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ARTICLE INFO ABSTRACT

Keywords: In this study, an experimental work has been conducted to augment the performance of trays solar still. The
TT?YS solar still absorber surface area and rate of heat transfer between the absorber and the saline water have been increased.
Wick . Hence, the trays solar stills with flat and corrugated absorber configurations were investigated. Three solar stills
zgirszgizgge material have been fabricated and tested. The tested solar stills are flat trays solar still (FTSS), corrugated trays solar still

(CTSS), and conventional solar still (CSS). Wick material has been used to cover the corrugated where the wick
feed water flows very slowly through the porous material upward. For further improvement of trays solar still
performance, phase change material (PCM) mixed with CuO nanoparticles has been used to test the CTSS. Also,
three electric heaters have been used to heat the basin water. The heaters derived their energy directly from a PV
module. The PV module was installed directly beside the back side of the solar still thereby utilizing the same
solar still space. Experimental results obtained showed that, the total freshwater yield of the CTSS was improved
by 150 and 122% when using electric heaters and the and PCM with CuO nanoparticles, respectively, over that of
the CSS. In addition, the total water production of the CTSS was improved by 180% when using corrugated
absorber, PCM mixed with CuO nanoparticles and electrical heaters in comparison to the CSS.

Nanoparticle, PV module

1. Introduction

Although water is an essential fluid that supports human lives on
Earth, about 800 million people are having problem of drinkable water.
Consequently, scientists presented the various methods of extracting
potable water from salt water as the only means of escape from the
drinking water problem facing the world. For instance, we find the
reverse osmosis (RO) [1], humidification dehumidification (HDH) [2-4],
vapor compression (VC) [5], multi-stage flash (MSF) [6], multi-effect
boiling (MEB) [7], solar still (SS) [8,9], etc, as proposed common
techniques for water distillation.

The solar distillers are small units of desalination that can be used to
achieve the freshwater needs of small families because they have low
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productivities. Several research works have been conducted to maxi-
mize the productivity of SS systems, by minimizing the basin water
depth [10-11], increasing the feed water temperature by employing
solar water heaters [12-14], integrating reflectors to enlarge the incident
solar energy to the SS [15-16]. In addition, the scholars tried to make
modifications on the conventional solar distiller to increase its fresh
water distillate [17-19]. Most of these modifications included the wick,
corrugated and finned SS [20-23], stepped solar distiller [24-26], adding
rotating elements to maximize the evaporation area as well as the
exposed area to solar energy and to break the basin water surface ten-
sion, blades solar still [27-29], rotating wick SS [30,31], tubular drum
SS [32], disc SS [33] and rotating-drum SS [34-36]. Thermophysical
properties of Nanofluids such as density, convective heat transfer
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coefficient, thermal conductivity has been investigated by several
studies, exploring different materials and particle sizes [37-38].

When salinity increases in basin water, the vapor pressure reduces at
water surface, which leads to slow down the evaporation process, Al-
Shammiri [39]. As a result, with an increase in salinity, the water pro-
ductivity decreases. Badran et al. [40] reported that when the salinity of
water was reduced from 35000 ppm to 6000 ppm, the productivity
increased from 2.5 to 2.8 L/day. Akash et al. [41] reported the adverse
effect of basin water salt concentration on solar still fresh water pro-
duction. Kalbasi and Esfahani [42] conducted an experimental study
and reported that increasing the basin water salinity from 0 to 3.5%
reduced the fresh water production by 20%. The effect of salt concen-
tration on the solar still productivity was studied for saline water at a
TDS of 2000 ppm, 5000 ppm and 8000 ppm with the basin water amount
of 3.5 L, Asiful et al. [43]. The results revealed that the average water
production was 508 mL, 488 mL and 471 mL for basin water TDS values
of 2000, 5000 and 8000 ppm, respectively. With increasing the TDS
from 2000 to 8000 ppm, the water production was declined by 7.28%.

It is well known that decreasing the heat losses from the glass cover,
basin liner and walls increases the rate of condensation of the water
vapor in the distiller. Ranjan et al. [44] reported the loss of 61.6% of the
incidence solar energy on the CSS distiller, thereby utilizing only 38.4%
of the solar incidence energy for the water evaporation. Similarly, the
distiller walls and basin liner loses about 25.7% of the incidence solar
energy. The performance of the solar still was significantly affected by
these losses.

