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This paper offers a hybrid solar desalination system comprising a humidification-dehumidification and
four solar stills. The developed hybrid desalination system reuses the drain warm water from humidifica
tion-dehumidification to feed solar stills to stop the massive warm water loss during desalination.
Reusing the drain warm water increases the gain output ratio of the system by 50% and also increased
the efficiency of single solar still to about 90%. Furthermore, the production of a single solar still as a part
of the hybrid system was more than that of the conventional one by approximately 200%. The daily water
production of the conventional one, single solar still, four solar still, humidification- dehumidification and
hybrid systemwere 3.2, 10.5, 42, 24.3 and 66.3 kg/day, respectively. Furthermore, the cost per unit liter of
distillate from conventional one, humidification- dehumidification and hybrid system were around
$0.049, $0.058 and $0.034, respectively.

� 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Freshwater water shortage is considered one of the most seri-
ous challenges to human beings [1]. Freshwater is extremely
important to sustain human life. The demand for freshwater is
increasing rapidly by increasing the population growth. Lakes, riv-
ers, and underground water are the main water sources. The prob-
lem may result from the fact that most of them are polluted.
Furthermore, some of them have level of salt concentration more
than the suitable range of 500 ppm [2]. The excessive use of fertil-
izers and chemical insecticides/pesticide in agriculture purposes is
also an important issue for water pollution [3].

The polluted water is not only destructive for the human health
but also for all organisms in this world. For example, the water-
borne diseases spread through polluted water. The freshwater
demand for many public places like hospitals, chemical industries,
battery maintenance and laboratories, largely exceed the amount
that freshwater sources can meet. Desalination is very important
technologies to solve the water scarcity by using solar energy.
Where conventional techniques for desalination need considerable
amount of energy and pollute the environment due to the resulting
gases [4].

Due to the simplicity and no need of conventional energy, the
humidification- dehumidification (HDH) received a great concern
during the past few years [5,6]. The principle of solar HDH
desalination cycles depends on enhancing system efficiency by
recovering the energy of condensation and evaporation. Mohamed
and El-Minshawy [7] investigated the performance of HDH desali-
nation unit theoretically under different parameters.

The effect of the various system configurations, operating and
meteorological parameters on the output of a HDH system was
studied theoretically and experimentally [8–10]. The preheating
gave a high yield of about 22 L/day at a price of $0.0578/l [10]. Gha-
zal et al. [11] examined experimentally a small HDH unit to
enhance its performance. The air and water heaters as well as tra-
ditional evaporator of HDH unit were changed with compact unit
designs. Two different types of cellulosic (Honeycomb) evaporative
cooling pads assembled of corrugated papers were experimentally
investigated by Malli et al. [12]. Nafey et al. [13] developed a model
to calculate the output of a small desalination unit using flashing
procedure under various operating conditions.
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Nomenclature

CSS conventional solar still
SSS single solar still
FSS four solar still
HDH humidification-dehumidification
HSDS hybrid solar desalination system
A area of solar still, m2

Cp heat capacity, J/kg �C
d distance between water and glazier
hbw convection heat transfer coefficient between the basin

and non-potable water, W/m2 �C
hca convection heat transfer coefficient with the ambient,

W/m2 �C
hcw convection heat transfer coefficient between the water

in basin and glazier, W/m2 �C
hfgss latent heat of vaporization for solar still, J/kg
I(t) solar insolation normal to glazier cover, W/m2

m mass, kg
mdss rate of mass evaporation, kg/s
mdHDH rate of distillate from HDH, kg/day
pg water vapor pressure at glazier temperature, Pa
pw water vapor pressure at water temperature, Pa
Qbw heat transfer from basin to water in basin, W
Qcg heat transfer from glazier to ambient, W
Qcw heat transfer from water in basin to glazier, W
Qe heat transfer due to evaporation, W
Qloss heat transfer from basin to ambient, W

