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ABSTRACT

Solar energy as a sustainable energy source can be harnessed to produce potable water
using solar stills. In this work, effort was made to evaluate the performance of a double
slope solar still integrated with a 500 W heater to produce potable water. The heater was
powered by six photovoltaic modules, which can produce 1.5 KWp and then connected to
four batteries with capacity of 150 Ah each. The experiments were conducted over several
days in the tropical climate of Malaysia. A black painted steel trough with length 90 cm,
width 45 cm, and depth 8 cm was used as the basin of the glass covered double slope solar
still. A comparison of the cumulative water production between the conventional solar still
(CSS) and solar still with PV-Heater (CSSPVH) was done. The CSSPVH was found to be
more effective; producing about six times the amount of water produced by the CSS.
Mathematical models derived based on energy balance studies of CSSPVH, were used to
carry out simulations to verify the experimental findings. The energy balance equations of
condensing cover and the basin water of CSSPVH were developed as well. A good agree-
ment was found between numerical and experimental productivities of CSSPVH. An
expected increase in water production of up to 16 kg/m” per 24 h was obtained using
CSSPVH. Therefore, CSSPVH is an effective design to produce sustainable potable water,
even in areas with very low daily solar radiation intensity, due to its ability to store solar
energy. In addition, some tested water quality parameters indicate that water produced
from solar stills meet the WHO standard for potable water.

Keywords: Solar energy; Heat and mass transfer; Photovoltaic module; Solar still; Water heater

1. Introduction removing the heavy metals and chemicals from
groundwater and seawater [1,2] in arid, remote, and
coastal areas. These areas have plenty of solar energy.
In current years, researchers have carried out theoreti-
cal and experimental attempts on active solar stills
*Corresponding author. performance with the use of external heat energy

Solar distillation still is a fundamental technique
for producing healthy and safe drinking water by
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source as well as available solar radiation intensity to
enhance the basin water temperature and solar still
productivity. A double slope active solar still coupled
with photovoltaic thermal (PVT) was designed and
fabricated in India [3]. A DC water pump connected
to the photovoltaic module was operated to circulate
the preheated water flow between solar collectors and
the solar still. A higher experimental productivity of
3.77 kg/m?> d was obtained as compared to the water
production of 2.69 kg/m” d for the single slope hybrid
(PVT) solar still. A thermal analysis of a single slope
solar still coupled with optimum number of evacuated
tube collector was developed in India [4]. The daily
energy and exergy efficiencies of up to 33.05 and 2.5%
with the highest output of 3.8 kg/m?* d were observed
with a combination of 10 evacuated tubes and water
depth of 0.03 m in the basin.

A comparative study of the performance of an
inverted absorber solar still (IASS) and a single slope
solar still (SS) conducted in Muscat, Oman [5], found
that the IASS enhanced the experimental water
production by 192% with a maximum capacity of
6.3 L/m?d. A theoretical analysis of IASS was carried
out to evaluate its water production performance,
where 5.1, 4.8, and 4.5 kg/mzd at water depths of
0.01, 0.02, and 0.03 m, respectively, were produced [6].

A solar still using a parabolic-trough concentrator
was fabricated with thermal insulation and wind
protection in Cocayalta, Peru [7]. Its productivity was
6.36 L/m?d compared to 3.25L/m”*d for a model
without insulation.

In Saudi Arabia, two water heaters each with
maximum power output of 500 W and one electrically
powered cooling fan were used, and their effects
were investigated theoretically and experimentally to
improve water production of a double slope solar still
[8]. The insulation of water heater increased the
experimental productivity to 11.8 L/m” d as compared
to 25L/m*d obtained from the conventional still
without the heater. A development of energy balance
equations for the condensing cover, basin and water
were obtained, respectively, for the solar still using
mathematical modeling. A close agreement between
the numerical and experimental results was achieved
and the use of water heaters powered by PV modules
to reduce cost was suggested.

A comprehensive review of literature shows that
the use of an active solar still integrated with a 500 W
AC heater powered by six monocrystalline photo-
voltaic modules (each with maximum capacity of
245 W) and connected to four batteries (each with
capacity of 150 Ah each) as an application of external
heat energy source to improve the still productivity
has not been reported (CSSPVH). Previous studies
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[3,4,7,9-14] showed a sharp decline in water produc-
tion after 2 pm due to decline in solar radiation. The
conventional solar still (CSS) and active and passive
solar stills cannot produce steady amount of water
once there is a reduction in solar radiation. But the
CSSPVH reported in this work, has the ability to
maintain a constant production of water in terms of
the amount being produced even when there is no
solar radiation; due to the integration of the solar
power system. Therefore, room still exists for further
enhancement of the performance of solar still via
innovative designs and configurations. Thus, the main
objective of this work is to investigate the productivity
enhancement of a solar still integrated with PV-
powered AC heater compared to the conventional
type. Mathematical models of CSSPVH was also simu-
lated using the relations of heat and mass transfer to
develop the energy balance equations of condensing
glass cover and basin water. The numerical and
experimental productivities of CSSPVH were also
compared.

2. Mathematical modeling

Fig. 1 shows the energy balance diagram of double
slope solar still combined with PV-AC heater. A
mathematical model was developed for the use of
photovoltaic module, batteries, and alternating current
(AC) water heater.

The equation for conservation of mass is given by
Malik et al. [15].

Mhn = Mgy — Mpd (1)
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Fig. 1. Schematic diagram of heat transfer process in
CSSPVH.
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The energy balances (in W) for condensing cover,
basin, and water are as follows:

The energy balance equation of condensing glass
cover (dEy/dt) is written as Egs. (2) and (3) [16].

(dEg/dt) = qabs,g + qew + qCW + qrw - QC(g—a) - [7r(g—a)
- Qrcf(g—a) 2

(dE;/dt) = mgCq(dT,/dt) ®3)

The energy balance equation for basin and water
(dE,p/dt) using additional external heat energy source
of a 500 W AC heater is written as Eqs. (4) and (5).

(dEw,b/dt) = qabs.w + Qheater - [7ew - ch - Qrw - Qref(wﬁb)
—4a
“)

(dEw,b/dt) = (mwcw + mhcb)(dTw/dt) 5)

The following assumptions were made to solve the
energy balance equations.

(1) T is uniform over the glass surface based on
the experimental data.

(2) T, is uniform over the basin water and was
obtained from experimental data.

) Gref(wp) and Gyep(y_n) Which are the heat reflected
from water surface and glass cover to atmo-
sphere, are negligible.

