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� Performance and productivity of solar still at different configurations are studied.
� Using nanocomposite (NCPW) can enhance the storage capacity of paraffin wax (PW).
� The NCPW increased the productivity by 6%, compared to PW.
� The total melting time of NCPW was decreases by 7%, compared to PW.
� The peak temperature of NCPW exceeds that of PW.
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Paraffin wax (PW) is one of promising solar energy storage materials in solar distillers because of its rel-
atively large latent heat with a stable phase change process. However, paraffin’s low thermal conductivity
is a negative aspect for its efficient practice. In this study, adding nanomaterial to enhance paraffin’s low
thermal conductivity and its performance parameters is examined. Three cases have been investigated
and compared to each others, case 1 without PW, case 2 with PW, and case 3 with copper-PW nanocom-
posite (NCPW). The results showed apparent advantage of nanocomposite on thermal conductivity of PW
and that enhanced the heat energy storage and water productivity. The productivity increased by about
125% and 119% for cases 3 and 2, respectively, compared to case 1. The system working time extended
during night by 5 h and 6 h at applying PW and NCPW, respectively. It was also shown that adding nano-
materials to PW can not only increase its thermal conductivity but also the system efficiency and thermal
storage capacity.

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

Fresh water is one of the necessities not only for drinking but
also in all aspects of the life. Most of our available water sources,
e.g., 97%, are saline and the existing fresh water is minor [1]. In
order to cover the shortage of fresh water availability, desalination
of saline water is carried out. The desalination process is applied
using different energy sources, e.g., fossil fuels [2–4] or renewable
energies [5,6]. In recent years, fossil fuels have been limited
because of their environmental problems and depletion nature
[7–14]. Renewable energy is increasable applied in the desalina-
tion applications instead. One of the common renewable energies
for the desalination is solar energy. Many researchers agreed that
solar desalination is currently one of the most widely accepted dis-
tillation plants [15]. Solar distillation offers the simplest and most
attracted method, compared with other distillation methods [16].
However, one of the major problems of the solar desalination is
the noncontinuous operation due to a lack of solar radiation during
the nighttime and, in turn, shortage of fresh water supply [17–22].
Accordingly, the productivity of solar stills is much lower than
other thermal desalination plants. Extensive researches have been
examined different aspects to overcome such problem in solar
stills [23–25]. One of the proposed solutions is to use a system
for energy storage in solar distillation during sunset and then takes
advantage of it during the night. Based on early research in this
issue, there are two different thermal energy storage systems are
currently in use: either sensible or latent heat system. The latent
heat thermal energy storage system showed advantages over sen-
sible storage one because of its large energy storage capacity per
unit volume and almost constant temperature for charging and
discharging processes [26]. The idea of the latent heat storage sys-
tem (or phase change materials, PCMs) is that it has a high heat of
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fusion for which melting (solid to liquid) and freezing (liquid to
solid), at a certain temperature range, is just equivalent to absorb-
ing and releasing large amounts of energy for the desalination pro-
cess at night [27–30].