Qmw energy needed to heat makeup water to water basin
temperature, W

Qrg radiation heat transfer from glazier to ambient, W
Qrw radiation heat transfer from water in basin to glazier, W
T temperature, �C
Va wind velocity, m/s
Kw non-potable water thermal conductivity, W/m K
K conduction heat transfer
U heat loss coefficient from basin and sides to ambient, W/

m2 K
Pr Prandtle number
Gr0 Grashof number
L rectangle length

Greek letters
a absorption coefficient
e emissivity coefficient
r Stefan-Boltzmann constant, W/m2 K4

Subscripts
a ambient
b basin
g glass
sky sky
w water in basin
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Yıldırım and Solmus [14] investigated the performance of HDH
desalination unit theoretically at different unit design and operat-
ing conditions. They pointed out that water heating has a critical
impact on the yield of freshwater. Hou et al. [15] studied theoret-
ically the hybrid of the multi HDH and the basin type. The gain out-
put ratio (GOR) of the studied system was improved by 2–3 times
during reusing the drained.

Besides HDH, solar still (SS) is another popular method of
desalination. SS is considered an alternative source of potable or
fresh water, but owing to its low output, it is not applied widely.
Several researchers have redesigned or developed structures which
were investigated experimentally and theoretically to enhance the
output of the SS such as the insulation thickness [16], indirect
evaporator–condenser [17], change of water depth [18], sponge
cubes [19], stepped SS with reflectors [20], phase change materials
(PCMs) [21], wind speed [22], and the effect of climatological, oper-
ational and design variables [23].

Furthermore, the rate of mass transfer basically relies on the
temperature variation between the glazier and basin water
[24,25]. It’s well known that preheating of water that feed to SS
is carried out to increase the water- glass temperature difference
and consequently enhance the still yield. It is easy to preheat the
feed water by integrating the SS with a collector [26] and incorpo-
rating a water heater into the desalination still [27]. However,
using solar collectors increases the expenditure of the desalination
system and reduces the overall efficiency of SS.

Velmurugan et al. [28] has incorporated fins at the basin of the
SS and reported that the freshwater improved by about 45.5%. El-
Agouz et al. [29] studied the performance of a steeped SS with
and without a water closed loop. They showed that steeped SS with
a make-up water reinforce the freshwater output by 57.2% com-
pared to traditional still.

Samuel et al. [30] used various types of priceless energy storage
material to improve the CSS productivity. The performance of CSS
was evaluated theoretically and experimentally. The results illus-
trated that the output of freshwater using ball-shape as a heat stor-
age and sponge reaches the extreme yield of 68.18% and 22.72%,
respectively compared with CSS. Kabeel et al. [31] examined exper-
imentally the influence of using a double passes air collector with
PCMs on the SS productivity. The results illustrated that, the fresh-
water yield was increased by 108%.

Omara et al. [32] have conducted an experimental modification
to examine the performance of a hybrid solar desalination system
(HSDS) which consists of corrugated and wick absorbers of SSs
combined with external condenser. Results indicated that the cor-
rugated wick SS with reflector produced fresh water about 180%
greater than that of CSS in the presence of vacuum.

In this study, the rejected warm water from HDH is used to feed
FSS instead of using solar collectors, so that the thermal perfor-
mance increases and the cost will be decreased. According to the
energy analysis, utilization of HSDS aims to enhance the freshwa-
ter output and minimize the cost per liter. The rejected warm
water from HDH unit is reused to improve the SSs productivity
throughout the day.

The contributions of this work are:

1. Comparing the fresh water yield of the HSDS with HDH
and CSS separately.

2. Comparing the performance of the HSDS with HDH and
CSS separately.

3. Economic evaluation of HSDS productivity (cost/liter)
compared with HDH and CSS separately.

4. Investigating the influence of insulation thickness on
both the yield and efficiency.

2. System description

The system comprises of two units. The first unit was a solar
HDH as described in Hamed et al. [10]. The rejected warm water
from HDH was enough to feed total area of 4 m2. So, four-solar
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stills (FSS) with 1 m2 base surface area for each still were used.
According to theoretical calculation, if the base surface area
increases above 1 m2, the losses will be increased while, the pro-
ductivity will be decreased. Meanwhile, decreasing the surface
area below 1 m2 will increase the productivity slightly. Moreover,
using of FSS with 1 m2 base surface area for each still is the pre-
ferred design because it is better and easier than large one in the
manufacturing, maintenance, transportation and insulation. Also,
the thickness of the glass is very small about 4 mm and easily to
be broken with large area of basin hence, four stills with small area
are better than one still with large area.