The hourly condensed water production rate per
unit area (My,,) is calculated by [6]:

M = (4,,,/L) x 3,600 kg/m* h (6)

The rates of convective, radiative, and evaporative
heat transfer (g, 4., and §,,) from water surface to
the cover are expressed, respectively, as the following
equations [15]:

Jew = hewAp(Tw — Tg) )
G = hewAp(Tp — T) 8)
Jew = hewAp(Tw — Ty) )
The convective, radiative, and evaporative heat

transfer coefficients from water to condensing cover
(New, hyw, and he,,) are calculated as follow [6]:
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how: 0.884 [Ty — Ty + (P — Pg) X (To + 273)/268.9

x 10° — P,]'
(10)
e = e | (T + 273)" + (Tg + 273)°]
X [T + Ty + 546] (11)
beit = [1/eg + 1/ — 1] (12)
hew: 16.273 x 10 hew (Pow — Pg) /(T — Ty) (13)

The parameter . is the effective emissivity. The
saturated vapor pressure at basin water temperature
and condensing glass cover surface (P, and P,) can be
obtained according to Toure and Meukam [17] as
follows:

P, = 7235 — 431.45T,, + 10.76TZ (14)

Py = 7235 — 431.45T, + 10.76T; (15)

The rate of heat transfer of solar radiation absorption
by condensing glass cover (g,.) is given by
Murugavel et al. [18]:

é]abs,g = agAgA,EIE + OgAgwlw (16)

The rate of heat transfer of solar radiation absorption
by basin water due to passing solar radiation from
glass cover (4, ,,) is reported by Murugavel et al. [18]:

fiabS,w = “wAg,ETgIE + awAg,WTng (17)

The amount of output power of PV module exposed
to direct solar radiation (Pyutputpy) is calculated using
Eq. (18) suggested by Herrando et al. [19]. The
maximum rate of power capacity of the AC heater is
500 W, which receives power directly from batteries.

poutpuL,PV =N XNy X Apv x Ig (18)

The rate of convective and radiative heat losses from
condensing glass cover to the ambient air (q,,_, and
qy(g—a) are as follows [15]:

Geg—ay = he(g-a)Ag(Tg — Ta) (19)

Griga) = T€sAg(Tg = Ty) (20)
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According to Watmulff et al. [20], the convective heat
transfer coefficient from cover to ambient air (fic(s))
can be calculated by Eq. (21).

hc(g—a) =57+3.8V 21)

The heat loss from solar still due to evaporation from
the system (g,) [15] is:
gy = maCp(Tw — Ty) (22)

The constants used in these numerical calculations
are:

Ag=12m? Ap = 0.405 m?, Cp=452]/kgK,
Co=4178]/kgK, 1,=0835 a,=0.127, ag=0.69,
£=09, m,=15kg, my=10kg, my=8kg, C,=

840 J/kg K, and &, = 0.9.

3. Experimental setup

Figs. 2 and 3 show the schematic diagram and
photograph of the five stages of the experimental setup
of the solar stills. Water from a lake in Universiti
Teknologi PETRONAS (UTP) was collected to feed the
solar still basin (Fig. 3(a)). A water tank was used to
feed 15 L of lake water into the solar still basin up to a
depth of 4cm. The 4cm depth was maintained
throughout the experiment by constantly refilling lake
water into the solar still basin (Fig. 3(b)).

A single basin double slope solar still (conven-
tional solar still) was constructed with a steel trough
as the still basin having a length of 90 cm, width of
45 cm, and depth of 8 cm (volume 324 L). A double
slope glass cover with a tilt angle of 60°, length of
100 cm, and width of 60 cm was fabricated for this
solar still (Fig. 3(b)). An aluminum sheet connected to
two funnels embedded at the two side holes of the
basin were used to collect the water vapor that
condensed on the four sides of the glass covers.

The solar power system in this work consisted of a
500 W alternating current (AC) water heater, which
was electrically powered by six monocrystalline PV
modules with peak power output of 245 W each. Each
PV module had an area of 1.6 m x 0.96 m (1.536 m®)
(Figs. 2 and 3(e)). The maximum power output from
these six PV modules was 1,470 W. The power of the
PV modules was regulated using a 30A charge regula-
tor (Fig. 3(e)). A total of 4 x 12V batteries each with
capacity of 150 Ah were charged by the six PV mod-
ules (Fig. 3(d) and (e)). The batteries were connected
in series to each other. The DC power from the batter-
ies was converted to AC power by the use of a 2 kW
inverter, enough to supply electricity to the heater
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(Fig. 3(e)). The schematic diagram of this system is
shown in Fig. 2.

The two types of solar stills studied were:

Solar still 1 (CSS)—Conventional solar still is
shown in Fig. 3(b).

Solar still 2 (CSSPVH)—Conventional solar still
integrated with a 500 W AC heater was connected to

4 x150 Ah  batteries and 6 x245W photovoltaic
modules is shown in Fig. 3(c)—(e).
Experiments were conducted for 6d on 18

February 2014, 24 March 2014, 10 April 2014, 07 May
2014, 17 May 2014, and 14 June 2014 in a solar field in
Universiti Teknologi PETRONAS campus in Malaysia
to investigate the performance of these solar stills.

Experiment 1—Solar still 1 (CSS) was exposed to
available solar radiation in an open field (Solar
field) for three days on 07 May 2014, 17 May 2014,
and 14 June 2014.

Experiment 2—Solar still 2 (CSSPVH) was exposed
to available solar radiation at the same location as
Experiment 1 for three different days on 18 February
2014, 24 March 2014, and 10 April 2014.

Temperatures of water, inner cover of solar stills
and ambient air were measured hourly using a digital
thermocouple. Solar radiation intensity was measured
at time interval of 5 min using a pyranometer. The
volume of condensed water collected was measured
hourly using a measuring cylinder. Hourly wind
speed was also measured using an anemometer. The
accuracy and measurement range of the instruments
used are shown in Table 1.

The specifications of alternating current (AC) water
heater, solar charge regulator, PV modules, and batter-
ies used in the experiments are shown in Table 2.

4. Results and discussion
4.1. Observations of overall findings of CSS and CSSPVH

Table 3 shows the average solar radiation
intensities, average water temperatures, cumulative
experimental productivity of CSS, and cumulative
experimental and numerical water production of
CSSPVH during the experimental days. Experiments
were conducted for three days for each solar still from
9 am to 5 pm.

It was observed that with the increase in average
solar radiation intensities, average water temperature,
and cumulative productivities increased, respectively,
for both solar stills (Table 3). It showed that the high-
est average solar radiation intensity occurred on 24
March 2014 with the value of 823 W/m? which
caused the average water temperature and cumulative
experimental productivity to reach the highest value
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Fig. 2. Schematic diagram of CSSPVH.