When making a literature review on the outcome of the use of
PCMs in solar distillation, considerable papers were found. In brief,
Abdallah et al. [31] examined different heat energy storage mate-
rials on still’s productivity, such as metallic coated sponge,
uncoated sponge and black igneous rocks. The study concluded
that the best storage material was uncoated sponge, followed by
the black rocks and then coated sponges. Dashtban and Tabrizi
[1] carried out a thermal analysis of PCM storage in a weir-type
cascade solar still to enhance the water productivity. The study
applied a heat storage system in a plate form and the results
showed that the daily productivity of the still with and without
PCM, respectively, was about 6.7 and 5.1 kg/m2 day. Radhawan
[32] studied performance of different solar stills with PCM and
study concluded that the basin still with PCM is more efficient
for water productivity. El-Sebaii et al. [33] studied the perfor-
mances of single basin solar still and stepped solar still integrated
with PCM and came up with the conclusion of high productivity of
PCM still. Kurklu et al. [34] studied experimentally using of PCM
integrated into solar collector to investigate the system perfor-
mance on a 24 h basis and results indicated better efficiency of
such still. Khalifa et al. [35] studied experimentally the using of cir-
cular pipe absorber integrated into paraffin wax; results indicated
that the collector efficiency increased by 45–54%. Al-Hinti et al.
[36] studied paraffin wax stored in a water storage tank instead
of solar collector and results indicated that 55 �C and 30 �C of hot
water temperatures are produced in the daytime and next morn-
ing, respectively. Bouadila et al. [37] examined of a solar water
heater integrated with PCM in a configuration of rectangular cav-
ity; resulted showed that the PCM extended the operation of the
system after sunset by approximately 5 h and the system efficiency
is increased by about 25–35%. Wei et al. [38] studied the capability
of PCM as heat storage/supply capacity in four different shapes
(sphere, cylinder, plate and tube) and results showed that the
sphere is the best storage/supply thermal energy among other
shapes. Shukla et al. [39] examined thermal cycling load on differ-
ent types of phase change materials (organic and inorganic types);
they came up with that the organic PCMs were found workable up
to 1000 thermal cycles, but inorganic PCMs were unable to prop-
erly work after little cycles. In a more recent study, Elfasakhany
et al. [40] investigated experimentally the use of PCM in a simple
type solar still and compared results without PCM condition. The
results indicated that the case with PCM showed higher water
productivity.

There are different materials could be used as PCMs, as shown
from the above literatures. Paraffin wax (PW) is one the best
promising PCM materials for the desalination process [41–44].
Paraffin wax (straight n-alkane or CnH2n+2 chains) is superior
because it has a high meting point with a fluent heat of fusion;
its low vapor pressure, self-nucleating behavior, and commercial
availability at low cost are extra advantages. However, one of
major inhibition of the paraffin wax as storage material is its low
thermal conductivity. The low thermal conductivity (about
0.17 W/m K [27]) limits its rate for the thermal storage and release
of energy. To overcome this issue, different methods have been
proposed; such methods can be classified into two main tech-
niques: firstly, enlarging the heat transfer area by using heat
exchanger with finned configuration; the results of this technique
are encouraging, but limitations are noticed due to the increase in
weight and volume of the storage system. The second technique is
by enhancing the thermal conductivity of PW by using additives.
The potential additives generally include dispersing metal particles
[45,46], micro encapsulated materials [47,48], porous metallic
matrix [49,50], porous graphite matrix [51,52], carbon nanotube
[53,54], and carbon fibers [55,56]. The additive can enhance the
thermal conductivity of PW and in the following a short summary
from literature is presented. Ho and Gao [57] studied the effects of
inserting alumina nanoparticles (5 wt.% and 10 wt.%) into a paraf-
fin wax. The results showed enhancement of the thermal conduc-
tivity by about four to ten times. Wang et al. [58] showed also the
improvement in thermal conductivity of paraffin wax between 35%
and 40% in the addition of carbon nano tubes from 1% to 2%,
respectively. Teng and Yu [59] reported enhancement of thermal
conductivity by mixing paraffin wax with nanoparticles. Mills
et al. [60] studied graphite matrix as a paraffin wax and results
showed improvement of the thermal conductivity by order of
20–60. Zeng et al. [61] concluded that the addition of 58.9 wt.%
of copper nano particles can enhance the thermal conductivity of
tetra decanolasan organic PCM by an order of 9. Babapoor and Kar-
imi [62] showed that the Al2O3 nanoparticles have a significant
potential for enhancing the thermal conductivity of the paraffin
wax.