A detailed drawing of a HSDS is shown in Fig. 1. The solar HDH
unit consisted of two vertical ducts joined together from the upper
and the lower, forming a closed loop for air circulation and an open
loop for water circulation. More details about HDH can be found in
[10,33]. The condensate water was aggregated from the nether-
most of the dehumidifier (condenser). The rejected warm water
from the nethermost of humidifier (evaporator) was pumped to
an isolated tank to be desalinated in a FSS unit to produce fresh
water further. The FSS unit can work continuously during day time
and night time. The description of the hybrid system is presented
in Table 1.
2.1. Experimental procedures for humidification-dehumidification

The experiments carried out during the period from 1st of June
to end of August 2014 at the Faculty of Engineering, Kafrelsheikh
University, Egypt, (Latitude 31.07�N and longitude 30.57�E). From
the obtained results in Ref. [10], the maximum amelioration in
the yield was obtained when HDH system was operated in the
afternoon from 13:00 pm to 17:00 pm. Solar collector operated
on the requisite principle of using the solar radiation to heat the
water. Hot water tubes were powered by solar energy, then the
hot water went up through insulated tubes to storage tank by nat-
ural convection. The experimental results clarified that maximum
Fig. 1. Detailed drawing of t
solar intensity was about 1100W/m2 at noon as shown in Fig 2.
Stored energy inside the collector from the morning to 13:00 pm
caused an increase in the water temperature in the collector up
to 84–87 �C. The operation involves two steps. In the first (experi-
mental) step, HDH system operated from 13:00 pm to 18:00 pm
and the rejected warm water from the humidifier nethermost with
high temperature of about 60–75 �C moved to an insulated storage
tank. In the second (theoretical) step, the stored water in the iso-
lated tank fed the FSS at high temperature during night-time.

2.2. Error analysis for humidification-dehumidification unit

Through the experiments, some parameters were gauged for
performance evaluation of the desalination system. The required
quantities to be gauged are water flow rate and air streams, water
temperature at entrance and exodus of the storage tank, tempera-
tures of water and air at the entrance and exodus of humidifier,
dehumidifier, RH of air at entrance and exodus of humidifier, dehu-
midifier and the yield of the unit. Table 2 illustrates the accuracy,
range and uncertainty errors of each measuring instrument.

2.3. Theoretical modeling for solar stills

Equations of energy balance for the SSs are presented for three
regions: Non-potable water (saline water), absorber plate (basin)
and glazier. The temperatures of non-potable water, basin plate
and glazier cover is estimated at every moment. By the use of
MATLAB program, the differential equation is solved. The next sup-
positions are taken into consideration for the SSs energy equations:

� Steady state condition through the SSs
� The glazier is suggested to be thin sufficient to hinder assimila-
tion of any incident radiation and the glazier conduction resis-
tance could be abandoned.

� The SSs prohibit infiltration of vapor.
he experimental setup.



Table 1
Technical specifications of hybrid system components.

Technical specification Value

Humidifier
Thickness of galvanized sheet, mm 1.5
Dimensions (length �width � height), cm 80 � 50 � 200
Packing material cellulose type with overall

surface area, m2
10

Dehumidifier
Thickness of galvanized sheet, mm 1.5
Shape Cylindrical
Diameter, cm 40
Height, cm 200
Length of copper coil, m 15
Thickness of coil, mm 1.5
Outer diameter, cm 1.27
Attached by copper corrugated fins

Vacuum collector
Projected area 2
Vacuum tubes
Shape 20
Cylindrical
Material type Stainless steel
Insulation material Polyurethane foam
Insulation thickness, cm 5
Capacity, l 220

Fans and pumps
Pump type Centrifugal
Number of pumps 3
Pumps power, W 373
Electric propeller power, W 15

Water tanks
Cold water tank, l 250
Type of material PVC
Thickness, mm 2
Capacity of the insulated tank, liters 300
Material of insulated tank Steel
Thickness of insulated tank, mm 1.5

Solar still (for each still)
Basin area, m2 1
Basin dimension, cm 100 � 100
Glass area, m2 1
Depth of water in still, cm 1
Depth of high-side wall, cm 45
Depth of low side wall, cm 16
Glazier cover with thickness, mm 4

Fig. 2. Cumulative productivity and solar radiation with time.

