
Vol.:(0123456789)1 3

Journal of the Brazilian Society of Mechanical Sciences and Engineering (2020) 42:625 
https://doi.org/10.1007/s40430-020-02703-w

TECHNICAL PAPER

Augmenting the potable water produced from single slope solar still 
using CNT‑doped paraffin wax as energy storage: an experimental 
approach

Ali J. Chamkha1,2 · D. Dsilva Winfred Rufuss3 · A. E. Kabeel4,8 · Ravishankar Sathyamurthy4,5  · 
Mohammed Abdelgaid4 · A. Muthu Manokar6 · B. Madhu7

Received: 7 July 2020 / Accepted: 26 October 2020 / Published online: 16 November 2020 
© The Brazilian Society of Mechanical Sciences and Engineering 2020

Abstract
The present study aims to find the technical feasibility of recently evolved nanomaterial, i.e. carbon nanotubes (CNT), 
enhanced with paraffin as a novel energy storage material for desalination application. As a primary investigation, the thermo-
mechanical properties like density, melting point, thermal conductivity, etc., of CNT enhanced paraffin were first analysed 
and then integrated with solar desalination application. Three solar desalination stills: (i) conventional solar still, (ii) solar 
still loaded with fossil paraffin and (iii) solar still loaded with CNT-doped paraffin were fabricated and experimented at Chen-
nai, India (Lat. 13° 08′ N, Long. 80° 27′ E). From the investigation, it is inferred that there is a significant increase (of about 
26%) observed in the thermal conductivity of CNT-doped paraffin as compared to fossil paraffin. The cumulative yield of the 
conventional still, solar still with paraffin and solar still with CNT enhanced paraffin was found to be 2.5 kg/m2, 3.4 kg/m2 and 
5.8 kg/m2, respectively. There was 41.4% and 26.4% enhancement, respectively, observed in the daily yield of the solar still 
with CNT-doped paraffin as compared to conventional still and the still with virgin paraffin. The productivity efficiency was 
46.45% for the still with CNT blended paraffin contributing to 24% and 19.6% increase in the efficiency as compared to the 
other two stills considered for experimentation in this study. Thus, it is concluded that CNT enhanced paraffin is identified 
as a better potential energy storage material as compared to conventional paraffin in solar desalination application.

Keywords Energy storage · Carbon nanotubes · Paraffin wax · Yield · Desalination

1 Introduction

In the pursuit of alternate energy, many eminent scien-
tists and technocrats have discovered a solitary source of 
energy in the form of radiation from the sun. The principal 
advantages of solar energy over fossil energy are they are 
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non-hazardous to the environment. Currently, up to the year 
2017, the total energy contribution from renewable sources 
was 6190 TWh contributing up to 23.5% global energy gen-
eration. It has been predicted that over the next 15 years, the 
energy share provided by renewable energy sources would 
gradually increase up to 36% and also reduce  CO2 emission 
5 times than that of the present day. In the arena of renew-
able energy, solar energy plays a vital role by contributing 
up to 5% energy produced by renewable sources IRENA 
(2019) [1–4]. On the other side, freshwater is one of the 
major issues faced in many regions including the Middle 
East, African and Asian countries. Nearly 844 million peo-
ple have no access to drinking water in the current state of 
affairs. As a remedy, there are various desalination tech-
nologies available which include membrane desalination, 
humidification, etc., to desalinate the saline water. Utilizing 
solar energy for desalination (solar still) is one of those tech-
niques which is termed to be the most economical desalina-
tion technique as it does not require any power source to 
operate, and thus, it can be effectively served to the people 
living in the rural community without having proper access 
to electricity. The main drawback of this technique is its low 
productivity. Various researchers have tried to enhance the 
yield by integrating various techniques like solar collectors, 
solar PV, etc., with still. Integrating energy storage material 
is one of the proverbial techniques used by researchers in 
the present scenario to enhance the yield. Sharshir et al. [5] 
carried out extensive review on utilizing latent and sensible 
heat energy storing material in the application of solar still. 
A similar extensive review on integrated solar still was car-
ried out by Sathyamurthy et al. [6].