Based on the early discussions, the practice of nanoadditives to
enhance thermal conductivity of PW is rarely investigated. This
outcome is in consistence with the conclusion of Lin and Al-
Kayiem [63] who stated that the literature suffers a lack in the
enhancement of paraffin wax by nanoadditives. The main objective
of the present work is to investigate the addition of copper nanoad-
ditive into PW and examine such storage system in solar desalina-
tions. The study also impacted on the promotion and optimization
of solar distillation process towards improving the performance of
desalination and its related productivity. To fulfill this aim, exper-
iments are conducted using three simple type solar distillers: first
one is a simple type without any modifications, second one con-
tains a PW integrated with a tube-type heat exchanger, and the
third one is also equipped with heat exchanger but with Cu-PW
nanocomposite (NCPW).
2. Experiments

In this section the experimental setup and measurements are
described. The experimental setup contains three solar distillers
of all in a simple type. All solar distillers are designed and manu-
factured at same dimensions and specifications. Each solar distiller
is a box having a pool of water at the bottom and an inclined glass
cover on the top, as shown in Fig. 1. The pool of water or the basin
is made of iron material with rectangular dimension of
80 cm � 140 cm and height of 72 cm for one side, while the oppo-
site side is at 12 cm. The inside surface of basin is coated with a
black paint to increase the absorptivity of solar radiation. The out-
side surface of basin is insulated by a wooden plat with 1 cm thick
and a gap of 2 cm between the wooden plat and the metal box. The
gap is filled with a glass wall as effective insulation. A commercial
glass of thickness 3 mm covers the top of the basin. The silicon is
used as a thread to close any gap between the basin metal and
the glass cover. Due to tendency of the glass cover, condensate
water accumulates on the underside of the glass cover plate and
then it is assembled with a calibrated beaker. Further specifications
of distiller are presented in Table 1.

In the present work three solar distillers are used, as mentioned
early, in order to examine different approaches. Fig. 2 shows a
schematic diagram of the three solar stills. The first distiller is a
simple type without any changes; the second one is a modified
solar still by adding copper tube heat exchanger filled with PW,
while the third one is like the second one but with the addition
of Copper-PW nanocomposite in the tube heat exchanger instead
of the PW. Each tube of the heat exchanger after filled by the PW
or Copper-PW nanocomposite is closed from its both ends by



Fig. 1. Photographic view of a single type basin solar still with/without paraffin wax (PW).

Table 1
Specifications of a simple type solar still applied in this study.

Specification Description Dimension

Glass covers Window glass 3 mm thickness
Frame Wood 5 cm thickness
Basin Iron 80 cm � 140 cm
Insulation Glass wool 20 mm thickness
Coating Black paint –
PCM storage pipe Copper £16 mm, L = 115 cm,

thickness = 1.5 mm
PCM Paraffin wax 2.2 kg
Nano-Cu powder 20-nm size 40 g
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two copper copes. Fourteen copper tubes with the dimension of
115 cm length, 16 mm diameter and 1.5 mm material thickness,
for each, are applied and placed onto the basing, as shown in
Fig. 1. Fig. 3 shows a photographic view of the tube heat exchanger.

The phase change material used in this work is a paraffin wax
(also called n-octadecaneandn–hexadecane); its characteristics
and physical specifications are summarized in Table 2
[1,27,64,65]. The paraffin wax is selected because of its many
advantages as its relatively high latent heat with a stable perfor-
mance, nontoxicity, noncorrosivity, high density, minor change in
volume during phase change, low degree of super cooling, low
degradation, chemically stable, non-flammable, easily available
and inexpensive. Currently, there are several types of paraffin
wax available. The type chosen here is based on the characteristics
and properties of the working conditions. In particular, the melting
temperature of the chosen PW is about 60.5 �C, which is suitable to
our environment and operating temperatures. Such paraffin wax is
available in two forms: chunk or pellet. The one considered here is
the pellet form with size of 5 mm diameter, as shown in Fig. 3.
Such form is recommended because it is easily filled into the tube
heat exchanger and simply mixed with copper nanocomposite,
unlike the chunk form. The copper nanoparticles are prepared by
grinding copper block and presented in a nonspherical shape, as
shown in Fig. 3, with sizes from 15 nm to 25 nm. The copper was
chosen as nanoadditive because of its superior thermal conductiv-
ity, which can significantly enhance the thermal conductivity of
PW. The copper nanoparticles are mixed at a rate of 2% with 98%
for paraffin wax; this rate was applied based on that the most rec-
ommended weight ratios of nanoadditives are in the range
between 0.2% and 4% [53,66]. The properties of the paraffin wax
with 2.0 wt.% nano-copper are presented in Table 2.
The calculated paraffin wax required to fill up the tube heat
exchanger is about 2 kg. Such amount of paraffin wax is increased
by 20 g because of its normal shrinkage by 12% of its original vol-
ume, while its phase is changed from liquid to solid [27]. Such
extra PW (20 g) is needed to ensure a good surface contact
between the PW/NCPW and the tube heat exchanger, i.e., good
conduction/convection heat transfer process between the PW/
NCPW and the saline water outside the heat exchanger. In brief,
a total of 2.2 kg of paraffin wax was used as PCM to fill up the tube
heat exchanger. After preparing the tube heat exchanger and filled
with PW or Cu-PW nanocomposite, the tubes are closed tightly
from both ends to be like encapsulation and then placed into the
basin (for the second and third distillers only), as shown in Fig. 1.
Such encapsulation is a practical method to prevent PW/Cu-PW
to be mixed with the saline water. Then, saline water is supplied
into the basin at volume of 7 L; such amount can completely cover
the tube heat exchanger. Hereafter, the solar stills are positioned in
a direction facing the sun radiation.