Among the methods used for reducing the losses and improving the
performance of the solar still distillers is a new design called trays solar
still. The performance of a novel SS namely trays solar still (TSS) has
been experimentally and theoretically investigated by Abdullah et al.
[45,46]. The TSS design resulted from modifying the CSS by adding
trays internally as well as adding internal and external mirrors at the top
and bottom. The addition of mirrors and trays to the internal sides of the
SS decreases the side walls temperature and accordingly reduces the rate
of heat loss to the environment. The results showed that the TSS
employing both internal and external mirrors showed 95% increase in
the productivity than that of CSS. In a sequential work, Abdullah et al.
[47], investigated the influence of painting the trays solar still surfaces
with the mixture of black paint and copper oxide (CuO) nanoparticles
for the purpose of enhancing the convective heat transfer coefficient
between the water and the basin surfaces. In addition, the performance
of trays solar distiller with phase change material (PCM) (paraffin wax
mixed with CuO nanoparticles) was experimentally investigated. The
obtained results showed that, the total freshwater yield improved by
about 108% compared to the CSS when using internal mirrors, PCM with
CuO nanoparticles and nano coating.

Phase change materials (PCMs) can be used to reduce the rate of heat
losses, during the peak solar radiation these materials can store energy
and release the stored energy when the sun is not available during the
night. In the absence of the solar radiation, the PCM is the heat source
for the water evaporation in the basin [48,49]. Also, the phase change
materials significantly improves the productivity [50]. Furthermore,
mixing CuO nanoparticles with paraffin wax showed superior perfor-
mance as a PCM [51]. The effects of using various nanoparticles (copper
oxide, aluminum oxide and titanium oxide) on the solar still perfor-
mance was evaluated by Sahota and Tiwari [52]. The aluminum oxide
provided maximum solar still thermal and exergy efficiencies of 50.34%
and 14.10%, respectively.

From the previous review, it can be deduced that solar still distilla-
tion methods need considerable development to increase system pro-
ductivity. The aim of this study is to increase the evaporation area for
trays solar stills by using new absorber configuration (corrugated)
instead of flat absorber. So, the evaporation area and absorber area for
trays solar still have been increased. The corrugated base is covered with
wick material, the wick feed water flows very slowly through porous
material upward. In addition the wick capillarity helped in exposing
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small amount of water to solar radiation in the evaporation surface
without need to heat bulk water as in the CSS case. For further increase
in trays SS performance, the caves beneath the corrugated absorber have
been filled with phase change material and nanoparticles. Moreover, we
used electric heaters to raise the basin water temperature of corrugated
trays solar still (CTSS), which affects positively the evaporation of the
investigated trays solar still. These electric heaters were operated by the
energy coming from a photovoltaic panel (PV) system. The wick was
involved in all CTSS cases.

2. Experimental setup and procedures

The design of this solar distillation system employs the use of locally
available materials, as shown in Fig. 1. Three solar stills were con-
structed; CSS, FTSS and CTSS in order to compare their performance and
evaluate the efficacy of adding trays to the SS sides, corrugated absorber
and PCM with CuO. The dimensions of CSS, FTSS and CTSS have been
illustrated in Fig. 2. The CSS is made by bending 1.5 mm thick galva-
nized steel sheet of 1m x 1m area. The length of high-side, low-side and
basin width were 0.4 m, 0.15 m and 0.5 m, respectively. The two sides
were welded to the bent galvanized sheet, forming the CSS having a
basin area of 0.5 m?, as illustrated in Fig. 2. Glass cover of 3mm thick-
ness was used as condensation surface for all solar stills with inclination
angle of 24° which is the latitude of Al Kharj, KSA. The solar stills have
been painted black (matt dark black paint) from inside to augment the
SS absorptivity of solar energy. Additionally, fiberglass has been used as
thermal insulating material for solar stills bottom and side areas.

FTSS has also been constructed in similar manner with the same
dimensions as CSS with two modifications. Firstly, addition of trays to
three internal side walls of the solar still as shown in Fig. 2. Secondly,
using internal mirrors on the areas between the side trays, as shown in
Fig. 2. Similarly, the corrugated solar still shown in Fig. 2 has the same
construction and dimensions as the FTSS except in the shape of the still
base which has corrugated form with a height of 40 mm instead of flat
base. All the bends angles were 90°, and the space between any two tops
was kept at 80 mm. The corrugated still base has 12 tops and 19 bottoms
of corrugated form. The corrugated base is covered with wick material,
the wick feed water flows very slowly through a porous to upward. The
performance of CTSS has been tested with paraffin wax and CuO
nanoparticles as thermal storage material. The cavity under the corru-
gated absorbers have been filled with paraffin wax as shown in Fig. 2.