Mazraeh et al. [7] theoretically analysed a PCM-PV 
module single slope solar still under thermosyphon mode 
of operation for simultaneous production of fresh water 
and power generation. Results revealed that a maximum 
yield of 4.5 kg/m2 was obtained using Paraffin RT44HC, 
and it was higher compared to the yield produced from 
the solar still loaded with Gallium and paraffin wax as a 
heat storage medium. Similarly, there was no significant 
improvement in the electrical power generation with the 
use of PCM as compared to solar still without any mate-
rial. The electrical power generation is higher with HIT 
material as a PV module. The hourly energy efficiency of 
the system was about 250% without PCM, whereas the 
energy efficiency of solar still keeps on decreasing with 
increased depth of water and with PCM. Similarly, the 
system overall exergy efficiency decreased as the radia-
tion falling on the horizontal surface of the still is higher, 
and it was linearly increased during the offshine period 
as the solar intensity decreased. It was also clear that the 
on higher water mass, the exergy efficiency decreased 
from solar still without PCM. Also, it was found that 
the exergy efficiency was higher in the case of solar still 

without PCM, while the solar still with PCM decreased 
the exergy efficiency with increased depth of water. The 
daily efficiency of the system with PCM keeps on decreas-
ing on higher water depths and increasing the number of 
collector tubes.

For augmenting the yield of fresh water, Rufuss et al. 
[8] studied a conventional single slope single basin solar 
still (CSSSBSS) loaded with phase change material and 
nanoparticle enhanced phase change material.  TiO2, CuO 
and graphene oxide nanoparticles were chosen for mixing 
it with paraffin wax to enhance the thermophysical prop-
erty on nano-enhanced PCM such as melting temperature, 
solidification temperature and thermal conductivity. The 
results on the melting temperature of PCM revealed that the 
temperature of phase change using  TiO2 nanoparticles dur-
ing discharge and charging was found as 54.3 and 60.2 °C, 
respectively. With increased thermal cycling of PCM and 
nano-enhanced PCM, it was found that there was no fluctua-
tion in the phase change temperature during the charging 
and discharging of heat energy. With the use of graphene 
oxide, CuO,  TiO2 nanoparticle in the paraffin wax, it was 
found that the nano-enhanced PCM thermal conductivity 
was significantly enhanced to about 50.23, 22.3 and 20%, 
respectively, as compared to PCM alone. Similarly, the water 
and absorber temperature in the case of solar still with PCM 
alone were higher, whereas the temperature increased for 
nano-enhanced PCM during off shine hours. The hourly 
yield of CuO nano-enhanced PCM was higher as compared 
to graphene oxide nanoparticle, whereas the yield from 
PCM-loaded solar still, PCM + TiO2, CuO follows a similar 
trend during sunshine hours. The yield from solar still dur-
ing off shine hours was higher with  TiO2, followed by CuO 
and graphene oxide nano-enhanced PCM. In all the above, 
the storage temperature was higher in the case of graphene 
oxide nano-enhanced PCM and above the ambient tempera-
ture with an extended time of operation. On the economic 
aspect, the solar still with  TiO2 nano-enhanced PCM was 
economical with the cost of fresh water $0.026/litre.

Kabeel et al. [9] made a comparative analysis on the 
use of different PCM underneath the basin of solar still for 
augmenting the yield. Experiments were conducted under 
constant water depth, whereas the thickness of PCM was 
varied. Two different PCM, namely organic and inorganic, 
was chosen. The PCM was identified by choosing various 
physical parameters such as melting temperature, spe-
cific heat capacity, latent heat of fusion, density, thermal 
conductivity where these properties vary with respect to 
the operating conditions. On the economical aspects, the 
effect on payback period and cost of fresh water produced 
plays an important role. From their study, it was found that 
organic PCM (A48) was eco-friendly compared with other 
inorganic PCM, which produced higher yield and lower 
payback period. Similarly, the effect of PCM thickness has 
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no significant improvement on fresh water yield and cost 
of fresh water produced.