Table 1

Experimental instruments with accuracy and range
Instruments Accuracy Range

Digital thermocouple +1°C 0-100°C
Pyranometer +1 W/m? 0-3,000 W/m?
Measuring cylinder +0.5 ml 0-50 ml
Anemometer +0.1m/s 0.2-30 m/s

of 57°C and 5.7 kg/m?, respectively, for CSSPVH, with
the aid of external energy source of PV-AC heater.

Results in Table 3 also show that the values of
average water temperature and cumulative experi-
mental productivity for CSSPVH were always higher
than the corresponding values for CSS.

The cumulative experimental productivity for
CSSPVH reached the highest value of 5.7 kg/m? with
the average T, of 57.33°C and average I, of 823 W/ m? on
24 March 2014 as a result of the additional external
energy source of integration with PV modules, solar bat-
teries, and alternating current heater as well as available
solar radiation intensity, while the highest obtained
cumulative productivity for CSS was 0.9 kg/m?* with the
average T, of 47.11°C and average I; of 778 W/ m? on 07
May 2014 with only use of the accessible solar radiation
intensity. It is concluded that the highest cumulative pro-
ductivity for CSSPVH is almost six times higher than the
highest water produced by CSS.

Figs. 4 and 5 show the variations of solar radiation
intensity for three different typical days for CSSPVH

Table 2

Specifications of AC water heater, solar charge regulator, photovoltaic modules, and batteries used in this work
Parameters AC water heater Solar charge regulator Photovoltaic modules Batteries
Maximum power voltage (Vpmax) 220V 24V 30.1V 12V
Maximum power output (Ppax) 500 W 720 W 245 W 1,800 Wh
Maximum current power (Ipmax) 227 A 30 A 823 A 150 Ah
Open circuit voltage (V) NA NA 371V NA
Short circuit current (Ig.) NA NA 8.80 A NA
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Table 3
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Average of solar radiation intensity, average water temperature, experimental, and numerical cumulative productivity of
CSS and CSSPVH from 9 am to 5 pm during experimental days

Solar Average I; Average  Cumulative experimental Cumulative numerical
Date still (W/m?) Tw (°O) productivity (Mceyp) (kg/m?) productivity (M) (kg/m?)
18 February 2014 CSSPVH 727 57.22 5.3 5.5
24 March 2014 CSSPVH 823 57.33 5.7 5.8
10 April 2014 CSSPVH 650 57.11 5.1 52
07 May 2014 CsSs 778 47.11 0.9 NA
17 May 2014 CSS 563 41.33 0.6 NA
14 June 2014 CSS 559 41.56 0.6 NA

and CSS from 9 am to 5 pm with measured time inter-
val of 5 min using a Pyranometer. Fig. 6 shows the
variations of hourly output power of six PV modules
transferred to the four batteries to charge and to
power the AC heater inside the basin of the double
slope solar still from 9 am to 5 pm. It is observed that
with the increase in radiation intensities from 9 am to
about 2 pm for three days, which are; 18 February
2014, 24 March 2014, and 10 April 2014, the water
temperature of CSSPVH increased to the highest
values due to the aid of the output power of the
heater (Poutput heater) Used in CSSPVH (Figs. 6 and 7).

However, the water temperature of CSS on 07 May
2014 and 14 June 2014 reached the highest values from
9 am to 1 pm with the increase in only available solar
intensities. While it is observed that the obtained high-
est values of T,, for CSSPVH was clearly higher than
those values for CSS due to the aid of output power
of the heater (Poutputheater) Used in the solar still
(Figs. 6-8).

4.2. Effect of solar radiation intensity on performance of
CSSPVH and CSS

Two typical days with the range of solar radiation
intensity from 700 to 800 W/m? were selected to evalu-
ate the numerical and experimental results obtained
from CSSPVH and to compare them with the experi-
mental results of CSS. On the first day (18 February
2014), the experiment was conducted using CSSPVH,
with the average solar radiation intensity of 727 W/m?
and on the second day (07 May 2014) the experiment
was conducted using CSS, with the average solar
radiation intensity of 788 W/m? Both days were dis-
cretely selected because the average solar radiation
intensity falls within the same range, when compared
to that of the other experimental days (Table 3).

Fig. 9 shows the variations of solar radiation intensi-
ties (I), rates of heat energy transfer of glass cover

absorption of CSSPVH (g,,, ), basin water absorption of
CSSPVH (q,,.,,), rate of output power of six photo-
voltaic modules (Poutput,pv) With time interval of 5 min
and the rate of maximum output power of AC heater
(Poutput heater) from 9 am to 5 pm on a typical day (18
February 2014). The diurnal variations of temperatures
of water, inner glass of CSSPVH and ambient tempera-
ture vs. the rate of evaporative (j,,), convective (g,,,),
and radiative (g,,) heat energy transfer of CSSPVH
from 9 am to 5 pm on that day are shown in Fig. 10.
The higheSt Qabs,g’ qabs.w/ POUtPUtzPV’ T, Tgr T,, QSW’ [:]rw/
and g, of 199.1 W, 903.28 W, 1,470 W, 65°C, 52°C, 32°C,
190.05W, 3338W, and 14.11 W were observed,
respectively, when I, peaked at 1038.27 W/m? at about
2:30 pm (Figs. 9 and 10). With the aid of an external
output battery power, the output power of the heater
remained constant at 500 W between 9 am and 5 pm.
With decrease in I, to 200 W/m? at 5pm from its
highest value at 2:30 pm, the values of {0/ Jopswr
Poutput,pv, and T, decreased sharply due to their sole
dependency on I; (Egs. (16)—(18)), while the values of
Tw Tg Gowr Gryr and g, reduced slightly due to the
external power and energy received from the heater
and batteries. There are some instant fluctuations of
solar radiation intensities from 9 am to 5 pm which
caused instant decrease in the values of Gy, ./ ybs 0
poutput,pv (Flg 9)

The wind speed (V) and the rate of convective heat
losses from the condensing glass cover of CSSPVH to
the atmosphere (qc(gfa)) are shown in Fig. 11. It is
observed that with the decrease in wind speed from
9am to 1pm the rate of g, , increased due to the
sharp increase in inner glass and ambient temperature
differences (Fig. 10, Egs. (19) and (21)). During the rest
of the day from 1 pm to 5 pm the 4., increased due
to a corresponding increase in wind speed.

The variations in temperature of water, inner glass
of CSS and ambient temperature on 07 May 2014 from
9 am to 5 pm are shown in Fig. 12. It was observed that
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T, and T, increased gradually to the peak values of
50°C and 44°C, respectively, with the increase in solar
radiation intensity from 399.78 W/m? at 9am to
859.99 W/m” at 2 pm (Figs. 5 and 12); thereafter they
decreased with the reduction of solar radiation inten-
sity from 2 pm to 5 pm. These results were observed to
be similar to the findings of other researchers [10-14].