Nanoparticles (CuO) have been added to the paraffin wax at 2.5%
mass fraction (25 g CuO + 975 g paraffin wax). The properties of the
paraffin wax and paraffin wax with 2.5 wt% nanoparticles are presented
in Table 1 the properties of the CuO nanoparticles is presented in
Table 2. The variation of thermal conductivity of PCM with nano-
particles at different nanoparticles concentration is indicated in Table 3.
It is evident from the table that the thermal conductivity of the wax-nano
mixture increases by increasing the concentration of nanoparticles until
it reaches a ratio of 2.5wt%, and then approximately the conductivity
stability occurs with the increase in the concentration of nanoparticles.
So, in this work, a concentration ratio of 2.5wt% was chosen. Moreover,
we wanted to investigate the influence of heating the basin water using
three electric heaters with a power of 30 W each. The heaters were
immersed into the basin water of the CTSS still to heat the water of the
still. These electric heaters were operated by the energy coming from a
photovoltaic panel (PV) system with a power of 120 W.

Under the outdoor climate of Prince Sattam bin Abdulaziz Univer-
sity, Al Kharj, KSA, the experimental measurements have been recorded
during May and June 2020. To measure the different variables influ-
encing the SS performance, suitable measuring apparatus have been
used. A data logging solarimeter (0 — 5000 W/m?) has been used to
measure the solar radiation intensity. Besides, for measuring the tem-
peratures of absorber, water and glass cover at different points, a G4L-
CUEA modular programmable logic control (MPLC) connected to K-
type thermocouples has been used. Additionally, the distillate
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Fig. 1. Pictorial view of tested solar stills.

productivity is collected and evaluated hourly by a calibrated flasks of
2000 ml capacity. Moreover, the air velocity has been measured by using
an Anemometer of 0.4 — 30 m/s measuring range. The Multimeter has
been used to measure the output of PV panel. The experimentations
were carried out at 2 cm basin water depth for basin and trays. The basin
water quantity is kept at the same level (approximately) by feeding the
stills manually every half an hour with an amount of saline water equal
to the distillate.

3. Experimental error analysis

The uncertainty in the measured data has been estimated using
Holman method [53]. Assume that a group of measurements have been
carried out to estimate “n” number of experimental parameters. Based
on these measurements the desired experimental result ‘R’ can be
obtained.

Thus;

R= R(X1, Xy, X3, e , Xn)
..................................................................... (€D)]

Let the uncertainty in the result is Wg and Wy, Wy, Wi, ......... , Wy are

the uncertainties in the independent variables. So, Wy can be calculated
the following equation (Holman [53]):

2 2 2

e[ @) @] e

If the result and measured parameters have a known relationship and
the uncertainty associated to each measurement is also known, then Wg
can be assessed using Equation (2). Table 4 shows the uncertainties of
the experimental measuring apparatuses.

The hourly distillate, m = f(h),

Where, h is the height of water level in the calibrated flask. From
Equation (2), the total uncertainty associated with the hourly freshwater
production can be reduced to:

23
v ()]

The uncertainties associated with the calculations for thermal effi-

-

ciency (n). The equation of n is, 5, = ::?(‘f)

Since A is constant and assuming hg, is constant then,

My = £(m, 1(1)) “

From Equation (2), the total uncertainty of n can be derived as,

on, 2 on 24
W, = [(a—r;‘l‘wm> + (aT:W‘“)) } (5)

The output power of PV panel, P = f(V, I)

Where, V is output voltage and I is the output current. The un-
certainties associated with the calculations for output power of PV panel
(P) can be derived as,

My ? oy, !
Wi, = %Wm + awl(n) (6)

Accordingly, the errors associated with the calculated quantity of
daily yield, thermal efficiency n and output power of PV panel are about
=+ 1.2%, + 3% and 2.4%, respectively.

4. Results and discussions

4.1. Performance of trays and corrugated trays solar stills with and
without internal mirrors

The spaces between the trays have been used to fix the internal
mirrors to reduce the rate of heat loss from the distiller walls and reflect
solar radiation onto the trays. The glass and water temperatures of the
FTSS and CTSS with internal reflectors as well as the solar radiation
intensity and ambient air temperatures were measured, as presented in
Fig. 5.