Kabeel et  al. [10] experimentally analysed pyramid 
solar still with corrugated absorber and energy storage 
techniques for improved fresh water yield. The triangular 
ribs inside the solar still distribute the heat energy by pen-
etrating the solar intensity to the water at minimum mass 
distributed for enhanced efficiency. Experimental inves-
tigations were conducted for the constant depth of water 
and PCM. The depth and thickness of water and PCM 
used for their study were 2 and 5 cm, respectively. It was 
reported that the addition of PCM to the bottom and trian-
gular ribs on the upper surface of the basin layer enhanced 
the daily efficiency of the solar still up to 88% than tra-
ditional pyramidal solar still. Furthermore, the accumu-
lated freshwater in the flask of traditional and modified 
solar still was found as 6.6 and 3.5 kg/m2, respectively. 
Using flat and corrugated absorber with PCM, the water 
temperature at maximum solar intensity was found as 75 
and 79.3 °C, respectively. Because continuous evapora-
tion from the absorber increased the temperature of glass 
in the inner surface, and it was found that the temperature 
of glass is higher with PCM during the maximum solar 
intensity. On comparing the economic analysis of both 
solar still, the annual cost per produced water is economi-
cal with the solar still with several modifications even 
though the annual cost of the still is higher with enhanced 
annual yield in comparison with the still without any 
modification.

Shalaby et al. [11] made an innovative design in remov-
ing the air bubbles produced during the solidification pro-
cess of PCM inside the corrugated absorber solar still for an 
enhanced yield of fresh water. In addition to the above tech-
nique, wick material is used in the corrugated absorber for 
effective heat transfer between the wetted wick for enhanced 
evaporation in contact with the solar radiation. Their study 
revealed that the use of PCM reduced the driving force dur-
ing the sunshine hours and enhanced during the offshine 
hours. The night time productivity was higher with mini-
mum water mass maintained inside the basin with PCM and 
decreased at higher water mass. The overnight productivity 
by 50% as compared to solar still without PCM, whereas 
the solar still with increased mass reduced the productivity 
while using 25 kg of water mass and PCM. The accumulated 
yield from modified still with PCM was higher to about 12% 
while comparing with that of still with increased water mass 
and still with PCM and wick. While maintaining a constant 
water mass of 25 kg in the basin, the daily efficiency was 
enhanced using PCM alone in the basin. They reported that 
the continuous use of PCM increased the cost of water pro-
duced per litre and was estimated as 0.71, 0.83 and 0.95 
$/l for solar still without PCM, with PCM and with energy 
storage added with wick material in the top of corrugated 

absorber, respectively. The modification reduced the forma-
tion of the bubble which enhanced the solidification of PCM 
with the increased volume fraction of phase change.

Under a forced circulation active desalination system with 
PCM and reduced cover temperature by continuous cooling 
water supply over the glass surface, an experimental study 
was conducted by Al-harahsheh et al. [12]. Copper tubes 
were filled with STP (Na2S2O3) and used underneath the 
basin of solar still for better evaporation. Rate of cooling 
over the cover, and hot water in the heat exchanger, level 
of water maintained in the basin were the parameters stud-
ied using the experimental method. Cooling and hot water 
flow rate varied from 6 to 15 ml/s and 2 to 30 ml/s, respec-
tively, and the level of water varied in the order of 5, 8 and 
10 cm. Experimental results revealed that the optimum rate 
of cooling over the cover surface and hot water flow in solar 
collector was 10 m/s and 30 ml/s, respectively, while the 
yield decreased with a decrease in the flow rate of hot water 
around the heat exchanger. This effect is mainly due to the 
effect of increased convection rate between tube surface 
and water. There was no significant improvement over the 
absorber temperature with an increased rate of cooling water 
supplied, especially during the night time.

A transient model on single slope solar still with and 
without PCM was developed by El-sebaii et al. [13]. The 
controllable operating parameter depended on the mass of 
water and PCM used above and below the absorber plate, 
respectively. Increasing the mass of PCM resulted in on-
night fresh water yield, whereas the daylight yield decreases. 
Furthermore, it was concluded that the increase in water 
mass up to 250 kg in the basin along with the PCM material, 
and there was no substantial improvement in potable water 
produced, whereas the on-night yield increased while the 
larger volume of melted PCM rejected its heat to the basin 
layer resulting in increased water temperature. Similarly, 
the increase in PCM mass resulted in the increase in aver-
age convective heat transfer coefficient between water and 
absorber plate resulting in the increase in evaporative heat 
transfer coefficient inside the closed chamber.

Yousef and Hassan [14] made conventional single slope 
solar still and analysed the energy and exergy analysis under 
3 different conditions and compared with that of traditional 
still without any modifications. Modifications include solar 
still with phase change material, with pin fins as a heat sink, 
with steel wool fibre and compared the similar solar still 
without any modifications.

