 m; 1 ppt at 30 m;

Spain

soft sediments

not measured any further than this

NR=not reported

a_ g/L

*Inferred from figure, estimate only

y=discharge concentration

X=receiving water concentration

i=dilution number
d;=pollutant concentration after ith dilution

A simple way to provide good effluent dilution and to mini-
mize the environmental effects is to discharge into a highly ener-
getic sea location where no sensitive ecosystems are in reach. The
concentrate not only includes brine but also includes chemicals

Korean J. Chem. Eng.(Vol. 33, No. 2)
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Table 17. Chemicals used in pretreatment and post-treatment of desalination plants [194]

Pretreatment Post-treatment
Chemical Purpose Chemical Purpose
NaOCl Prevention of biological growth Enzymes Breaking down of bacteria
FeCly/AICKL Flocculation and removal of suspended ~ Detergents, surfactants ~ Resuspension of particulate matter and dissolving
matter from water and caustics of organic material and silica
H,SO,/HCI Adjustment of pH Biocides Killing bacteria
NaHSO, Neutralization of chlorine in feedwater ~ Chelators Removing scale
Scale inhibitors ~ Prevention of scale formation Acids Dissolving inorganics

used from pretreatment and post-treatment, which are added to
the pipe of the concentrate before its disposal and add to the nega-
tive impact of the concentrate. These chemicals are summarized in
Table 17 with their purposes [194].

CONCLUSION

Renewable energy-powered thermal desalination systems were
comprehensively investigated and compared in this review. Among
all of the processes described, solar stills are the most economi-
cally suitable but occupy large areas. The water produced by a solar
still is of high quality but productivity is very low; between 4 and
6 L/m’/day; therefore, the water production costs are high at 0.5 to
14 $/m’. Solar based humidification-dehumidification systems are
more flexible than other direct processes and require large num-
bers of stages for efficient operation, which increases system costs
such that these systems are suitable primarily for low capacity
decentralized operations. Solar chimneys can produce not only
power and water but also byproducts such as salt. Solar chimneys
require large areas to operate and are therefore feasible only in
wastelands or coastal areas. They have the lowest production costs,
but such structures are very heavy, so the capital costs are the high-
est among technologies. MSE MED and VC systems are mature
technologies, but there are few studies of long-term operating
issues when coupled with solar systems. Absorption desalination
systems are very suitable when refrigeration and fresh water are
required simultaneously, while natural vacuum solar desalination
systems are superior in remote mountainous areas.

Furthermore, energy and economic analyses indicate that the
increasing efficiency of renewable energy powered-thermal desali-
nation systems enabled by the modification of system design con-
tributes to higher system costs and consequently higher freshwater
production costs. These freshwater production costs can be de-
creased by ensuring the maximum utilization of renewable energy
sources and minimum component sizes, exergy destruction, and
environmental emissions. We believe that renewable powered-
thermal desalination systems are undoubtedly valuable around the
world where freshwater and fossil fuel resources are being reduced.
However, the freshwater production costs by these systems are
high compared to the conventional systems. Therefore, studies to
reduce the cost and environmental impact of renewable powered-
thermal desalination systems are essentially as follows:

- Exergo-environ-economic analysis and optimization to achieve
the most efficient and reliable renewable powered desalination sys-

February, 2016

tem for various capacities

- Process hybridization to improve the economics and energy
requirements

- Utilization of salinity-gradient energy to produce energy require-
ment of thermal desalination systems such as membrane distilla-
tion using pressure-retarded osmosis and reverse electrodialysis
units
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