For the trays solar still, without the internal reflectors, the average
water temperature of the trays distiller was less than that of the con-
ventional distiller by about 0 — 1.5°C. In addition, the glass temperature
for FTSS and CTSS were found to be higher than that of the conventional
still by about 0 — 1.5°C. This is due to increase in the rates evaporation
and condensation of the water vapor in the trays still compared to the
conventional counterpart. The maximum hourly solar radiation in-
tensity of 950 W/m? was obtained at noon (12:00). Furthermore, the
maximum glass/water temperatures at 13:00 for the CTSS, FTSS without
reflectors and the CSS were found to be 42.5°C/60.5°C, 42°C/60°C and
41°C/61.5°C, respectively, as shown in Fig. 3. Also, the accumulated
distillate water obtained from the CTSS, FTSS without reflectors and the
CSS were 3350, 2900 and 2000 mL/m? a day, respectively, as shown in
Fig. 4. Additionally, the productivity enhancement by the FTSS was
found to be 45% more than that of the CSS. This achievement was
largely due to the 73% increase in evaporation area of the trays still
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Fig. 2. Schematic of tested solar stills.
Table 1 Table 3
Thermo-physical properties of paraffin wax and paraffin wax with nanoparticles. Thermal conductivity of PCM with nanoparticles at different nanoparticles
Property Paraffin wax Paraffin wax with CuO nanoparticles concentration.
Density 876 kg/m3 041 kg/m3 C(;ncentration of CuO by wt, 0 0.5 1.5 2.5 3.5 4.5
Melting point 54 °C 53°C ™ ° | conductivi 5 0 ) ) )
Latent heat of fusion 190 kJ/kg°C 187 kJ/kg°C ermal conductivity, W/m°C 0. 0233 025 0.28 0984 0986
Specific heat 2.1 kJ/kg°C 2.05 kJ/kg°C : i
Thermal conductivity 0.21W/m°C 0.28 W/m°C
Table 4
Table 2 Instruments uncertainties, errors and measuring range.
CuO nanoparticles properties. Instrument Accuracy Range Error, %
Chemical Size, Density, Specific heat,  Thermal Wind Anemometer +0.1m/s 0.4 - 30 m/s 3
composition nm kg/m> J/mol K conductivity, W/m Flask +5mL 0 — 2000 mL 2
K Solarimeter +1 W/m? 0 - 5000 W/m? 1.5
Cuo 10-14 6320 42.36 76.5 Ther{nocouples +0.1°C 0-100°C 1.3
Multimeter +1V 0-1000V 0.5

+01A 0-10 A 5




A.S. Abdullah et al.

Basin water temperature  Glass temperature

CTSS —*%—— CTSS
——6— FTSS —<— FTSS
90 —H&— CSS —+—— CSS 1200

80 1/6/2020

——@—— Solar radiation
—&—— Ambient temp.

1000

70 E
o 800 3
g 3
§ 60 :g
g 600 ©
850 k:
£ -
o ]
2 400 3

40 n

200

w
o

20
8 9 10 11 12 13 14 15 16 17 18 19 20 21

Time, h

Fig. 3. Environmental conditions and temperatures of water and glass of
tested SS.

1200 6000
Productivity Accumulated

——o— CTSS —e— CTSS ~
1000 —»— FTSS —— FTSS i 5°°°§
. —o—CSS ——CsS E
¢ 800 {40002
£ 1/6/2020 2
E 3
2 600 3000
> =
‘6 T
e 3
3 400 $2000.8
2 g
3
200 {10008

2N

0 N " " " " " " " " M ST
8 9 10 11 12 13 14 15 16 17 18 19 20 21
Time,h

Fig. 4. The hourly variations of productivity of tested solar stills.

compared to the conventional counterpart. In addition, the absorber
surface area of the CTSS was about 150% more than the CSS. The pro-
ductivity enhancement by the CTSS was found to be 67.5% more than
that of the CSS.