4.3. Hourly and cumulative water production of CSS and
CSSPVH

Figs. 13 and 14 show the experimental and numeri-
cal productivities of CSSPVH and the experimental
water production of CSS on 18 February 2014 and 07
May 2014, respectively. It was observed that with the
similar average solar radiation intensity during the two
experimental days of 18 February 2014 and 07 May 2014
(Table 3, Figs. 4 and 5) and similar volume of initial feed
water (15 L) in the basins of the CSS and CSSPVH, the
average water and inner glass temperatures, and hourly
and cumulative water production of CSSPVH showed
markedly higher values as compared to the correspond-
ing average Ty, Tg, Mhexp, and Mceyp of CSS (Table 3,
Figs. 10, 12 —14). These differences occurred as a result
of the additional 500 W AC heater that was used as an
external heat energy source connected to 6 x 245 W
photovoltaic modules and 4 x 150 Ah batteries to the
CSSPVH basin (Figs. 2 and 3).

The hourly experimental water production (Mpexp)
from CSS and CSSPVH peaked to 0.2 and 0.8 kg/m?,
respectively, at about 2 pm (Figs. 13 and 14). Mpeyp of
CSSPVH was about four times that of CSS. The water
temperature and hourly water production of this
active solar still (CSSPVH) showed almost similar val-
ues from 2 pm to 5 pm with the aid of external heat
energy source of PV modules, batteries and AC heater
even though there is a decrease in solar radiation
intensity during this period of time (Fig. 13). While,
the water temperature and hourly output showed a
sharp decrease for CSS and also other passive and
active solar stills with the decrease in solar radiation
intensity from 2 pm onward [3,4,7,9-14].

The experimental cumulative water production
from both solar stills showed a clear difference in pro-
ductivity due to use of the solar power system. CSSPVH
also had a higher experimental cumulative productivity
(Meexp) Of 5.3 kg/m” as compared to the corresponding
productivity of 0.9 kg/m” for CSS. It shows that Mexp
of CSSPVH was about six times higher that of CSS
(Figs. 13 and 14). Fig. 13 also shows the values of
experimental and numerical hourly and cumulative
productivities of CSSPVH on 18 February 2014. The
experimental and numerical cumulative productivities
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of CSSPVH were 5.3 and 5.5 kg/m?, respectively, on 18
February 2014 (Fig. 13). Both hourly and cumulative
productivities showed good agreement between the
experimental and numerical values.

The relationship of numerical and experimental
hourly production (Mp,, Mhexp) With the rate of evap-
orative heat energy transfer (4,,) of CSSPVH is shown
in Figs. 15 and 16, respectively. The value of R?
should be exactly equal to 1, from the use of the
mathematical Eq. (6), which is used to determine the
numerical hourly productivity of CSSPVH. However,
the relationship between experimental hourly water
production (Mpe) and the rate of evaporative heat
energy transfer (g,,) was equal to 0.9865, which is
close to the value of R and also shows the linear rela-
tionship between Mye.p, and g, as well. It is deduced
that the numerical hourly and cumulative productivi-
ties of CSSPVH correlate well with the experimental
values.

4.4. Heat energy balance of CSSPVH

The heat energy values for condensing cover and
basin water of CSSPVH from 9am to 5pm on 18
February 2014 are shown in Tables 4 and 5, respec-
tively. Table 4 shows that the rate of heat energy
absorption of solar radiation intensity by the condens-
ing glass cover (4,,,) and the rates of convective and
radiative heat losses from it to the ambient air (7.,
and g, ) (=1583.10 W) is almost equal to the rate of
mass transfer from glass cover (m,C, (dTg/dt)) minus
the cumulative evaporative (g,,,), convective (g,,,), and
radiative (4,,,) rate of heat energy transfer of basin and
water, respectively (—1549.26 W).

Likewise, it was observed (Table 5) that the rate of
heat energy absorption of solar radiation intensity by
the basin water (g, ,) and the additional rate of heat
energy from AC heater (§,) (6503.40 W) is almost
equal to the rate of mass transfer of water and basin
((my,Cy + mpCp) (dTy,/dt)) plus the cumulative rate of
heat energy transfer of evaporative (g,,), convective
(4., and radiative (g,,) plus the rates of heat losses
from distilled water to the ambient air (g,
(6569.42 W).

4.5. Evaluation of output power storage in batteries using
pv modules

Table 6 shows the hourly solar radiation intensity
(Is), hourly output power of six photovoltaic modules
(Phpv), and cumulative output power of six photo-
voltaic modules stored in batteries (P ) on 18
February 2014 from 7 am to 7 pm. Cumulative solar



14936

(a) Lake water collection

Batteries
box &

(e) Solar field layout

Fig. 3. Photograph of experimental setup.

Table 4
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(d) Batteries box and Inverter

Heat energy values of condensing glass cover of CSSPVH (Egs. (2) and (3)) on 18 February 2014 from 9 am to 5 pm

Time (h) qabs,g - qc(g—a) - Qr(g—a) W) = mgcg (dTg/dt) W) - l?ew + l?cw + qrw W)
9 am 20.51 46.67 2.96

10 am —153.41 5.60 67.57
11 am -139.27 1.87 161.40
12 pm —150.81 7.47 205.58
1 pm -115.59 3.73 231.14
2 pm —188.93 -3.73 237.55
3 pm —289.97 -3.73 237.55
4 pm —196.09 -3.73 231.14
5 pm -369.53 -3.73 224.79
Cumulative —1583.10 = 50.40 - 1599.66
Total heat energy (W) —1583.10 —1549.26

intensities for every 5 min per hour divided by 12 is
equal to hourly solar radiation intensity (I;) is shown
in Fig. 4 and Table 6. The maximum power voltages
of four batteries (Vpmax) are 4 x 12V (Table 2). The
four batteries were connected in series. Then the maxi-
mum power voltages of four batteries (Vpma) were
converted from 4 x 12V to 2x24V. The maximum
hourly power capacity (Pmaxbatteries) Of four batteries
was calculated as 150Ah x 24V x 2 (7,200 W h). One
AC heater with the maximum power output (Pmax heater)

of 500 W was used in the experiment from 9 am to
5 pm (Table 2). The hourly output power of six PV
modules in Table 6 (P}, ,) was calculated by taking the
average output power of the PV modules in every
5 min during each hour in Figs. 6 and 9. Values of P. .,
were calculated by accumulating the values of Py,
from 7 am to 7 pm (Figs. 6, 9 and Table 6).

