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Abstract

The innovation of novel absorbing materials using composite materials and nanotechnology is of new trends for many researches.
Here, the present study is concerning to enhance the distilled water productivity of a proposed solar still (PSS) using novel
absorbing materials. The absorbing material is composed of chitosan (obtained from waste shrimp shells), ethylene diamine
tetraacetic acid (EDTA), and Chrysopogon zizaniodes (Vetiver). The combination of these materials is coined as CHEDZ, and it
acts as a super absorbent polymer that is coated on the stepped solar still. Evaporation rate increases due to this absorbent, which
further increases the yield of the still. In this present study, the PSS is compared with the conventional solar still (CSS) for the use
of assessing the yield of freshwater in the same atmospheric circumstance. The experimental setup was performed through the
period from December to February 2020 in the Indian climatic condition. The freshwater productivity was improved to 3.05 L/
day while the yield of the CSS is 2.47 L/day. The increase in efficiency obtained from a PSS is 39.71% more than the productivity
attained from the CSS. The energy efficiency of the PSS is 18.34% and the exergy efficiency is 0.45%.

Keywords Stepped absorbable plate - CHEDZ - Super absorbent - Renewable energy

Highlights of this study:

» The present study is concerning to enhance the distilled water
productivity of a proposed solar still (PSS) using novel absorbing mate-
rials.

* The absorbing material is composed of chitosan (obtained from waste
shrimp shells), ethylene diamine tetraacetic acid (EDTA), and
Chrysopogon zizaniodes (Vetiver). The combination of these materials
is coined as CHEDZ, and it acts as a super absorbent polymer that is
coated on the stepped solar still.

« The increase in efficiency obtained from a PSS is 39.71% more than the
productivity attained from the CSS. The energy efficiency of the PSS is
18.34% and the exergy efficiency is 0.45%.
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Introduction

There is a need for freshwater in many countries. Most of water
cannot be used for drinking purposes (Essa et al. 2020; Parsa et
al. 2020; Yousef and Hassan 2020). The water paucity is a seri-
ous problem in the world (Sharshir et al. 2020b; Sharshir et al.
2020a; Elashmawy 2020). The world population would increase,
and the water paucity also increases. There are many techniques
used for water desalination. But solar still desalination is an an-
cient method, and many modifications have been incorporated to
enhance the productivity of the still (Kabeel et al. 2019; Kabeel et
al. 2020; Thalib et al. 2020; Sathyamurthy et al. 2020).

Experimental analysis of the conventional solar still (CSS)
with pin finned wick was studied by Alaian et al. (2016). These
materials are supported on the basin surface of the CSS by
adopting aluminum steel lines. By adopting pin finned wick
in the CSS, efficiency of the still was improved to 55%, and
the productivity of the CSS was nearly 23%. Arunkumar et al.
(2018) investigated the CSS with various types of insulation:
One with carbon impregnated foam with bubble wall insula-
tion; other with wooden insulation; and the third one with
bubble wall insulation. They were compared with CSS. From
this, carbon impregnated foam with bubble wall insulation
enhanced the productivity to 3.1 L/m”. Rabhi et al. (2017) used
pin finned wick and an external condenser to improve the still
output. 32.18% gain in the production was observed when the
condenser was connected externally to the CSS.

Balachandran et al. (2020c) reported the enhancement of a
CSS by using water film cooling and hybrid composite insula-
tion. The hybrid natural fiber composite insulation consists of
nano-silica, e.g., Pharsalus Vulgaris along with instated polyes-
ter wax. In addition to the film, cooling was also done over the
glass surface leading to an increase in productivity, and the
daily yield obtained was 1.420 L/day. Experimental analysis
on CSS using various wick components was published by
Bhargva and Yadav (2019). Various wick materials like bam-
boo cotton, jute, and wool were used to increase the productiv-
ity. The wick materials are dyed black to increase the absorption
rate and are placed inside the rectangular fins arrangement.
From the various wick materials, bamboo cotton increases the
productivity rate to 3.03 L/m?/day, and the efficiency was
around 34.5%, which is more than the jute and cotton. Chen
et al. (2019) experimentally investigated a study on the appli-
cation of recoverable carbon nanotube used for solar water
desalination. They used magnetic multi-walled carbon nano-
tubes obtained using Fe;0,4. By using this material, heat transfer
rate increases, which increases the yield of the still. The still
incorporated with multi-walled carbon nanotubes increases the
efficiency to 24.91%, which is higher than the CSS. Chen et al.
(2018) designed the electrospun nanofiber membrane prepared
by using magnesium aluminum-ethylene diamine tetraacetic
acid-lactate dehydrogenase (MgAIl-EDTA-LDH) for investigat-
ing the absorption properties of copper from the waste water.