The experiments are carried out from 10:00 am until 21:00 pm.
This period is applied based on the need to test the water produc-
tivity and performance of different configurations of solar stills at
the attendance and absence of solar energy. During this period, dif-
ferent measurements are carried every half an hour, including the
productivity of fresh water, solar radiation, ambient temperature,
glass cover temperature, saline water temperature, PW/NCPW
temperature and hot air temperature (inside the still). Such mea-
surements are carried out using appropriate measuring instru-
ments and devices (such as thermocouples and pyrometers), as
shown in Fig. 2. Furthermore, the errors in the instruments and
devices are calculated and their effects on results accuracy are con-
sidered, according to the procedure developed by Brastad and Zhen
[67]. It is found that the maximum experimental error is about
±2.4%, as shown in Table 3, which is very low; furthermore, each
measurement case is repeated and the average values are consid-
ered as final results. Besides, the still productivity is showed
depending on some parameters like basin water depth, glass cover
material, still’s dimensions and its inclination [68]; hence, all these
factors were maintained, while the experiments are carried out,
i.e., without the back effect of other parameters.

The scenario of experiments could be summarized as follow.
During daytime, the sun energy goes completely for water desali-
nation process of regular solar still (without heat exchanger). How-
ever, in solar stills with PW/NCPW energy storage, only a portion of
the solar radiation will heat the water in the basin, but the rest of



Fig. 2. A schematic diagram of a single type basin solar still in three configurations: (A) without paraffin wax (PW), (B) with PW, and (C) with Cu-PW nanocomposite (NCPW);
(1) Solar radiation; (2) Glass cover; (3) Saline water tank; (4) Saline water inlet; (5) Condensed water beaker; (6) Basin; (7) Insulation; (8) Copper tube with PW; (9) Copper
tube with NCPW; (Th) Thermocouples to measure temperatures of basin water, PW, hot air inside still and glass cover; (Py) Pyrometer.

Fig. 3. Photographic views of paraffin wax at left, copper nanocomposite at middle and copper tube at right.
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solar radiation will melt the PW/NCPW as a process for charging.
After complete melting of the PW/NCPW, the solar energy will go
completely for the water desalination process, i.e. only for heating
the water. The case remains until the solar radiation near sunset.
During the nighttime, solar still without heat exchanger has no
source of energy; however, in the other two solar stills the PW/
NCPW releases the stored thermal energy to heat up the water
for continuing the desalination process, i.e., the discharging pro-
cess occurs in such solar stills. For this reason, the measurements
are carried out until late time of the day (21:00 pm) in order to
measure the impact of PW/NCPW on water productivity and per-
formance, compared to regular solar still without storage energy.
3. Results and discussions

The experimental results of performance and productivity of a
simple type solar still at different configurations, e.g., without
paraffin wax (PW), with PW and with 2.0 wt.% nano-Cu in PW
(NCPW), are presented in Figs. 4–9. The results provide water pro-
ductivity, intensity of solar radiation, ambient air temperature
(outside distiller), glass cover temperature, hot air temperature
inside distiller, basin water temperature, and phase-change mate-
rial temperature at every half an hour over a day period from ten
O’clock in the morning to nine O’clock in the evening. In details,
Fig. 4 shows the solar radiation intensity with time. As sees, the



Table 2
Thermophysical properties of the paraffin wax (PW), Cu-PW nanocomposite (NCPW)
and copper material (Cu) [1,27,64,65].