The variations of the atmospheric air temperature, solar radiation,
and basin water temperatures of three tested solar stills (trays stills with
internal reflectors, IR) at the same water depth (2 cm) are presented in
Fig. 5. It can be seen that all the temperature profiles increase with time
until they reached a maximum value in afternoon and then decreases
afterwards. This follows the solar radiation intensity variation pattern
with increase in the radiation before noon and its decrease in the af-
ternoon with the peak at noon. Also, Fig. 5 showed that the maximum
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Fig. 5. Environmental conditions and temperatures of water and glass of tested
SS with IR.

temperatures was obtained at 1:00pm (13:00) while the maximum solar
radiation was at noon (12:00).

Comparisons between the temperature of basin water from (from 8 a.
m. to 9 p.m.) for the three systems were shown in Fig. 5. It was found
that the average water temperature of basin of the corrugated trays solar
still (CTSS) was higher than that of trays (FTSS) and the conventional
still (CSS). Meanwhile, the use of internal reflectors (IR) increases the
temperature of the basin water in the trays solar still more than the CSS
by about 0 — 2 °C. While the basin water temperature of the CTSS was
greater than that of CSS by about 0 — 4 °C.

The CSS glass temperature shows lower values than that for FTSS and
CTSS with reflectors by 0 — 2 °C and 0 - 3.5 °C, respectively. The reason
for the high glass temperature for FTSS and CTSS was the rapid evap-
oration rate. This was attributed to adding mirrors and the high water
temperature. The maximum solar irradiance of 1050 W/m? was also
obtained at noon (12:00). Also, the highest temperatures of glass/water
were 45.5 °C/66.5 °C, 44°C/64.5 °C and 42 °C/62.5 °C for CTSS, FTSS
and CSS at 13:00, respectively.

Fig. 5 Also showed that the temperatures of glass and basin water of
CTSS with wick were more than that of FTSS and CSS. This may be due to
the following: (1) the wick material has higher storage material prop-
erties than that of the water only, (2) in the wick, the feed water flows
very slowly through a porous to upward, radiation absorbing pad (the
wick) and (3) the wick capillarity helped in exposing small amount of
water to solar radiation in the evaporation surface without need to heat
bulk water as in the CSS case. For these reasons, the freshwater pro-
duction rate from the CTSS is more than that of FTSS and CSS as the
ability of evaporation and condensation rates is also higher in the CTSS.

The hourly water temperature variations for basin liner of the three
trays (upper, intermediate and lower), as well as the average tempera-
ture of water for the FTSS with reflectors are presented in Table 5. The
upper tray was found to have higher water temperatures than the lower
and intermediate trays and the basin liner. In addition, the basin liner
water temperature was found to be the minimum. Furthermore, the
following relation was used to calculate the average water temperature
based on the water mass (m) specific heat capacity (Cp), and element
temperature (T).
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Table 5

Water temperature of the trays and basin of FTSS with reflectors.
hour Trays temperature, C Basin, Average, °C

°C
Upper intermediate lower

8 29.5 29.3 29 28 29
9 44 42.5 41 38 39
10 54 52.5 50 47 48.5
11 65.5 63.5 61 57 58.5
12 72 70.8 68 63 64
13 73 72 68.7 64 64.5
14 70.6 68.5 65 61 63
15 66 64 61 57 57
16 59 57.5 54 50.5 52
17 51 49.5 47 44 44
18 44 43.5 42 40 40
19 38 37 36 35 35.5
20 34 33.5 33 32 325
21 31 30.8 30.5 30 30.5

Mioral X Cppnverage X Tavemge = (m X Cp X T)basin + (m X Cp X T)lower tray

+(m xCp xT)

intermediate tray
+ (m X Cp X T)upper (Yﬂy

Comparisons between the instantaneous variations of hourly distil-
late and accumulated water production from 8 a.m. to 9 p.m. for the
three tested stills are shown in Fig. 6. It was found that the amount of
accumulated distillate water for the CTSS was higher than that of FTSS
and CSS. It was also found that the CTSS and FTSS with reflectors pro-
duced more hourly distillate than the conventional distiller. This was
largely due to the larger evaporative surface area resulting in higher
evaporation rates in the CTSS and FTSS as compared to the CSS. In
addition, they have a higher water temperature. The water evaporation
surface areas for conventional and trays solar stills were 0.5m? and
0.865m?, respectively. The evaporation surface area of trays solar still is
divided into 0.5, 0.0696, 0.1152 and 0.18 m? for the basin liner, upper
tray, intermediate tray and lower tray, respectively. Hence, the evapo-
rative surface area of the trays distiller was about 73% greater than the
CSS. Besides, the internal mirrors reduce the heat losses from the back
wall of the still distiller by reflecting the solar radiation onto the trays
water. On the other hand, the evaporative surface area of the corrugated
trays still (1.25 m?) was subdivided into 0.78, 0.099, 0.159, and 0.215