Table 6 also shows that when solar intensity
increased to 354.16 W/m? from 9 am to 10 am, the AC
heater can be used due to the charging of the batteries
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Table 5
Heat energy values of basin water of CSSPVH (Egs. (4) and (5)) on 18 February 2014 from 9 am to 5 pm
Time (h) Jpsw W)+ g, W) = (m,Cop+ mpCy) (dT/dt) W)+ g + 4oy, +4, W)+ g, (W)
9 am 105.06 500.00 485.26 2.96 34.82
10 am 211.92 500.00 205.30 67.57 379.46
11 am 316.98 500.00 55.99 161.40 504.98
12 pm 397.69 500.00 74.66 205.58 513.65
1 pm 425.65 500.00 55.99 231.14 543.95
2 pm 450.00 500.00 —18.66 237.55 543.84
3 pm 151.05 500.00 —18.66 237.55 543.07
4 pm 378.31 500.00 —18.66 231.14 527.17
5 pm 66.73 0.00 —37.33 224.79 594.95
Cumulative 2503.40 + 4000.00 = 783.88 + 1599.66 + 4185.88
Total heat energy (W)  6503.40 6569.42
Table 6 1400 -
Hourly and cumulative output power of six photovoltaic |
modules stored in batteries® E 12001

Z 1000
Time I, (W/m?) Py, pv (Wh) Py (W) g

7] 8OO -
7 am-8 am 13.3 10.21 10.21 =
8 am-9 am 131.57 242.51 252.72 £ 01—
9 am-10 am 354.16 652.80 905.52 T 400 l_in
10 am-11 am 570.45 1051.47 1956.99 =
11 am-12 pm 793.47 1434.37 3391.36 = 200
12 pm-1 pm 904.48 1,470 4861.36 o4
1 pm-2 pm 933.83 1415.44 6276.8 2 ! 2 = Z = = 2 =
2 pm-3 pm 939.12 1428.67 7705.47 g ) g e g g g g =)
3 pm—4 pm 816.13 1369.18 9074.65 ® g 2 B = = = % 3
4 pm-5 pm 506.16 870.34 9944.99 — - -10.04.2014  -ooeeee 24.03.2014 ——18.02.2014
5 pm-6 pm 331.48 610.99 10555.98
6 pm-7 pm 231.09 394.93 10950.91  Fig. 4. Solar radiation intensity for three typical days from

9 am to 5 pm using CSSPVH.

Notes: P, ,,: cumulative output power of six photovoltaic modules
stored in batteries.

“Pj,pv: hourly output power of six photovoltaic modules stored in
batteries.

1200

with the cumulative output power from the six PV 16007

modules. With the increase in I, from 354.16 W/m? at
10 am to 939.12 W/m? at 3 pm the values of P, and
P,y increased as well. When the average hourly solar
radiation intensity reached 904.48 W/m” from 12 pm
to 1 pm without showing any fluctuations (Figs. 6 and
9), the output power of six PV modules peaked at the
highest value of 1,470 W h. With the decrease in I,
from 4 pm to 7 pm the values of P, decreased as 0-
well (Table 6). The overall cumulative output power -
of PV modules (P.,,) was found to be 10950.91 W §
during the accessibility of solar radiation intensity — 07052014 ~--
from 7am to 7pm (Table 6). The rates of output

power of six PV-modules (P Oufput/Pv) and the rate of Fig. 5. Solar radiation intensity for three typical days from
maximum output power of one 500 W AC heater 9am to 5 pm using CSS.

Solar radiation intensity (W/m®)

g & & £
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Fig. 6. Diurnal variations of output power of PV modules
and maximum output power of heater used in CSSPVH
during three typical days from 9 am to 5 pm.

(Poutputheater) With the time interval of 5 min from
9 am to 5 pm are shown in Fig. 9. The rates of hourly
and cumulative output power of PV-modules (P}, .,
and P.p,) from 7am to 7 pm are also presented in
Table 6. It can be observed from Fig. 9 and Table 6
that the rate of hourly output power of PV-modules
was always higher than the maximum output power
of AC heater from 9 am to 5 pm, corresponding to the
available solar radiation intensities in this period of
time. Thus, the output power differences between

PV-modules and AC heater were stored using
70
60 N

50 /
40

Whater temperature ("C)
=

20

10

9:00 10:00 11:00 12:00 1:00 2:00 3:00 4:00I5:00
AM AM AM PM PM PM PM PM PM
—=-18.02.2014 —=—10.04.2014 —<2403.2014

Fig. 7. Diurnal variations of water temperature for three
typical days from 9 am to 5 pm using CSSPVH.
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Fig. 8. Diurnal variations of water temperature for three
typical days from 9 am to 5 pm using CSS.

4 x 150 Ah batteries in CSSPVH system to ensure 24 h
operation of the still.

4.6. Expected time of the heater usage and expected
productivity of CSSPVH

The values of Vi, of four batteries were 2 x 24 V
(Table 2) and the maximum current power of AC hea-
ter (Ipmaxheater) Was 2.27 A, which was obtained by
dividing the maximum power output of heater

" 1200 1600 g
E e LI
5 1000 ’, . ¥ - 1400 &
i I L -

= v \ | 1200 :
2
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g ﬁ
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o o
£ ]
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o
w DL

224882 a2 &

g 8 8 8 8 8 8 8 8

ey =] — ﬁ — (] o A2 vy

Is — - qabs, g e qabs, w

- - -Poutput, pv =~ — - -Poutput, heater

Fig. 9. Variations of solar radiation intensities vs. rate of
energy transfers for CSSPVH from 9 am to 5pm on 18
February 2014.
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Fig. 10. Diurnal variations of Ty, T, and T, vs. the rate of
evaporative, convective, and radiative heat energy trans-
fers of CSSPVH from 9 am to 5 pm on 18 February 2014.

(Pmax heater) (500 W) by the maximum power voltage of
heater (Vpmax heater) (220 V) (Table 2).