Experimental studies of Kabeel et al. [15] on modified 
conventional solar still using wick material (jute cloth) 
wrapped over the energy storage material for augmenting the 
fresh water yield. The jute cloth was used for enhancing the 
capillary effect to wet the cloth with water and thus, continu-
ous evaporation from the surface occurs. The heat storage 
medium used in their study was sand because of availability 
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and cost of material is cheap. Experiments were conducted 
for different water mass with and without using wick mate-
rial and sensible heat material. Their study revealed that the 
thermal efficiency and total yield from the system were opti-
mized at a water mass of 20 kg. The total yield from the solar 
still with modification was found as 5.9 kg/m2, which was 
57.62% higher than conventional still without any changes. 
The addition of heat-storing material alone augmented the 
water yield to 54.54%. The increase of about 10% with the 
total yield using jute cloth was completely due to continu-
ous evaporation from the heated surface of the sensible heat 
material. Furthermore, on increased water mass, there was 
an decrease in average water temperature. The temperature 
of water also decreased, as the continuous heat flow from the 
water to the storing material occurs. Eventually, the average 
temperature of water in solar still without any changes was 
lower as the heat is stored by the water itself.

El-sebaii et al. [16] augmented the fresh water yield from 
solar still under the active mode of operation with a sensible 
heat storage medium. Daily fresh water collected depends 
on several factors such as flow rate of water, the mass of 
storage medium, depth of water and thickness of heat stor-
age medium. Their study revealed that the use of higher 
thickness basin liner has a direct influence on overnight pro-
ductivity, which decreased, whereas daylight productivity 
increases with increase in the thickness of basin liner. The 
daylight productivity increased for solar still without heat 
storage as the energy stored by the water is converted for 
continuous evaporation, whereas the solar still with energy 
material absorbed the heat during sunshine hours to utilize 
the same heat for evaporation during the night hours. On 
analysing the water to glass temperature difference, the solar 
still without any modification is higher during the period of 
solar radiation, whereas the increase in storage mass reduced 
the average water to glass temperature difference and on later 
(in the absence of solar intensity), the energy is liberated to 
the stagnant water placed inside the basin. The reduction of 
ambient temperature interaction with the outer glass surface 
increased the rate of condensation and increased temperature 
by water with heat liberated by the energy medium (delta_U) 

in the form of internal energy enhanced the rate of evapora-
tion as the temperature difference in the closed enclosure the 
mass transfer phenomenon.

Experimental studies of Kabeel et al. [17] on a modified 
solar still with the combined effect of graphite nanoparticles 
for effective storage in paraffin wax and effectively improved 
the fresh water production rate and made a comparison of 
the same with conventional solar still. The concentration 
of graphite nanoparticle with paraffin wax varied from 0 to 
20% by mass. The accumulated yield from modified solar 
still with 0, 5, 10, 15 and 20% nanographite was found to 
be 7, 7.3, 7.9, 8.3 and 9 kg/m2, respectively. Similarly, the 
addition of nanoparticles in paraffin wax improved the heat-
storing capacity, which was liberated during the offshine 
period at higher concentration. The water yielded from the 
modified solar still with graphite nanoparticle has no effect 
during the sunshine hours. Even at higher concentration, the 
yield was following a similar trend, whereas the yield from 
modified solar still was higher during the discharge of heat 
by the hybrid energy storage material. During its latent heat 
of fusion by the material (at night hours), the heat storage 
material completely solidifies, which reduced the fresh water 
yield. From the detailed literature review, it is clear that the 
use of CNT nanoparticles in the paraffin wax is not studied 
in the application of solar still desalination technique. The 
objective of the present experimental investigation is to com-
pare the thermal performance, yield and economic analysis 
of solar still loaded with paraffin wax and CNT-doped paraf-
fin wax in comparison to the solar still loaded without any 
phase change material.