1200 6000
Productivity Accumulated
—6— CTSS+IR —e— CTSS+IR ~

1000 . FTSS+IR —a&— FTSS +IR 5000 E
. ——CSS —+—Css E
: >
E 800| 4/6/2020 40003
E E
2 600 3000 O
2 o
t T
S 2
'g 400 20008
o £
3
3
200 1000 &

0 " " " " " " " " " Y ===\
8 9 10 11 12 13 14 15 16 17 18 19 20 21
Time,h

Fig. 6. The hourly variations of productivity of tested solar stills with inter-
nal reflectors.
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m? for the basin liner, upper tray, intermediate tray and lower tray,
respectively. Similarly, the absorber surface area of the CTSS was about
150% more than the conventional distiller. Also, the internal mirrors
reduce the heat losses from the back wall of the still distiller by reflecting
the solar radiation onto the trays water.

Fig. 6 illustrates that the CSS, FTSS and CTSS have a maximum
hourly production of 380, 600 and 680 mL/m? at 1pm, respectively.
Also, the total freshwater productivity of both distillers are shown in
Fig. 6. It can be seen that the total freshwater productivity of the CSS,
FTSS and CTSS were 2300, 3600 and 4300 mL/m? respectively with
respective percentages improvement of 57% and 87% for the FTSS and
CTSS compared to the CSS.

4.2. Effect of raising the water temperature of the CTSS using heaters and
PV panel

To investigate the influence of heating the basin water of CTSS using
three electric heaters with a power of 30 W each. The heaters were
immersed into the basin water of the CTSS to heat the water of the still.
Also, these heaters were run using a PV system with a power of 120 W.

Fig. 7 shows the distribution of solar radiation, PV power, temper-
atures of the CSS and CTSS with electric heaters. It can be concluded
from Fig. 7 that the behavior of the PV energy is the same as that of the
solar irradiance. Where it increases with increasing the solar radiation
and decreases with the decline of solar intensity. Comparing the results
obtained from Fig. 5 and Fig. 7, incorporating the electric heaters into
the basin water of the CTSS led to raise the basin water temperature, and
it was always higher than that of the CSS. the readings revealed that, the
difference between the water temperatures of the CSS and CTSS with
heaters was about 18°C at 13:00, as illustrated in Fig. 7. The maximum
water temperature was obtained at 13:00, where it was 82°C and 64°C
for the CTSS with heaters and CSS, respectively. Moreover, the raised
water temperature of the CTSS with heaters led to increase the vapor
content generation compared to the first case of CTSS without heaters.
This increased the glass temperature of CTSS over that of the CSS by 0 —
5°C. The maximum glass temperature was obtained at 13:00, where it
was 43°C and 48°C for the CSS and CTSS with heaters, respectively.

Basin water temperature Glass temperature
—#*—— CTSS + IR + Heaters ———— CTSS + IR + Heaters
—+H— CSS —+— CSS

920 1200
10/6/2020

—=@—— Solar radiation
80 ) Ambient temp.

1000
70 E
£ 2
g <
é 60 15
2 50 ©
£ -
2 K
[]
40 (%)

8 9 10 11 1213141516171812021
Time, h

Fig. 7. Distribution of solar radiation, PV power and temperatures of SS with
heaters and PV.
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Fig. 8. Hourly and total productivity of CSS and CTSS with electric heaters.

The variations of the hourly and total freshwater productivity of the
CSS and CTSS with electric heaters was illustrated in Fig. 8. It can be
observed from the figure that the hourly and total productivities of the
CTSS with electric heaters were always greater than that of the CSS. This
can be reasoned by the previous two reasons explained in section 4.1
plus the existence of the electric heaters that augmented the vapor
generation inside the solar still by raising the water temperature.
Furthermore, the hourly productivity was maximum at 13:00, where the
maximum productivities of the CTSS with heaters and CSS were 850 and
400 mL/m? hr, respectively.