Table 7 shows the hourly current power of four
batteries (Ipn batteries), €Xpected time of AC heater usage
(ET) and cumulative expected time of AC heater usage
(CET), respectively, on 18 February 2014 from 7 am to
7 pm. The hourly current power of four batteries (I, -
batteries) Was obtained by dividing the hourly power
output of six PV modules (Pyp,) by the maximum
power voltage of the batteries (Vpmaxbatteries): The
expected time (ET) of AC heater usage in the solar still
basin was determined by dividing the hourly current
power of batteries (Iph batteries) by the maximum cur-
rent power of heater (Ipmaxheater) (Table 7). It was

3.00 - 500

@ - 450
2.50 T—= 2 L 400 g
. 5
Cy * - ./ L350 E
'E 2.00 4 . A, G =
5 ‘/I_:\‘_/\{ 300 £
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- 100 =
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- 50

(R S S — —
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Fig. 11. Variations of wind speed and heat energy losses of
CSSPVH from 9 am to 5 pm on 18 February 2014.
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Fig. 12. Variations of Tw, T, of CSS and T, from 9 am to
5 pm on 07 May 2014.

observed that ET increases with the increase in I; and
Py, pv (Figs. 6, 9 and Table 7). The CET of heater was
found by accumulating the values of ET which was
obtained as 97 h shown in Table 7. It shows the num-
ber of hours (97 h) that one AC heater can be used to
heat the basin water. It was observed that by exposing
the six pv modules to direct sun radiation during one
day such as 18 February 2014, the expected cumulative
time (CET) to use one AC heater with the P,,,, of 500 W
can be prolonged to about 97 h due to the powering of
the heater by the four batteries as power sources.

The amount of water produced experimentally by
CSSPVH for 8 h (Mceyp) is about 5.3 kg/ m? from 9 am
to 5pm (Fig. 13) on 18 February 2014, making the
average hourly experimental output of CSSPVH to be

Table 7

Expected time of usage of one AC heater”

Time Iph,batteries (Ah) ET (h) CET (h)
7 am-8 am 0.212 - -
8 am-9 am 5.05 2 2
9 am-10 am 13.6 6 8
10 am-11 am 21.9 9 17
11 am-12 pm 29.88 13 30
12 pm-1 pm 30.62 13 43
1 pm-2 pm 29.48 13 56
2 pm-3 pm 29.76 13 69
3 pm—4 pm 28.52 12 81
4 pm-5 pm 18.13 8 89
5 pm—6 pm 12.73 5 94
6 pm-7 pm 8.22 3 97

Notes: CET: cumulative expected time of AC heater usage; ET:
expected time of AC heater usage.
aIph,batteries: the hourly current power of four batteries.
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Fig. 13. Experimental and numerical productivity of
CSSPVH from 9 am to 5 pm on 18 February 2014.

0.7 kg/m?. Therefore, the productivity of one CSSPVH
using one 500 W AC for 24 h is expected to be up to
16 kg/m? for 24 h as shown in Fig. 17 because the
CET of the heater usage is 97 h (Table 7). This
research shows higher productivity as compared to
the other active solar still studies in India [3,4,9,17,21],
Oman [5,6], Peru [7], Saudi Arabia [8], Malaysia
[22-24], Jordan [25,26], Iran [27,28], and Egypt [29]. A
comparison of the daily output of CSSPVH with the
outputs of some other active solar stills using separate
additional heat storage collector is shown in Table 8.
CSSPVH is may be more costly than the CSS and
other mentioned active solar stills, but it is more effec-
tive and sustainable to operate the system for 24 h
using CSSPVH rather than CSS due to more water
production (Figs. 13 and 14) and to maintain the water
production at high rates (Fig. 17) during night time as
well as the sunshine hours. The number of heaters,
which is four, can be obtained by dividing the CET of

Table 8
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Fig. 14. Variations of Mpexp and Mcexp for CSS from 9 am
to 5 pm on 07 May 2014.

heater (97 h) over the 24 h period. Therefore, to
optimize the consumption of the stored power in four
batteries, it is recommended to fabricate four similar
size solar stills with the use of four AC heaters, each
having 500 W power, in order to enhance the
productivity. Since an AC heater has the capacity of
producing 16 kg/m? of potable water for 24 h and the
CET for heater usage is 97 h, therefore four AC hea-
ters will be operational to produce about 64 kg/m? of
water in 24 h.

Table 9 shows the analysis of error between the
hourly experimental and numerical productivities for
CSSPVH from 9am to 5pm on 18 February 2014.
The Root Mean Squared Error (RMSE) of hourly
experimental and numerical outputs of CSSPVH was
low (0.0003) and the high correlation of 0.99736 with
R? of 0.99472 showed the linear relationship between
the hourly experimental (Mpep) and numerical
(Mpyn) productivities.

Performance of some active solar stills coupled with solar heat storage collectors

Maximum production rate

No. Heat storage methods Country  (kg/m?>d) Refs.

1 A single slope solar still connected to the two separate solar flat  India 3.77 [3]
plate collectors

2 A single slope solar still coupled with 10 evacuated tubes India 3.8 [4]
collector

3 A single slope solar still connected to an inverted absorber Oman 6.3 [5]

4 A solar still integrated with a parabolic-trough concentrator Peru 6.36 [7]

5 A solar still integrated with photovoltaic modules, batteries and = Malaysia 16 This
AC heater (CSSPVH) work
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Table 9

14941

Analysis of error (RMSE) between hourly experimental and numerical outputs from 9 am to 5 pm on 18 February 2014%

Coefficient of determination

Time Mhexp My, Residual Squared RMSE Correlation (R?)

9 am 0 0.00 0.00 0.0000 0.0003 0.99736 0.99472
10 am 0.14 0.20 -0.07 0.0043

11 am 0.50 0.54 —-0.05 0.0024

12 pm 0.72 0.72 0.01 0.0001

1 pm 0.80 0.81 -0.01 0.0002

2 pm 0.80 0.84 —-0.04 0.0013

3 pm 0.82 0.84 —-0.02 0.0003

4 pm 0.81 0.81 0.00 0.0000

5 pm 0.76 0.78 —-0.02 0.0006

Notes: Squared = Residual®; Residual = Mhexp~Mhn-
“RMSE = SQRT (SUM (Squared values)/9).

Table 10

Quality of water from lake and distilled water from solar stills

Water quality parameter Lake water (average)

Distilled water (average) WHO standards [30,31]

pH 7.2
Total dissolved solids (mg/1) 650
Nitrate (mg/1) 7.26
Iron (mg/1) 18.20
Turbidity (NTU) 38.45
Color (Hazen unit) 7

6.85 6.5-8.0
22.50 <600
0.43 <50
0.06 <0.3
0.98 <5

0 <5

4.7. Water quality analysis

Table 10 shows the water quality parameters of the
water produced from lake water together with the
WHO standards for drinking water. The average
values of pH, Total dissolved solids (TDS), nitrate,

200
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100 1
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40 -
20 -
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2.1
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+ R Relationship between Mhn and q'ew
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Fig. 15. Relationship between My, and the rate of g, of
CSSPVH from 9 am to 5 pm on 18 February 2014.

iron, turbidity, and color reduced from 7.2, 650 mg/1,
7.26 mg/1, 18.20 mg/1, 38.45 NTU, and 7 Hazen unit
before experiment to 6.85, 22.50 mg/l, 0.43 mg/l,
0.06 mg/1, 0.98 NTU, and 0 Hazen unit after experi-
ment, respectively; which showed that water

R*=10.9865 .9
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Fig. 16. Relationship between My, and the rate of g, of
CSSPVH from 9 am to 5 pm on 18 February 2014.
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Fig. 17. Expected cumulative productivity with the use of
one AC heater during 24 h and cumulative experimental
output of CSSPVH per 8 h (Mceyp) from 9 am to 5 pm on
18 February 2014.

produced by the still is within the accepted range of
WHO drinking water standards in this work [30,31].