Table 2
Experimental measurements, accuracy, range, uncertainty errors.

Instrument Accuracy Range % Error

Solar meter, to measure solar
intensity

±1.00 W/m2 0–2000 W/m2 1.5

Temperature indicator,
thermocouples
of K-type

±0.10 �C 0–100 �C 1.5

Humidity sensor, to measure
the relative humidity

±1.50% RH 0–100% RH 1

Air meter, to measure air speed ±0.1 m/s 0.0–10 m/s 0.75
Water meter, to measure both of

cold and hot water flow
rate, L/min

±0.1 L/min 0.02–8 L/min 1
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Energy balance for the basin (absorber plate) [34]

mbcpbðdTb=dtÞ ¼ IðtÞAbab � Qbw � Qloss ð1Þ
Energy balance for the non-potable water [35,36]

mwcpwðdTw=dtÞ ¼ IðtÞAwaw þ Qbw � Qcw � Qrw � Qe � Qmw ð2Þ
Energy balance for the glazier [34],

mgcpgðdTg=dtÞ ¼ IðtÞAgag þ Qcw þ Qrw þ Qe � Qrg � Qcg ð3Þ
The rate of the convection heat transfer between the basin and

the water [36,37],

Qbw ¼ hbwAbðTb � TwÞ ð4Þ
The coefficient of heat transfer by convection between the basin

and the non-potable water, hbw is given as 135 W/m2 K [36,37]
Or according to Ref. [38] hbw is equal:

hbw ¼ 0:54
Kw

L
GrPrð Þ0:25 ð5Þ

The above equation variables are defined in Appendix A and
Nomenclature.

The rate of the heat losses by convection over the basin bottom
and sides is expressed as [39],

Qloss ¼ UbAbðTb � TaÞ ð6Þ
where Ub = Ki/Li, and Ki, Li are thermal conductivity and insulation
thickness, respectively.

The heat transfer rate by convection between non-potable
water and glazier is expressed by [36,37].

Qcw ¼ hcwAwðTw � TgÞ ð7Þ
whereas the coefficient of heat transfer by convection between the
non-potable water and the glazier is expressed by [40],

hcw ¼ 0:884 ðTw � TgÞ þ
ðpw � pgÞ � ðTw þ 273Þ

ð268;900� pwÞ
� �1=3

ð8Þ

whereas

pw ¼ e 25:317� 5144
Twþ273ð Þ ð9Þ

pg ¼ e 25:317� 5144
Tgþ273ð Þ ð10Þ

Or according to Ref. [38] hcw equals;

hcw ¼ K
d
1:22ðGr0 PrÞ0:22 ð11Þ

The above equation variables are defined in Appendix A and
Nomenclature

The rate of heat transfer by radiation from the basin liner to the
glazier is expected from [35],
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Qrw ¼ reeqAw ðTw þ 273Þ4 � ðTg þ 273Þ4
� �

ð12Þ

whereas

eeq ¼ 1
ew

þ 1
eg

� 1
� ��1

ð13Þ

The rate of heat transfer by evaporation between the Non-
potable water and the glazier is expressed by [36,37],

Qe ¼ ð16:237� 10�3ÞhcwAwðpw � pgÞ ð14Þ
The heat taken by the makeup water is deduced from [35],

Qmw ¼ mdssCwðTa � TwÞ ð15Þ
The heat transfer rate by radiation between the glazier cover

and sky Qrg is expressed by [16,34],

Qrg ¼ egAgr ðTg þ 273Þ4 � ðTsky þ 273Þ4
� �

ð16Þ

The sky temperature is taken from [40],

Tsky ¼ Ta � 6:0 ð17Þ
or

TSky ¼ 0:0552� T1:5
a ð18Þ

The heat transfer rate by convection between the glazier and
the sky is expressed by [41],