2  Preparation and characterization 
of CNT‑doped paraffin wax

Among the various thermal energy storage material, paraf-
fin wax appeared to be the best material for solar thermal 
application due to its excellent thermophysical properties. 
From Sigma Aldrich, USA, the carbon nanotubes (CNT’s) 
are purchased with a tube diameter of 20 nm and purity of 

Fig. 1  Preparation of CNT-
doped paraffin wax
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99.9%. Figure 1 shows the preparation of CNT-doped paraf-
fin wax. Initially, the paraffin wax is melted, and the required 
amount of CNT nanoparticle in a weight ratio of 0.1, 0.2, 0.3 
and 0.4% was added. To achieve a homogeneous mixture of 
CNT nanoparticle, the prepared NPCM is sonicated for 1 h 
in an ultrasonicator. Thermal conductivity of NPCM is the 
critical parameter which is measured using KD2 Pro thermal 
analyser. Figure 2 shows the variations on improvement in 
thermal conductivity and the thermal conductivity of NPCM 
compared to that of PCM. The amount of CNT nanoparticle 
is limited to 0.4% in weight concentration with paraffin wax. 
Adding nanoparticle concentration beyond 0.4% with paraf-
fin wax has no significant improvement. Similarly, at higher 
CNT particle loading with paraffin wax and with thermal 
cycling, the particles sediment eventually. Gravity sedimen-
tation method was used to find the dispersion stability of 
nanosuspension in the wax material. The thermophysical 
properties of PCM and NPCM are tabulated in Table 1

3  Experimental setup and Uncertainty 
analysis

3.1  Experimental setup

The graphical representation of the conventional solar still 
with modified phase change material added to the bottom 
of the absorber plate is shown in Fig. 3. Similarly, to ana-
lyse and compare the potable water produced from solar still 
using CNT-doped paraffin wax as heat storage material, a 
conventional solar still with and without paraffin wax is also 

Fig. 2  Variation of thermal conductivity and improvement in thermal 
conductivity of CNT-doped paraffin wax

Table 1  Thermophysical properties of PCM and NPCM

Property PCM NPCM PCM [17]

Density (kg/m3) (S/L) 845/774 885/810 818/760
Melting point (oC) 55.7 53.1 56.2
Thermal conductivity (W/mK) 0.27 0.51 0.25
Specific heat capacity (J/kgK) 

(S/L)
2885/2525 2381/2154 2950/2510

Fig. 3  Schematic diagram of 
conventional solar still with 
NPCM and with PCM
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fabricated for the same dimension. The entire experiments 
were conducted in a roof top of a domestic residential area 
of Chennai (Lat. 13° 08′ N, Long. 80° 27′ E). Experiments 
are started at 7:00 h, and after attaining thermal stability, the 
readings are recorded on an hourly basis till 23:00 h. The 
entire experimental setup is fabricated using mild steel sheet 
with a dimension of 0.5 × 0.5 m surface area. The absorber 
plate is fabricated using mild steel material with a thickness 
of 1.75 mm and side stand supporting to be placed inside the 
solar still. An absorber plate with a dimension of 0.45 × 0.45 m 
area of absorber with 0.15 m height is placed inside the solar 
still while the sea water is placed. Beneath the absorber plate, 
PCM with CNT and PCM is placed, whereas the conventional 
solar still without PCM is filled with saw dust as insulation 
material. Black paint is coated on the entire absorber area 
for improving the absorption rate. Insulating material (glass 
wool) is used in the bottom and side walls of solar still to 
avoid the loss of heat. Glass with a thickness of 3 mm is used 
to collect the condensed water vapour and kept in an inclined 
position of 13°. The entire experiment is placed in the direc-
tion of north–south. A separate storage tank is placed to store 
the sea water collected from the Bay of Bengal. The entire 
experiments were carried out in the time of summer from April 
to May 2019. Solar power meter, PT100 RTD sensors and 
anemometer are used to measure the solar intensity, the tem-
perature of various elements of solar still and wind velocity, 
respectively.

3.2  Uncertainty analysis

The total uncertainty that occurred during the experiments 
depends on the possible error produced by the instruments 
used. The uncertainty associated with the instruments used 
during the experiments is tabulated in Table 2. The error 
occurred is defined as the ratio of the smallest amount to the 
least value of output. The uncertainty of distilled water pro-
duced using a calibrated flask depends on the height of water 
collected in the flask. Mathematically, it is expressed as:

(1)Rm =

√

(

�m

�h
Rh

)2

The uncertainty associated with determining the daily 
efficiency of the solar still depends on solar radiation and 
the amount of water collected. It is expressed as:

The calculated uncertainties of temperature, wind veloc-
ity, solar intensity and distillate water were estimated as 1.5, 
3, 3.5 and 1.5%, respectively. Similarly, the uncertainty error 
for daily efficiency is estimated using Eq. (2), and it is found 
as 2.1%.