As well Fig. 8 illustrates that, the total productivity of the CTSS with
electric heaters was more than that of the CSS. It was concluded that the
total distillates of the CTSS with heaters and CSS were 6000 and 2400
mL/m? a day, respectively. So, the productivity was enhanced by 150%.
So, the This augmentation of productivity can be referred to the superior
evaporation of the CTSS with heaters over that of the conventional still.
Therefore, the rate of increase resulting from the presence of electric
heaters is 63%.
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been increased gradually with the increase in solar radiation intensity
and ambient temperature reaching maximum values at 13:00. Besides,
the discharging process started when the intensity of the solar irradiance
began to decrease after 13:00, as illustrated in Fig. 9. This resulted in the
drop of the PCM temperature due to the heat released from the PCM to
the water. This decrease in the temperature of the PCM continued until it
reached the ambient condition at 9 pm.

Fig. 10 shows the hourly and accumulated productivities of the CSS
and CTSS with PCM and CuO nanoparticles. In the early hour from 8:00
to 9:00, the productivities of both solar stills (CSS and CTSS) are so close.
Then, after 9:00, although it is the time of charging period of CTSS, the
productivity of the CTSS is observed to be increased remarkably as
compared to that of the CSS. Because the water temperature of the CTSS
is still higher than CSS, in addition to the CTSS has large area and the
internal reflectors. This charging time extended up to 13:00 when the
maximum hourly freshwater was observed from both the solar distillers.
After 13:00, as the intensity of solar radiation decreases, there was
decrease in the hourly fresh water productivity of the CSS. Despite the
decrease in solar intensity after 13:00, the corrugated solar still yielded
more productive than the CSS during the same period, as shown in
Fig. 10. This improvement was attributed to the absorbed heat energy by
the PCM which was released during the discharging time. In addition, it
is noticed from the figure that decrease rate of the productivity of CSS
(from 13:00 to 18:00 pm) is fast compared to that of the CTSS, which is
due to released heat from the PCM during the discharging time. Also
Fig. 10 revealed that, the amount of accumulated freshwater from the
CSS and CTSS were 2500 and 5550 mL/m? per day, respectively. The
productivity enhancement from CTSS was 122% more than the con-
ventional CSS when using PCM with CuO nanoparticles. Consequently,
using CuO nanoparticles mixed with paraffin wax only resulted in an
increase in the fresh water productivity of the CTSS by 35% over the
CTSS without PCM. On the other hand, the results show that, the CTSS
yielded an improvement in the daily productivity by 180% more than
the CSS when using IR, heaters and PCM with CuO nanoparticles. Where
the daily fresh water production is 2500 and 7000 mL/m? for CSS and
CTSS, respectively.

4.4. Efficiency of solar distillers

The daily thermal efficiency is a key factor to obtain the performance
of the solar still. this factor is determined as [47];

The daily yield x Vaporization latent heat

n4(daily thermal efficiency) =

4.3. Performance of CTSS when using PCM with CuO nanoparticles

From the previous section it can be found that the CTSS shows better
performance when compared with CSS and FTSS. For further improve-
ment in CTSS performance a PCM and CuO nanoparticles have been used
together. Fig. 9 shows the hourly water temperature profiles of the CTSS
with PCM and CuO. It can be seen that the temperatures have initially
been increased and reached the maximum point at 13:00, and started to
decline in response to the decrease in solar radiation intensity. At the
beginning of the experiment, the PCM absorbed thermal energy from the
distiller absorber plate (Heating process). During the heating process,
the PCM stores the absorbed energy as sensible heat from the absorber
plate. The PCM charging process begins from early morning with
obvious rise in the temperature. The PCM and water temperatures have

" The daily solar radiation incidence on condensing surface area

_ 2 mxhg
=T AXI @

As well, hg, is computed as following [54];

hg, = 3.1625 x 10° + [1 — (7.616 x 107* x T,)] for T,, > 70°C ®)

h, = 2.4935 x 109[1 — (9.4779 x 107* x T, ) + (1.3132 x 1077 x T3)
— (47974 x 107° x T3)] for T,, < 70°C 9

where T,, is the water temperature. Regarding the above equations, the
daily thermal efficiency of the CSS and CTSS under various operating
conditions is plotted in Fig. 11. It is obtained from Fig. 11 that the
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Fig. 10. Hourly and accumulate productivity of CSS and CTSS with PCM and
CuO nanoparticles.

thermal efficiency of the CTSS was 47 % and 54 % when with heaters,
respectively. In addition, using PCM with nanoparticles enhanced the
thermal efficiency of the CTSS to 52.3 % and 57 % when using heaters
and PCM with nanoparticles, respectively. Finally, as found from Fig. 11,
the average daily thermal efficiency of the CSS was around 34 %.