Thermophysical properties Storage medium

PW NCPW Cu

Melting temperature (�C) 60.5 59.6 –
Solidification temperature (�C) 58.7 58.4 –
Latent heat (kJ/kg) 166.7 160.3 –
Specific heat, solid phase (kJ/kg �C) 1905 1850 381
Specific heat, liquid phase (kJ/kg �C) 2200 2100 –
Thermal conductivity (W/m �C) 0.172 0.226 387.6
Density (kg/m3) 908.6 976.5 8978
Thermal expansion coefficient (1/K) 0.001 – –
Dynamic Viscosity (kg/m s) 0.03499 – –
Heat of fusion (kJ/kg) 226 – –
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solar radiation gradually increases during daytime from morning
till noon, and then it gradually decreases for the rest of the day.
The maximum solar radiation is about 950 W/m2 at 13:30 pm,
which has the experience of a typical moderate solar intensity in
winter time.

Fig. 5 shows the variation of the following parameters through
the day, the hot air temperature inside distiller, NCPW tempera-
ture, glass cover temperature, environment temperature, and basin
water temperature for the distiller configuration of case 3 (with
NCPW). As seen, all temperatures rise with time, starting from
the early hours in the morning up to the maximum value at the
time between 13:00 h and 14:00 h and then temperatures go down
by the rest of the day. The s also indicated that the temperature of
the basin water is higher than that of the hot air by about 10 �C, in
average basis, and the temperature of the hot air is averagely
higher than that of the glass cover by about 5 �C; as well, the tem-
perature of the glass cover is averagely higher than that of the
environment by about 17 �C, while the temperature of the NCPW
fluctuates between higher and lower than that of the water; these
differences in temperatures of dissimilar parameters are mainly
due to the different heat capacities of the materials. One more note
from the figure is that the peak temperature of glass cover showed
some delay compared to other temperatures, i.e., glass cover, hot
air, water and environment. In addition, the temperature of NCPW
shows almost a flat trend for time duration between 13:30 h and
14:30 h. This is also a result of the thermal capacity differences
between these materials; further discussion will be shown later.
The results also indicated that the margin between temperatures
of such parameters is greater during daylight hours than during
night; in particular, environment, glass cover and hot air tempera-
tures are very close at the timing of 21:00 h; also water and NCPW
temperatures are close to each other. This may refer to that the
heat transfer rate between the materials at this period of time
tends to thermal balance condition.

Fig. 6 shows a thermal analysis of the different solar still config-
urations by comparison of their system temperatures, as hot air
and water temperatures for case 1 (without PW), case 2 (with
PW) and case 3 (with NCPW). As seen, the trends of all tempera-
tures are in the same order with different magnitudes; the temper-
atures are gradually increased until they reach their maximum
values in the midday and afterward they gradually decrease. Such
Table 3
The accuracies, ranges, and errors of various measuring instruments used in the experime