4  Results and discussion

The temperature of glass and water is the key operating 
parameters on condensation and evaporation for increased 
yield of potable water produced. Figures 4, 5, 6 show the 
basin, water, glass and ambient temperature measured on 
an hourly basis from conventional solar still, solar still with 
paraffin wax and solar still with CNT-doped paraffin wax, 
respectively. Similarly, the solar intensity on hourly basis is 
plotted (Figs. 3, 4, 5). During the start of the experiment, 
the temperature of the glass is lower and almost equal to the 
ambient temperature. The average temperature of experi-
mental test locations during the conduct of experiment is 
found as 33.5, 34.2 and 34.1 °C for conventional solar still, 
solar still with paraffin wax and solar still with CNT-doped 
paraffin wax, respectively.

From Fig. 3, it is observed that the temperature of glass, 
basin and water drops when the solar intensity is not avail-
able (during the absence of solar radiation). Even after 

(2)R� =

√

(

��

�m
Rm

)2

+

(

��

�I(t)
RI(t)

)2

Table 2  Details of instrument, range, accuracy, error

Instrument Range Accuracy Error

Solar meter 0–3500 W/m2 ± 10 W/m2 ± 3.5%
Calibrated flask 0–1500 ml ± 10 ml ± 1.5%
Wind meter 0–15 m/s ± 0.1 m/s ± 3%
Thermocouple − 100 to 600 °C ± 0.1 °C ± 1.5%

Fig. 4  Measured values of ambient, basin, water and glass tempera-
ture and solar intensity from solar still without using any energy stor-
age



Journal of the Brazilian Society of Mechanical Sciences and Engineering (2020) 42:625 

1 3

Page 7 of 10 625

17:00 h, the temperature is higher than ambient condition 
as the water available in the basin is more and proper insula-
tion provided on the sidewalls and bottom acts as a thermal 
barrier to prevent the loss of heat. It is observed that the 
maximum recorded temperatures such as water, glass and 
basin are 62, 61 and 58 °C, respectively. At the same time, 
the peak recorded ambient temperature and solar intensity 
are found as 44.3 and 1010 W/m2, respectively.

The commercial paraffin wax used in the present study 
is tested for its physical properties. During the transition 
time of receiving maximum solar intensity, through con-
duction the heat stored in the basin (absorber plate) is uti-
lized for melting the wax to reach the maximum temperature 
and completely liquified. The melted PCM temperature is 
higher compared to glass, basin and water temperature. The 

extended hour of heating the water during non-sunshine 
hours is achieved by using PCM. Figure 5 shows the hourly 
recorded temperature of the basin, water, glass, ambient 
and solar intensity of solar still loaded with paraffin wax 
as energy storage. Moreover, on all testing condition, the 
temperature of ambient and solar intensity are equal, which 
is used for validation and comparison of the performance on 
solar still testing. The maximum temperature of the basin, 
water and glass is recorded at 16:00 h, as the energy is 
absorbed by the PCM material to completely melt during the 
period of solar intensity. The ability of the PCM to discharge 
the heat completely depends on the melting temperature. 
The maximum temperature of the basin, water and glass at 
16:00 h is recorded as 62, 63 and 58 °C, respectively. The 
temperature of water recorded in the solar still during the 
sunshine hours is higher than that of solar still loaded with 
paraffin wax energy storage.

By comparing Figs. 4 and 5, it is clear that the  tem-
perature of water, glass and basin of solar still loaded with 
paraffin wax is improved by 16, 14 and 13 °C compared to 
unmodified solar still during the absence of solar intensity. 
Also, during the presence of solar intensity, the tempera-
ture of basin, water and glass is lower using paraffin wax as 
energy-storing material by 4, 8 and 7 °C, respectively. The 
energy stored in the paraffin wax reflected in an enhance-
ment of about 50, 46.1 and 71.4%, respectively.