5. Cost analysis

The cost calculations for the studied solar stills varies with the still
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Fig. 11. Efficiency of CSS and CTSS under different investigated conditions.

type and its components, Table 6. The cost per liter of fresh water pro-
duced from CSS, CTSS, CTSS with electric heaters and CTSS with nano-
enhanced PCM has been estimated using the following equations, (Bait
[55], Essa et al. [56]),

The capital recovery factor (CRF) has been estimated as following:

CRF — i(1+19)

-1 1o

Wherever, i and n are the interest rate and SS life time (years),
respectively.
The annual fixed cost (FAC) is:

B i(1+14)"
FAC =P (m) an



A.S. Abdullah et al.

Journal of Energy Storage 40 (2021) 102782

Table 6

Fabrication cost for 1 m? of CSS and CTSS.
Unit CSS (%) CTSS CTSS+heaters CTSS+PCM CTSS+heaters+ PCM
Galvanized steel 30 30 30 30 30
CTSS absorber - 15 15 15 15
Glass cover 10 10 10 10 10
Ducts and support legs 25 25 25 25 25
Production 20 40 40 40 40
Black paint 5 7 7 7 7
Insulation 7 7 7 7 7
Mirrors 5 5
Electric heaters 10 - 10
PV 55 - 55
PCM - 11 11
Nanoparticles - - - 30 30
Capital cost (P) 97 139 204 180 245

Where, P is the capital cost of SS ($)
Table 7

The annual salvage cost (ASC) is:

d ) a2

ASC=S | ———
<(1+i)"—1

Where S is taken as:
S=02P 13)

The operating and maintenance annual cost (AMC)

AMC =0.15 (P <$>) a4

The total annual cost (TC)

TC = FAC + AMC — ASC (15)
The price of fresh water per liter (PPL) in $ per is

PPL =TC/Y 16)

Where, Y is the average annual fresh water yield.

The next assumptions have been considered: the yearly working days
have been assumed to be 340 days, 10 years is SS life time, the rate of
interest is 15%. Furthermore, the average daily production, the capital
cost and cost per liter of produced water are tabulated in Table 7.

6. Conclusions

In the current work, getting an increase of absorber surface area of
trays solar still was targeted for better evaporation. As a result, the trays
solar stills with flat and corrugated absorber configurations have been
investigated. According to the explained findings of the tested solar
stills, the following conclusions can be drawn;

1- The proposed design of the corrugated trays solar still led to
enlarge the evaporative surface area of the CTSS by 150% compared
to that of the CSS.

2- Without heaters, the total distillates of the CSS, FTSS and CTSS
were 2300, 3600 and 4300 mL/m? respectively, with percentage
improvements of 57% and 87% for the FTSS and CTSS compared to
the CSS.

3- Using the electric heaters, the total distillates of the CTSS and CSS
were 6000 and 2400 mL/m? a day, respectively. So, the productivity
was enhanced by 150%.

4- When using PCM with CuO nanoparticles with CTSS, the total
daily production of the CSS and CTSS are 2500 and 5550 mL/m? a
day, respectively. So, the productivity was enhanced by 122% over
the CSS.

5- The total water productivity of the CTSS was improved by 180%
when using PCM with CuO nanoparticles and electrical heaters over
that of the CSS.

Average daily production, capital cost and cost per liter of produced water for
tested SS.

Css CTSS CTSS+ CTSS+  CTSS+
(€)) heaters PCM heaters+
PCM
Capital cost (P), $ 97 139 204 180 245
Average daily 2.2 4.1 5.5 4.9
production, L/m? 6.2
Cost per liter, $ 0.028 0.022  0.0239  0.0236  0.025

6- The thermal efficiency for CSS and CTSS with PCM- CuO nano-
particles and electrical heaters has been calculated to be 34% and
57%, respectively.

7- The estimated costs of produced fresh water per liter from CSS and
CTSS with PCM-CuO nanoparticles and electrical heaters have been
calculated to be 0.028 and 0.025 $, respectively.

Further studies are proposed as follows:

1 Using a different shape for the trays distiller absorber.

2 Eexternal reflectors.

3 Conduct a theoretical study of the optimum dimensions of the trays.

4 Conduct a theoretical study of the optimum dimensions of the
corrugated absorber’s.
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