No. Instrument Accuracy

1 Thermocouple ±0.1 �C
2 Pyrometer ±1 W/m2

3 Measuring beaker ±1 ml
trends are as similar as the trend of the solar radiation (Fig. 4). The
maximum values of basin water and hot air temperatures, for case
3, are in the order of 58.5 �C and 52 �C, respectively, while those for
the case 2 are about 60 �C and 54 �C, and those for the case 1 are
about 60.5 �C and 54.5 �C, respectively. Such numbers can empha-
size that the temperatures of water and hot air in case 1, for the
timing before 13:30 pm, are higher than those in cases 2 and 3,
while the water and hot air in case 2 are higher than those in case
3; for the time after 13:30 pm, the measurements show dissimilar
trends where the water and hot air in case 3 becomes the highest,
while water and hot air in the case 1 become the lowest and case 2
are in between. Motivations of such performance are as follows.
Phase change materials (PW/NCPW) perform thermal energy stor-
age process during the first half of the day; this is demonstrated by
the temperature profiles of PW/NCPW, as shown in Fig. 7 and dis-
cuss later. This in turn leads to a drop in water and hot air temper-
atures in cases 2 and 3 than those in case 1. Furthermore, the air
and water temperatures in case 3 show lower values than those
in case 2 because of faster heat transfer process of NCPW due to
its higher thermal conductivity. After timing of 13:30 pm, i.e., after
peak condition of solar radiation, the PW/NCPW begins to dis-
charge the storage heat into surrounding. Hence, water and air
temperatures increase in cases 2 and 3; the discharge in case 3 is
much faster than that in case 2 and, in turn, higher water and air
temperatures of case 3 than those in case 2. One further observa-
tion on Fig. 6 is that the temperature of hot air is lower than the
temperature of basin water. This is due to difference in heat capac-
ity between water and air, as discussed early. It is also noted from
the figure that the temperatures of water and hot air in case 1
reach the maximum limit faster than those in cases 2 and 3 by
about 90 min; this may refer to the heat absorbed by the PW/
NCPW during the first half of the day. In summary, the water
and hot air temperatures of case 2 is higher than those for case 3
at the timing before 13:30 pm; this may refer to the effect of cop-
per nanocomposite, which increases its thermal conductivity, as it
will be shown later; hence, rate of heat storage/absorption in case
3 is faster than that in case 2. During the second half of the day
(13:30 pm to 21:00 pm), water and air temperatures of case 3
are the highest because of greater rate of loosing the storage
energy of NCPW than that in case 2; while case 1 shows the highest
water and air temperatures at first half of the day and the least
temperatures at the rest of the day due to its no existed energy
storage material (PW/NCPW).

Fig. 7 shows the temperatures distribution of PW and NCPW as
a function of time for case 2 and case 3, respectively. As seen, the
temperatures of PW and NCPW behave as similar trend as solar
radiation (Fig. 4) and other parameters, and that makes sense.
The temperatures of both PW and NCPW increase gradually with
time until their peak values and then they decrease subsequently.
The temperatures of PW/NCPW show a rise until the timing of
13:30 pm (the intensity of solar radiation is peak); after that tem-
peratures become almost horizontal for a while (plane tempera-
tures) until timing of 14:00 pm (for PW) and 14:30 pm (for
NCPW), which indicates that the melting of phase change materials
(PW/NCPW) takes a place. The length of this period depends
strongly on the heat capacity of the material (PW/NCPW) and solar
radiation intensity. After timing of 14:00 pm (for PW) or 14:30 pm
nts.

Measuring range Errors (%)

0–100 0.5
0–2000 W/m2 0.5
0–2000 ml 1
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Fig. 8. Rate of water volume productivity along the day for three cases: case 1
without paraffin wax (PW), case 2 with PW, and case 3 with Cu-PW nanocomposite
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(for NCPW) temperatures of PW/NCPW start to decrease due to
energy discharging process from the phase change materials
(PW/NCPW) to water. One may also note from the figure that the
temperature of NCPW is higher than that of the PW at the first half
of the day but in the second half of the day the temperature of
NCPW becomes lower. This is due to the impact of thermal conduc-
tivity of NCPW (0.226 W/m �C) compared to PW (0.172W/m �C);
in the first half of the day (charging period), the NCPW absorbs
thermal heat faster than the PW, while in the second half (dis-
charging process) the NCPW transfers the heat also faster to water
than that of PW due to the higher thermal conductivity of NCPW.
One further observation from the figure is that the peak tempera-
ture of NCPW exceeds that of PW. The reason may refer to the dif-
ference between specific heats of both PW and NCPW (1905 kJ/kg
�C and 1850 kJ/kg �C for PW and NCPW in solid phase conditions,
respectively, as shown in Table 2).