Figure 6 depicts the variations of water, glass, basin tem-
perature of conventional solar still loaded with CNT-doped 
paraffin wax as energy storage. It can be seen that the tem-
perature profile of glass, basin and water is considerably 
higher while compared to solar still loaded with paraffin 
wax. Using CNT-doped paraffin wax as energy storage dur-
ing the presence of solar radiation (charging mode), the 
temperature of the basin, water and glass is enhanced to 
about 3–4 °C than paraffin wax without energy storage. Also, 
the paraffin wax started to melt early as the time to reach 
the time of liquefication of PCM is enhanced by the CNT 
nanoparticles doped with the paraffin wax material. Also, 
the higher thermal conductivity with the enhanced latent 
heat of fusion enhanced the fresh water yield. The peak 
recorded the temperature of the basin, water and glass using 
CNT-based paraffin wax as energy storage is found as 63, 
64 and 58 °C, respectively. The temperature of water, basin 
and glass of CNT-based paraffin wax energy storage in solar 
still is enhanced up to 16, 18 and 14 °C, respectively, during 
the non-solar radiance period than conventional solar still 
without energy-storing material.

The effect of CNT-doped paraffin wax, and paraffin wax 
on conventional solar still over potable water produced is 
plotted in Fig. 7. Results of hourly potable water produced 
show that the properties of PCM have greater influence over 
solidification and melting. From Fig. 7, it can be observed 
that the maximum hourly potable water produced using 

Fig. 5  Measured values of ambient, basin, water and glass tempera-
ture and solar intensity from solar still using PCM as energy storage

Fig. 6  Measured values of ambient, basin, water and glass tempera-
ture and solar intensity from solar still using NPCM as energy storage
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solar still without any energy storage, with paraffin wax and 
with CNT-doped paraffin wax is measured as 0.4, 0.6 and 
0.97 kg/m2, respectively. There is an enhancement of about 
33.33 and 58.76% using paraffin wax and CNT-doped par-
affin wax, respectively. On the total yield of potable water 
produced, the solar still with CNT-doped paraffin wax exhib-
ited higher performance (5.8 kg/m2) as compared to paraf-
fin wax (3.4 kg/m2) and solar still without any heat storage 
(2.5 kg/m2) enhancement in a total yield of about 41.3% 
and 26.4% using CNT-doped paraffin wax and paraffin wax, 
respectively.

The comparison of temperature of paraffin (PCM) and 
CNT-doped paraffin wax as energy storage material is shown 
in Fig. 8. Furthermore, the improvement in temperature of 
CNT-doped paraffin wax is added in Fig. 8. The recorded 
peak temperature of CNT-doped paraffin wax and paraffin 
wax without CNT nanoparticles is found as 59 and 66 °C, 
respectively. During the sunshine hours, the improvement 
in temperature of CNT-doped paraffin wax is found to be 
minimum and the average temperature rise is also found as 
3–5 °C, whereas during the absence of solar radiation, the 
latent heat of fusion is found to be higher in the case of par-
affin wax as the nanoparticle enhanced the physical property. 
The average improvement in temperature of NPCM is in the 
range of 1–9%, whereas the improvement in temperature of 
NPCM is found in the average of 9–14% during the offshine 
period.

Equation (3) is used to calculate the daily thermal effi-
ciency of the solar still. The daily yield and daily effi-
ciency of conventional solar still without loading any 
energy storage material, solar still with PCM and solar still 
using CNT-doped paraffin wax are tabulated in Table 3. It 
is clear that the average yield of potable water produced 
from the conventional solar still is about 2.75 kg/m2, while 
the solar still loaded with PCM enhanced the potable water 
produced to about 16.38% (3.29 kg/m2). Similarly, the 
solar still loaded with CNT-doped paraffin wax produced 

Fig. 7  Hourly variations on potable water produced from solar still 
with PCM and NPCM

Fig. 8  Hourly variations on temperature of PCM and NPCM

Table 3  Comparison of daily yield and daily efficiency from CSS, CSS with PCM, CSS with NPCM

Date of experiment Daily solar inten-
sity (W/m2)

Daily yield (kg/m2) Daily efficiency (%)