Qcg ¼ hcaAgðTg � TskyÞ ð19Þ
where hac is taken from [42],

hca ¼ 5:7þ 3:8� Va ð20Þ
Solar still yield

mdss ¼ Qe

hfg
ð21Þ

The daily efficiency, gd, is obtained by [41]

gd ¼
P

mdss � hfgP
IðtÞ � A

ð22Þ

where mdss is the accumulation of the hourly yield, hfg is the evap-
oration latent heat, I(t) is the daily mean solar radiation, A is the full
area of the system.

At the first repetition non-potable water, basin and glazier tem-
peratures are substituted by the temperature of air and the basin
temperature increase (dTb), temperature of non-potable water
(dTw) and glazier temperature (dTg) are calculated by solving Eqs.
(1)–(3) of CSS. The 1st order backward difference formula is used
to solve the equations numerically. The time interval of each step
is 1 s. In the next time step, the parameters are redefined as follows
Tb = Tb + dTb, Tw = Tw + dTw and Tg = Tg + dTg. For real environmental
conditions, the intensity I(t) and ambient temperature (Ta) were
recorded at several days from 8 am to 18 pm during June to August
2014. Depending upon the environmental conditions, the ambient
temperature, speed of air and insolation were varied from 25 to
35 �C; from 0.15 to 3.75 m/s and from 25 to 1100W/m2, respec-
tively during different days. The mean values of solar intensity
and air temperature were applied. The variables employed in the
Table 3
Variables values of mathematical calculation [43].

Item CP (J/kg K) Absorptivity Emissivity

Non-potable water 4190 0.050 0.960
Glazier cover 840 0.050 0.850
Basin plate 460 0.950 –

hfg = 2,335,000 J/kg.
calculations are given in Table 3. The physical variables involved
are taken as similar to that given by Ref. [43].

2.4. System performance estimation

To estimate the practicability of current system in a correct
manner, many parameters are used.

The thermal performance for HDH is expressed by GOR as [10]

GORHDH ¼ mdHDHhfg

Q in total
ð23Þ

A high GOR is preferable since it indicates that less heat input is
demanded per unit fresh water.

The overall thermal performance of the hybrid desalination unit
is computed as [15]

GORsys ¼ GORHDH þ GORFSS ð24Þ
The daily efficiency for solar still, gd is calculated by Eq. (19).
The value of Qintotal = [Qsolar + (power of pumps and fan)] used to

carry out the calculations that lead to the claimed GOR was about
7000W. Also, during the breakup of HDH system from 8 am to
13 pm, the solar radiation enters the evacuated tub solar collectors
to heat water before HDH operation from 13 to 18 then the overall
Qintotal was used during the whole day time.

3. Results and discussion

3.1. Humidification-Dehumidification productivity

The experimental results pointed out that maximum solar
intensity was about 1100W/m2. The water temperature was about
87 �C in the collector due to stored energy inside the collector.
Fig. 2 shows the variation of the solar radiation and the cumulative
productivity with time during three different days. From the figure,
the first hour (13:00–14:00 pm) of operation gave the extreme
yield of nearly 13.5 kg due to the higher temperature of water
entering the humidifier from solar collector, then the yield reduced
till it reaches the minimum value of about 1 kg at (17:00–
18:00 pm) owing to the lower temperature of the water entered
the humidifier. The cumulative productivity reached a value of
approximately 24 kg per day. The experimental systemwas started
up at 13:00 pm and was left for a long period to reach steady sate
conditions to take the measurements. The operating parameters
were as follows: airflow rate were about 0.018 kg/s and the flow
of hot and cold water were 0.0416 kg/s.

Humidity (moisture) ratio is used as a simple tool to express
humidification and dehumidification in HDH unit. The variation
of humidity ratio with time is shown in Fig. 3. The moisture ratio
at humidifier (evaporator) exit equals to the moisture ratio at
dehumidifier (condenser) inlet. The humidity ratio at dehumidifier
exit equals to the humidity ratio at humidifier inlet. The results
indicated that at humidifier outlet, the moisture ratio almost gave
higher values than that of the dehumidifier outlet all the time.
Moreover, the variation of moisture ratio at the first time operation
was much larger due to the high water temperature.