The temperature distribution of PW/NCPW in Fig. 7 may be
divided into three zones. In the first zone, the PW/NCPW tempera-
tures increase gradually until the melting point. In the second
zone, the temperatures remain approximately constant, while the
melting process of PW/NCPW takes a place, i.e. the temperatures
remain constant due to latent heat. Zone three represents the
release of the sensible heat stored in the liquid phase of the PW/
NCPW. When we make detailed analysis on the melting process,
one can emphasize that the PW/NCPW starts to melt at a layer
adjacent to the contact surface of the heat exchanger. The liquid
layer thickness increases as the heat transfer grows and, in turn,
the temperature difference between the outer and inner layers
increases. With time, the melted layer at the outer surface becomes
dominant until reaching the center of the tube, i.e., completes
melting. After complete melting process, the difference in temper-
atures between the outer and the inner layers of the PW/NCPW is
diminished. At comparing the trends of PW and NCPW, we can
emphasize some differences and similarities. As similarities, the
method of heat transfer is a combination of natural convection
and conduction in both of PW and NCPW. Besides, during the
charging process, solid is melted into liquid phase and, in turn,
solid–liquid interface is found in both materials. As differences,
the natural convection dominates in the heat transfer process of
PW at melting condition, while it is by conduction in the NCPW.
In particular, heat transfer in the melting process of PW is initially
performed by conduction and after partial melting, convection
governs the heat transfer process; but conduction dominates in
the general heat transfer process of NCPW due to existing of copper
nanocomposite, which enhances the thermal conductivity by 24%,
compared to the pure paraffin wax, as shown in Table 2. Increasing
the thermal conductivity of the NCPW can improve heat diffusivity
inside the material for better heat flow. One further difference
between trends and, in turn, thermal process of PW and NCPW is
that the heat transfer of thermal energy from the PW to water is
not immediate but it requires some time to reach thermal balance.
However, in case of NCPW, this process becomes faster, i.e., adding
the copper nanocomposite enhances the heat transfer process. It
was also shown that the melting process of NCPW is accelerated
by 8%, compared to pure PW due to its faster heating process.
Faster melting of NCPW leads to much heat absorbed and that
slows down the saline water evaporation process, as discussed
afterward.

A comparison between freshwater productivities for the three
still’s configurations is presented in Figs. 8 and 9. In particular,
Fig. 8 provides the rates of water volume productivities and
Fig. 9 provides the accumulated water volume productivities ver-
sus time for case 1 without PW, case 2 with PW and case 3 with
NCPW. As shown in Fig. 8, the rates of freshwater productivities
of the three cases increase from zero value at 10:00 am to the max-
imum values at timing between 13:00 pm and 14:00 pm and then
they decrease till the end of the day. The accumulated freshwater
productivity, as shown in Fig. 9, for case 1 is higher than those of
case 2 and case 3 by about 9% and 12%, respectively, during the first
half of the day, i.e., from 10:00 am to 13:30 pm. This is due to that
during daytime, the sun energy goes completely for the water
desalination process in case 1; however, in cases 2 and 3, only a
fraction of the solar radiation heats the water and the rest is stored
in the PW/NCPW as charging process. After complete melting of
the PW/NCPW, the solar energy goes completely for the water
desalination process, i.e. for heating the water. During the night-
time, solar still in case 1 has no productivity; however, the PW/
NCPW releases the stored energy to the water in cases 2 and 3,
i.e., continue the desalination process. The daily freshwater pro-
ductivities, for cases 1, 2 and 3, respectively, are about 1465 ml,
1745 ml and 1824 ml. As seen, the daily water productivity for case
3 is higher than that for case 1 by about 25%; while the productiv-
ity in case 2 is higher than in case 1 by about 19%. Furthermore, the
water productivity in the case 3 is higher than that in case 2 by
about 6%; this refers to the higher thermal conductivity and heat
capacity of NCPW. it is also shown from the figure that, at timing
between 12:30 pm and 14:00 pm, there are no much differences
in water productivities between cases 2 and 3 (see Fig. 8). This is
due to that the melting process of PW/NCPW takes a place, i.e.,
solar radiation is absorbed by the PW/NCPW. After timing of
14:00 pm, one can note that the rate of water productivity in case
3 is the highest due to couple of reasons; firstly, the stored heat is
discharged from NCPW into water, and, secondly, the higher heat
capacity of NCPW, compared to PW, as shown in Table 1. In conclu-
sion, the modified solar still with NCPW has the capability of
higher water productivity than the still with PW. To end with, if
one needs a faster rate of water productivity during the early hours
in the day, solar still without PW is the best choice; however, if one
needs a high water productivity at the end of the day, solar still
with NCPW is the best choice; if one needs quite large water pro-
ductivity at the end of the day with some quick water productivity
during the early hours in the day, one should use solar still with
PW.