5. Conclusions

Despite daily fluctuations due to cloud coverage,
solar energy can be effectively harnessed, stored, and
converted to electrical energy for clean water produc-
tion using a double slope solar still equipped with
6 x 245 W PV modules, 4 x 150 Ah batteries and one
500 W AC heater. In this work, the conventional solar
still (CSS) using direct sun radiation only produced
0.9, 0.6, and 0.6 kg/ m? of clean water during three
experimental days having different average solar
intensities from 9 am to 5 pm, while the solar still
equipped with a PV-AC heater system (CSSPVH) pro-
duced 5.3, 5.7, and 5.1 kg/ m?> during different three
days under Malaysia’s meteorological conditions. The
integrated solar still used in this study produced
about 6 to 10 times as much water as the conventional
still. A numerical model of CSSPVH was simulated
using mathematical equations of heat and mass trans-
fer. The model showed that the numerical output is in
good agreement with experimental productivities. The
energy balance equations of condensing cover and
basin water were also defined and developed. The
CSSPVH system is a sustainable design due to the use
of solar energy to heat basin water, and electricity pro-
duction using photovoltaic modules and storing it
using batteries to ensure 24 h operation of the system.
Thus, the system has the potential of producing
potable water for a long period of time with low
maintenance cost, even in areas with very low daily
solar radiation intensity. This design can also be

A. Riahi et al. | Desalination and Water Treatment 57 (2016) 14929-14944

applied in arid, remote, rural, suburban, and coastal
areas. The quality of the water produced was within
the acceptable range of World Health Organization
(WHO) drinking water standards.
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Nomenclature

Mpn — hourly numerical condensed water

production rate per unit area (kg/m?)

My — mass of feed water (kg)

Mpq — mass of distilled water from basin water
(kg)

E, — energy transfer of condensing glass cover
(W)

Tabs.g — rate of heat energy absorption by
condensing glass cover due to solar
radiation intensity (W)

Jow — rate of convective heat energy transfer
from water surface to the inner glass cover
(W)

Jew — rate of evaporative heat energy transfer
from water surface to the inner glass cover
(W)

Jrw — rate of radiative heat energy transfer from
water surface to the inner glass cover (W)

qc(gfu) — rate of convective heat losses from outer
glass cover to ambient air (W)

é]r(gfa) — rate of radiative heat losses from outer
glass cover to ambient air (W)

Tref(g—a) — rate of reflective heat energy transfer from
outer glass cover to ambient air (W)

my — mass of glass cover (kg)

C, — specific heat capacity of glass cover (J/
kg C)

T, — temperature of inner glass cover (‘C)

t — time (hour)

Eup — energy transfer of basin and water (W)

Tabso — rate of heat energy absorption of basin

' water due to passing solar radiation

intensity through the glass cover (W)

dn — rate of heat energy transfer from AC heater
to the basin water (W)

Gret(w ) — rate of reflective heat energy transfer from
water to inner surface of glass cover (W)

94 — rate of heat losses from distilled water to
the ambient air (W)

My — mass of water in basin (kg)

Cuw — specific heat capacity of water (J/kgC)

my — mass of basin (kg)
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Cp — specific heat capacity of basin (J/kgC)

L — latent heat of water evaporation (J/kg)

New — convective heat transfer coefficient from
water to condensing cover (W/m?"C)

Hew — radiative heat transfer coefficient from
water to condensing cover (W/m?"C)

Hew — evaporative heat transfer coefficient from
water to condensing cover (W/m?*°C)

Ay — area of basin (m?)

Tw — temperature of water in basin (‘C)

P, — saturated vapor pressure at water surface
(N/m?

P, — saturated vapor pressure at condensing
glass surface (N/m?)

AgE — area of glass cover exposed to east side of
sun radiation (m?)

Ig — solar radiation intensity passing through
the east side of the glass cover (W/m?)

Agw — area of glass cover exposed to west side of
sun radiation (m?)

Iw — solar radiation intensity passing through
the west side of the glass cover (W/m?)

Poutputpy  — output power of pv modules (W)

— photovoltaic modules
n — number of photovoltaic modules

Npv — efficiency of pv modules (%)

Apy — area of pv modules (m?)

Is — solar radiation intensity (W/m?)

he(g-a) — convective heat transfer coefficient from
glass cover to ambient air (W)

Vv — wind speed (m/s)

My — mass of distilled water (kg)

T, — temperature of ambient air (‘C)

Mhexp — hourly experimental condensed water
production rate per unit area (kg/m?)

M, — cumulative numerical productivity (kg/ m?)

Meexp — cumulative experimental productivity (kg/
m?)

Eoff — effective emissivity derived from water and
glass cover emissivity

o — Stefan’s constant, 5.6 x 107 W/m? K*

&g — glass cover emissivity

Ew — basin water emissivity

Tq — transmissivity of condensing glass cover

g — absorptivity of glass cover

References

[1] A. Ahsan, M. Imteaz, U.A. Thomas, M. Azmi, A.

Rahman, N.N. Nik Daud, Parameters affecting the

erformance of a low cost solar still, Appl. Energy 114
(2014) 924-930.

[2] S. Jasrotia, A. Kansal, V.V.N. Kishore, Application of
solar energy for water supply and sanitation in
Arsenic affected rural areas: A study for Kaudikasa
village, India, J. Clean. Prod. 37 (2012) 389-393.

14943

[3] G. Singh, S. Kumar, G.N. Tiwari, Design, fabrication
and performance evaluation of a hybrid photovoltaic
thermal (PVT) double slope active solar still, Desalina-
tion 277 (2011) 399-406.

[4] R.V. Singh, S. Kumar, M.M. Hasan, M.E. Khan, G.N.
Tiwari, Performance of a solar still integrated with
evacuated tube collector in natural mode, Desalination
318 (2013) 25-33.

[5] R. Dev, S.A. Abdul-Wahab, G.N. Tiwari, Performance
study of the inverted absorber solar still with water
depth and total dissolved solid, Appl. Energy 88
(2011) 252-264.