The amount of rejected warm water from HDH was calculated
by the following equations mw reje =mw � t, where mw reje is the
amount of rejected warm water from HDH, mw is the hot water
flow rate and t is the time of operation for the first 5 h of the
HDH operation period, i.e., from 13 to 18 pm,

mw reje ¼ 2:4� 5� 60 ¼ 720 kg:

However, currently the rejected warm water was used only at
the first three hours of the HDH operation period due to increase
of the water temperature significantly. Hence, the actual water
amount which was used to feed FSS can be calculated as follows



Fig. 3. Humidity ratio versus time at humidifier outlet and dehumidifier outlet.
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mw reje;FSS ¼ 2:4� 3� 5 ¼ 432 kg:

This amount of rejected warm water was enough to operate the
FSS units.
3.2. Effect of the insulation thickness

Fig. 4 illustrates the performance of the SS with insulation
(glass-wool with thermal conductivity of 0.047 kW/m K) with a
thickness ranged from 0.03 to 0.1 m. From the figure, increasing
the insulation thickness affects positively both the productivity
and the efficiency of the SS till it reaches a value of 0.03 m paid
to increasing the working temperature. Moreover, during the day
time, the peripheral temperature increased with the increase of
insolation. So, the losses will be decreased. Hence, the required
insulation thickness was about 0.02 m. On the other hand, during
night time, the best insulation thickness was found to be 0.03 m,
Fig. 4. Efficiency and productivity with thickness of insulation.
because the demise of the solar radiation and the low temperature
of the peripheral which increase the losses. To overcome this high
loss, the insulation thickness must be increased.

The insulation thickness beyond 0.03 m has a slight effect on
the performance. The use of perfect insulation and hot water
improves the efficiency and the yield to reach 10 kg/day and 90%,
respectively (during day and night). There is an agreement
between the former result and Khalifa and Hamood [16]. They
found that complete insulation of SS enhances the productivity
by 80%. The improvement in the daily productivity resulted from
increasing the insulation thickness, which decreased the heat loss
and then increased the productivity. Moreover, feeding hot water
from insulated storage tank gave a significant increase in the
productivity.
3.3. Effect of insolation on the solar still performance

The change of solar intensity, base plate temperature, basin
non-potable water and glass (glazier) cover temperature of SS are
shown in Fig. 5. It was noticed that the temperature at all points
increased with the time until the noon when the maximum value
was reached.
3.4. Solar still fresh water yield

The theoretical variations of the freshwater yield per hour of the
studied SS are illustrated in Fig. 6. Makeup occurs every hour. From
the figure, it was detected that the freshwater yield increased in
the early (morning) hours of the day till it reached the peak at
mid-noon because of the highest solar intensity, then reduces at
the time of sun set. Additionally, it was found that maximum tem-
perature of non-potable water gave the extreme yield. Fig. 6 shows
that the water productivity was about 0.45 and 1.8 kg/h for SSs and
FSS, respectively in the morning hours (due to the use of hot water
from the insulated tank and no need to warm up) and reached up
to an extreme yield of approximately 1.18 and 4.7 kg/h for SSS and
FSS, respectively, at 13 p.m. Hence, at the mid-noon, the thermal
losses of the SS were low and the performance enhanced propor-
tionally. Also, from Fig. 6, the water production in CSS increased
from the lowest (zero) value in the morning and reached its max-
imum value in the afternoon. This is due to the relatively low tem-
Fig. 5. Hourly temperature changes and solar intensity for SS.



Fig. 6. Freshwater Productivity Through Daytime.

Fig. 7. Accumulative productivity through the daytime.

Fig. 8. Hourly variation of productivity for SSs and FSS through nighttime.

Fig. 9. Accumulative productivity through the nighttime.
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perature of water in the SS in the early time of the day and water
needs extra time to be heated. Fig. 7 shows the accumulative pro-
ductivity of the freshwater per hour from 9:00 am to 17:00 pm.
The daily yield (productivity) for both CSS, SSS and FSS reaches
approximately 3.2, 7.5 and 30 kg/day, respectively.