In summary, considerable improvement in water productivity
and performance is obtained if the Cu-PW nanocomposite storage
system has been applied in solar still. The demonstrated enhance-
ment includes the thermal properties in terms of faster absorption
and releasing of the thermal energy and that is favorable for the
solar energy storage. The dispersion of suspended Cu-
nanoparticles results higher thermal diffusivity as faster heat
transfer from water to NCPW. The addition of copper nanoadditive
acts as nucleation agent to overcome thermal resistance during
heat transfer processes. This is probably because the nano copper
improves the physical bonding interaction between PW molecules
to make a lower heat resistance [69]. Besides, the physical bonding
of copper nanoparticles with paraffin wax does not disturb the
chemical structure interaction and, in turn, the chemical stability
of the material; in general, nano copper is a suitable additive to
improve the thermal stability of PW. The results show that the
nanocomposite increased the system efficiency by approximately
5%, compared to pure PW. The study also shows that adding nano-
materials to PW can not only increase thermal conductivity and
system efficiency, but also thermal storage capacity. Furthermore,
the rate of heat transfer and consequently the time for complete
melting process are enhanced by adding of copper nanocomposite
(the total melting time decreases by 7%). The system working time
increased during night time by 5 h and 6 h when PW and NCPW
are applied, respectively. The solar still heating performance and
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productivity at using NCPW enhanced by about 3%, and 25%,
respectively, compared to the case without PW.
4. Conclusions

This paper experimentally investigates the practice of paraffin
wax (PW) as a solar energy storage material integrated with a cop-
per nanocomposite for enhancing its thermal conductivity. Three
cases were studied: case 1 without PW, case 2 with PW, and case
3 with Cu-PW nanocomposite (NCPW). Effects of nanocomposite
and PW on water productivity and performance of the still’s sys-
tems have been examined. Based on the findings, the following
conclusions are drawn:

� The energy produced during sunshine time is stored efficiently
in PW and NCPW for use later during the night; the NCPW is
showed more efficient energy storage than the PW.

� The water productivity in case 3 is lower than those in cases 1
and 2, at first half of the day; however the overall daily produc-
tivity in case 3 is increased by 125% and 106%, compared to
cases 1 and 2, respectively.

� The daily water productivity in case 2 is higher than that in case
1 by about 19%.

� NCPW is recommended as an effective energy storage material
in simple-type solar still.

� The thermal conductivity of the NCPWwas enhanced compared
to the PW.

� Using nanocomposite can enhance the storage capacity of PW.
� The peak temperature of NCPW exceeds that of PW.
� The melting process of NCPW is accelerated by 7%, compared to
pure PW.

� The temperature of saline water in case 1 reaches the maximum
limit faster than those in cases 2 and 3 by about 1.5 h.

� Case 3 shows the least saline water temperature at first half of
the day and the highest value at the rest of the day; case 1
showed the opposed result of case 3, while case 2 comes in
between.

� The Cu-PW nanocomposite demonstrated enhancement in the
thermal properties of PW.

� The nanocomposite increased the system efficiency by 5%, com-
pared to pure PW.

� Adding nanomaterials to PW can not only increase thermal con-
ductivity and system efficiency, but also thermal storage
capacity.

� The system working time increased during night by 5 h and 6 h
at using PW and NCPW, respectively.
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