[6] G.N. Tiwari, S. Suneja, Performance evaluation of an
inverted absorber solar still, Energy Convers. Manage.
39 (1998) 173-180.

[7] E. Saettone, Desalination using a parabolic-trough con-
centrator, Appl. Solar Energy 48 (2012) 254-259.

[8] A.Z. Al-Garni, Productivity enhancement of solar still
using water heater and cooling fan, J. Sol. Energy Eng.
134 (2012) 031006.

[9]1 G.N. Tiwari, V. Dimri, A. Chel, Parametric study of an
active and passive solar distillation system: Energy
and exergy analysis, Desalination 242 (2009) 1-18.

[10] A. El-Bahi, D. Inan, A solar still with minimum
inclination, coupled to an outside condenser, Desalina-
tion 123 (1999) 79-83.

[11] B.A. Akash, M.S. Mohsen, W. Nayfeh, Experimental
study of the basin type solar still under local climate
conditions, Energy Convers. Manage. 41 (2000)
883-890.

[12] G.N. Tiwari, Madhuri, Effect of water depth on daily
yield of the still, Desalination 61 (1987) 67-75.

[13] S.M.A. Moustafa, G.H. Brusewitz, D.M. Farmer, Direct
use of solar energy for water desalination, Sol. Energy
22 (1979) 141-148.

[14] I. Al-Hayeka, O.O. Badran, The effect of using
different designs of solar stills on water distillation,
Desalination 169 (2004) 121-127.

[15] M.A.S. Malik, G.N. Tiwari, A. Kumar, M.S. Sodha,
Solar Distillation, Pergamon Press, Oxford, 1982.

[16] R.V. Dunkle, Solar water distillation: The roof type
still and a multiple effect diffusion still, ASME Pro-
ceedings of International Heat Transfer, Part V,
University of Colorado, Boulder, CO, 1961.

[17] S. Toure, P. Meukam, A numerical model and experi-
mental investigation for a solar still in climatic condi-
tions in Abidjan (Cote d’Ivoire), Renewable Energy 11
(1997) 319-330.

[18] K.K. Murugavel, S. Sivakumar, J.R. Ahmed, K.K.S.K.
Chockalingam, K. Srithar, Single basin double slope
solar still with minimum basin depth and energy stor-
ing materials, Appl. Energy 87 (2010) 514-523.

[19] M. Herrando, C.N. Markides, K. Hellgardt, A
UK-based assessment of hybrid PV and solar-thermal
systems for domestic heating and power: System per-
formance, Appl. Energy 122 (2014) 288-309.

[20] J.H. Watmuff, W.W.S. Charters, D. Proctor, Solar
and wind induced external coefficients solar collectors,
Int. Revue d’ Helio-technique, 2nd Quarter, (1977)

. 56.

[21] g Kumar, M. Singh, J.D. Anand, Transient perfor-
mance of a double-basin solar still integrated with a
heat exchanger, Energy 14 (1989) 643-652.



14944

[22] A. Riahi, KW. Yusof, N.B. Sapari, B.S.M. Singh, AM.
Hashim, Novel configurations of solar distillation sys-
tem for potable water production, IOP Conf. Ser.
Earth Environmen. Sci. 16 (2013) 012135, doi: 10.1088/
1755-1315/16/1/012135.

[23] A. Riahi, KW. Yusof, N.B. Sapari, A. Malakahmad,
AM. Hashim, B.S.M. Singh, Potable water production
by wusing triangular solar distillation systems in
Malaysia, in: Proceeding of IEEE Conference on Clean
Energy and Technology (CEAT), Langkawi, 2013,
pp. 473-477, doi: 10.1109/CEAT.2013.6775679.

[24] A. Riahi, KW. Yusof, M.-H. Isa, BSM. Singh, A.
Malakahmad, N.B. Sapari, Experimental investigation
on the performance of four types of solar stills in
Malaysia, Appl. Mech. Mater. 567 (2014) 56-61.

[25] Y. Taamneh, M.M. Taamneh, Performance of
pyramid-shaped solar still: Experimental study,
Desalination 291 (2012) 65-68.

[26] M. Abu-Qudais, B.AK. Abu-Hijleh, O.N. Othman,
Experimental study and numerical simulation of a
solar still using an external condenser, Energy 21
(1996) 851-855.

A. Riahi et al. | Desalination and Water Treatment 57 (2016) 14929-14944

[27]1 J.A. Esfahani, N. Rahbar, M. Lavvaf, Utilization of
thermoelectric cooling in a portable active solar
stil—An experimental study on winter days,
Desalination 269 (2011) 198-205.

[28] N. Rahbar, J.A. Esfahani, Experimental study of a
novel portable solar still by utilizing the heatpipe and
thermoelectric module, Desalination 284 (2012) 55-61.

[29] Z.S. Abdel-Rehim, A. Lasheen, Improving the perfor-
mance of solar desalination systems, Renewable
Energy 30 (2005) 1955-1971.

[30] World Health Organization, Guidelines for drinking -
water quality (electronic resource): Incorporating the
first and second Addenda, recommendations, third
ed., vol. 1, 2008, Geneva, Accessed at: http://www.
who.int/water_sanitation_health/dwq/fulltext.pdf on
15 May 2011.

[31] World Health Organization, Guidelines for drinking-
water quality, fourth ed., (2011), Geneva, Accessed
at: http://whgqlibdoc.who.int/publications/2011/9789
241548151 _eng.pdf?ua=1 on 10 March 2015.


http://dx.doi.org/10.1088/1755-1315/16/1/012135
http://dx.doi.org/10.1088/1755-1315/16/1/012135
http://dx.doi.org/10.1109/CEAT.2013.6775679
http://www.who.int/water_sanitation_health/dwq/fulltext.pdf
http://www.who.int/water_sanitation_health/dwq/fulltext.pdf
http://whqlibdoc.who.int/publications/2011/9789241548151_eng.pdf?ua=1
http://whqlibdoc.who.int/publications/2011/9789241548151_eng.pdf?ua=1

	Abstract
	1. Introduction
	2. Mathematical modeling
	3. Experimental setup
	4. Results and discussion
	4.1. Observations of overall findings of CSS and CSSPVH
	4.2. Effect of solar radiation intensity on performance of CSSPVH and CSS
	4.3. Hourly and cumulative water production of CSS and CSSPVH
	4.4. Heat energy balance of CSSPVH
	4.5. Evaluation of output power storage in batteries using pv modules
	4.6. Expected time of the heater usage and expected productivity of CSSPVH
	4.7. Water quality analysis

	5. Conclusions
	Acknowledgment
	References