CSS CSS with PCM CSS with 
NPCM

CSS CSS with PCM CSS with NPCM

05-04-2019 7625 2.65 3.21 5.52 21.77 26.38 45.36
07-04-2019 7620 2.61 3.18 5.45 21.46 26.15 44.82
09-04-2019 7651 2.74 3.19 5.61 22.44 26.12 45.94
14-04-2019 7665 2.71 3.31 5.79 22.15 27.06 47.33
17-04-2019 7715 2.84 3.35 5.82 23.06 27.21 47.27
25-04-2019 7685 2.75 3.32 5.78 22.42 27.07 47.13
10-05-2019 7750 2.89 3.41 5.81 23.36 27.57 46.97
25-05-2019 7745 2.85 3.39 5.78 23.06 27.42 46.76
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an average potable water produced of about 5.69 kg/m2 
which is higher than 51.62 and 42.14% than conventional 
solar still and conventional solar still loaded with paraffin 
wax, respectively. The average daily efficiency of conven-
tional solar still is found as 22.47, 26.87 and 46.45% for 
CSS, CSS loaded with paraffin wax and CSS loaded with 
CNT-doped paraffin wax, respectively:

where me is the water collected daily (kg), hfg  is the latent 
heat of vaporization (kJ/kg), I(t) is the daily solar intensity 
(W/m2).

The influence of fraction between ambient temperature 
and relative humidity on fresh water production is plotted 
in Fig. 9. It can be inferred that the external influential fac-
tor on ambient temperature and relative humidity of air in 
the surroundings influenced the water produced. On higher 
fraction of ambient temperature and relative humidity, the 
yield increases. It is also observed that the effect of adding 
PCM in the solar still reduced the yield as compared to 
conventional solar still. This effect is completely due to the 
effect of lower evaporation from the solar still with PCM 
during charging mode. With improved thermal conductiv-
ity of PCM with CNT nanoparticles, the yield is higher 
than PCM without any nanoparticle. On higher fraction 
of ambient temperature and relative humidity of air (Ta/
RH > 0.55), the yield using PCM doped using CNT par-
ticles, the yield is higher compared to conventional solar 
still and solar still with PCM alone.

(3)Daily thermal efficiency =

�
∑

me × hfg
∑

I(t) × 3600

�

× 100

4.1  Economic analysis

Table 4 compares the economic analysis of conventional 
solar still, solar still loaded with paraffin wax and CNT-
doped paraffin wax. Based in the cost analysis, it is found 
that the payback period of CNT-doped paraffin wax is 
quicker as compared to solar still loaded with paraffin wax 
and solar still without any storage material. The annual 
yield from the solar still is calculated by considering aver-
age sunny days as 300. The payback period of CSS, CSS 
with paraffin wax and CSS with CNT-doped paraffin wax is 
found as 3, 2.7 and 2.3 years, respectively.

5  Conclusions

CNT enhanced paraffin as a latent heat energy storage mate-
rial was tested experimentally in solar desalination applica-
tion. Based on the investigation, the following conclusions 
were drawn:

1. CNT reduces the liquefaction time along with a signifi-
cant improvement in the thermal conductivity and melt-
ing and solidifying characteristics of the base material 
(i.e. paraffin) which in turn increases the overall yield of 
the solar still.

2. The thermal conductivity was enhanced by about 26% 
for CNT-doped paraffin as compared to virgin paraffin.

3. The hourly yield of solar still with unblended paraffin 
and CNT-doped paraffin was enhanced up to 33.3% and 
58.7%, respectively, as compared to the conventional 
still.

4. The fossil paraffin and CNT-doped paraffin enhance 
the cumulative yield of the conventional solar still from 
2.5 kg/m2 to 3.4 kg/m2 and 5.8 kg/m2, respectively, con-
tributing to 26.4% and 41.4% increase in the daily yield.

5. The average portable water produced with still contain-
ing CNT-doped paraffin is 5.69 kg/m2 which is 42.14% 
higher than the average productivity of a conventional 
still.

Fig. 9  Relationship between fresh water produced with respect to 
fraction of ambient temperature and relative humidity

Table 4  Economic analysis

Factor CSS CSS with 
paraffin wax

CSS with CNT-
doped paraffin 
wax

Fixed cost (Rs.) 5000 5500 8000
Daily yield (kg/m2) 2.75 3.29 5.69
Annual yield (kg/m2) 825 987 1707
Cost saving annual 1650 1974 3414
Payback period (years) 3 2.7 2.3
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6. The average daily efficiency of the solar still loaded with 
CNT was 46.45%, which is 24% and 19.6%, respectively, 
higher than the efficiency of the conventional still and 
the still with paraffin.

From the experimental investigation, it is concluded that 
CNT-doped paraffin can be used as a better replacement 
for paraffin as an energy storage material for desalination 
application.
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