3.5. Effect of feeding hot non-potable water through nighttime on the
solar still output

Isolated storage tank was used to feed water to the FSS during
night times (replace all water in the basin every hour by hot water
from isolated tank). Fig. 8 illustrates the prediction of freshwater
yield per hour during night times (from 17:00 pm to 8:00 am of
the second day) at inlet water temperatures of about 65 �C. The
ambient temperature was in the range of 21.5–26 �C, whereas
wind speed was in the range of 1.3–2.5 m/s through the mean
measurement day. During the wee hours of the night, productivity
decreases gradually because of the decrease of environmental air
temperature, the increase of the temperature variation between
the still and the surrounding and the increase of heat losses. While,
the early hours of the second day cause an increase in the yield due
to sunrise, decrease the temperature variation between the still
and surrounding and the decrease of heat losses. Fig. 9 presents
the cumulative productivity through night times that reaches a
value of about 3 and 12 kg for SSS and FSS, respectively.
3.6. Hybrid system productivity

Fig. 10 shows the accumulative fresh water production of the
unit during day and night times. The accumulative freshwater pro-
duction improved with intensification the solar radiation intensity
and vice versa. The daily water production of the SSS, FSS, HDH and
hybrid (HDH-FSS) system were 10.5, 42, 24.3, and 66.3 kg/day,
respectively.



Fig. 10. Cumulative freshwater productivity through day and night time for SSS,
FSS, HDH and HDH-FSS.

Fig. 12. Comparing between the present work CSS and Omara et al. [43] of hourly
productivity for CSS.
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4. System performance

The system performance is discussed in this section. HSDS
(HDH–FSS) cycles are classically heat driven cycles working by
low-grade energy to heat the non-potable water. The efficiency
of the cycle itself was measured by the GOR as defined in Eqs.
(23) and (24). The average GOR of the HDH unit was about 2.14.
While, the GOR trend of FSS units was constant and nearly equal
unity. Therefore, GOR of the HSDS system reached 3.18. GOR
increased by 50% due to using the FSS during nighttime.
Fig. 11. Comparing the cumulative productivity, HDH between the present work
and Ref. [10].
5. Present work validation

Hamed et al. [10] studied mathematically and experimentally
the evaluation performance of HDH. Fig. 11 presents a comparison
between the present work of HDH and [10] at the same conditions.
The output results for cumulative productivity of HDH show a good
agreement between the two works. While, Fig. 12 shows an agree-
ment to a great extent between the present theoretical work for
CSS and the experimental work by Omara et al. [43] at the same
conditions. The comparison between present study and previous
work about HDH and CSS is presented in Table 4.
6. Cost evaluation

The price of the solar distillation unit is a significant factor. Cost
of the SS relies mainly on productivity which, in turn the latter
relies on the intensity of the solar radiation. The solar radiation
intensity changes due to the location of the SS. In this point, the
selection of the place has a large impact on the cost.
6.1. Cost estimation for humidification-dehumidification

The overall fixed price of HDH is nearly F = 1442$ as shown in
Table 5 as stated in [10]. Important parameters should be intro-
duced for obtaining the average value of the cost, such as: N is
the expected life time of HDH, V is the changeable cost and C is
the overall price where C = F + C. Consider changeable price (main-
tenance) V equals to 20% of fixed price per year as stated in [10]
and the expected HDH life is 10 years, then C = 1442
Table 4
Comparing between different research works and present study about HDH or CSS
systems.

References Max. productivity
(kg/day)

Price per liters
($)

Present study (hybrid system) 63.3 0.034
Nafey et al. [8,9], HDH 10.25 Not given
Hamed et al. [10], HDH 22 0.058
Omara et al. [27], CSS 3.5 0.049
Omara et al. [43], CSS 3.72 0.049



Table 5
Price of fabricated of unit system.

Unit Price of HDH
US$ [10]

Price of FSS
[20] US$

Price of HSDS,
US$

Unit price 500 33 � 4 = 132 632
Coil of heat exchanger 180 – 180
Packing materials 70 – 70
Ducts 15 3 � 4 = 12 27
Paint and silicon 15 12 � 4 = 48 63
Insulation 50 5 � 4 = 20 70
Production 150 25 � 4 = 100 250
Support legs 12 11.5 � 4 = 46 58
Fan and pumps 150 75 225
Glazier cover – 6 � 4 = 24 24
Solar collector 300 – 300
Overall fixed price (F) 1442 457 1899
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+ 0.2 � 1442 � 10 = 4326$. The minimum average daily yield can
be calculated from the analysis of various experimental data to
be 22 kg/day. Considering that HDH carries out 340 days per year
as the sun rises throughout the year in Egypt so, the overall pro-
ductivity during the HDH life is Pn = 74,800 kg. As a result, the
overall price for one liter produced from
HDH = 4326/74800 = 0.0578$.

6.2. Cost estimation for conventional still

The overall fixed cost of CSS is nearly F = 103$ as stated in
Table 5 as in [20]. For obtaining the average value of the distillate
output cost, it is important to consider that V is the changeable
cost and C is the overall cost, where C = F + V. Consider changeable
cost V equals 0.3F per year, as stated in [44], then C = 103
+ 0.3 � 103 � 10 = 412$. The minimum average daily yield can be
determined from the analysis of various experimental data and it
is taken as 2.5 kg/day stated in [20]. To calculate the annual cost
for one liter, considering that the still runs out 340 days through-
out the year where the sun rises throughout the year in Egypt.
The predicted still life time is 10 years. The overall yield during
the still life time = 2.5 � 10 � 340 = 8500 kg. The cost of one liter
produced from CSS = 412/8500 = 0.049$.

6.3. Cost estimation for hybrid system

The overall fixed price of hybrid system is nearly F = 1899$.
Consider the predicted life of the hybrid system is 10 years. Con-
sider changeable price (maintenance) V equals to 30% of fixed price
per year so V = 0.3F, then C = 1899 + 0.3 � 1899 � 10 = 7596$
where the minimum average daily productivity can be taken as
45.5 kg/day considering unit carries out 340 days throughout the
year. The overall yield during the unit life is Pn = 154,700 kg. From
the former analysis, it can be found that the price of one liter pro-
duced from hybrid is nearly (7596/154,700) = 0.034$.

7. Conclusions

A hybrid solar desalination system (HSDS) reuses the drain
warm water from humidification-dehumidification unit to feed
solar stills to prevent massive water loss during HDH desalination.
Reusing the drain water increases the GOR of the system by 50%
and increases the efficiency of single SS to about 90%. Furthermore,
the productivity of a single solar still, as a part of the hybrid sys-
tem, is more than that of a CSS approximately by 200%. The daily
water production of the CSS, SSS, FSS, HDH and HSDS are 3.2,
10.5, 42, 24.3 and 66.3 kg/day, respectively. Furthermore, the cost
per unit liter of distillate from CSS, HDH and HSDS are around
$0.49, $0.058 and $0.034, respectively.
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Appendix A
Gr0 ¼ b1 � g � d3 � q2 � DT 0

l2

DT 0 ¼ ðTw � TgÞ þ ðPw � PgÞ þ ðTw þ 273Þ
ð268:9� 103 � PgÞ

Pr ¼ l� Cp

k

Cp ¼ 999:2þ 0:1434� Ti þ 1:0101� 10�4 � T2
i � 6:7581

� 10�8 � T3
i

q ¼ 353:44
ðTi þ 273:15Þ

Ti ¼ ðTw þ TgÞ
2

k ¼ 0:0244þ 0:7673� 10�4 � Ti

l ¼ 1:718� 10�5 þ 4:62� 10�8 � Ti

b1 ¼ 1
ðTi þ 273Þ

ð70 � TiÞ : hfg ¼ 3:1615� 106 � 761:6� Ti

h i

ðTi � 70Þ : hfg ¼ 2:4953

� 106 � 947:79� Ti þ 0:13132� T2
i � 0:0047974� T3

i

h i
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