They prepared a new adsorbent which was synthesized by
EDTA into double-layered hydroxides. Therefore, the waste
water gets treated by using the copper, and the absorption ca-
pacity was around 120.77 mg/g. An empirical investigation on
modification the performance of single slope double basin solar
still was studied by Gnanaraj and Velmurugan (2019). They
have experimentally conducted an investigation on three stills
(still with finned corrugated basin, black granite, and external
reflectors). Black granite combined with external reflectors en-
hanced the yield to 5.13 L/m? compared to the CSS, which is
1.88 L/m”. The finned corrugated basin on double basin still
increases the efficiency to 58.47%. Haddad et al. (2017) im-
proved the CSS performance by adopting a perpendicular rota-
ry wick. A rotating black wick belt was combined across the
black surface to increase the additional collector evaporator
rate. By using this performance of the still improvements, the
yield of the still was 5.03 kg/m?, and the efficiency of the still
was 51.1%.

Hansen et al. (2015) researched an inclined solar still with
different new wick elements and wire mesh. Various wick
elements related to the wood pulp, coral fleece, and
polystyrene sponge were recycled in flat absorbable and
stepped absorbable plates. The maximum yield of 4.28 L/
day was reported when adopting coral fleece along with wire
mesh coated on the stepped type absorbable plate. Harish
Prashanth and Tharanathan (2006) studied the preparation
and characterization of cross-linked chitosan. They used
shrimp shells, and it was demineralized using HCI and then
deproteinized using the NaOH solution. The obtained powder
was treated with an acetic acid solution to obtain chitosan
powder. Design parameters on still using phase changing ma-
terials were studied by Khandagre et al. (2019). The experi-
mental investigation was done on a double slope still. The
basin was coated by using a blackened absorbing surface,
and the phase changing material (PCM) (paraffin wax) was
placed on the still basin, which was called as an organic PCM.
The comparison study was done between organic and inor-
ganic PCM. Eutectics are used as an inorganic PCM. By using
this yield of the still, it improves from 8.02 to 8.07 L/m*/day,
which was more than the CSS, whose improvement was 4.01
to 4.34 L/m*/day. Performance augmentation of still using
efficient heat exchange mechanism was experimentally done
by Kabeel et al. (2017). They enhanced the still performance
by using paraffin wax along with sodium chloride solution,
and it is placed under the basin of the still. Due to this, the heat
transfer rate increases and, at the same time, the cover cooling
was done on the top surface of the still. The productivity
obtained was 4.535 L/m?, and the efficiency was around
36.2 %, which is higher than the CSS. Fath and Hosny
(2002) studied a process to improve the CSS. The design
modification compassed is using an inbuilt condenser to heat
the water, and the insulation provided is by means of rock
wool insulation to maintain the inner heat. The internal
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mirrors were also used on the sides of the still to augment the
evaporation amount. The distillate efficiency of the still is
around 18-27% compared to an identical still without modi-
fications. Kudret Selguk (1964) designed and studied the
multi-effect tilted solar still performance. In an active still,
the feed water is taken through the pump, and the flat plate
collector is used to preheat the input water through internal
reflectors, and it is given to the still. Black wick insulation was
coated on the basin of the still to increase the desalination rate.
The still output was observed to be 4.2 L/day. The conduct of
a single slope twin basin still along with a wick elements was
published by Modi and Modi (2019). They used two wick
materials like jute cloth and black cotton cloth with a small
pile, and they were used as an absorbing material. The little
pile of brunet cotton material exploits as a brunet absorbing
expanse compared to jute material as a non-brunet absorbing
expanse. Therefore, distillate output gets increased by using a
black cotton cloth, and the efficiency was around 21.46%.
Rahim (2001) used a horizontal aluminum plate above the
basin of the still to receive the maximum amount of solar
radiation, and it is used to heat the top surface of the water
to improve productivity. The experiment was tested at a water
depth of 2 m, and the efficiency was obtained to 28%.

Ni et al. (2018) reported the performance of the still by
salt, rejecting floating solar still. The salt-deny structure
frequently conducts under sunlight to obtain fresh vapor
while floating on a briny water body. It was incorporated
inside the still. The corrugated wick was placed inside the
solar still with internal reflectors, integrated with an exter-
nal condenser. The arrangement was coupled with a poly-
mer covering to obtain distilled water. The efficiency per-
centage increases to 2.5 L/day. Pal et al. (2017) designed
the modified basin type dual-slope wick still with black
cotton wick was placed on the top surface of the still. The
wick was hung on the wick rods on both sides of the double
basin. By using a black cotton wick, the evaporation rate
increases, and the distillate output increases. The yield of
the still was around 4.50 L/m?/day, and the efficiency of the
still was 23.03%. Panchal and Mohan (2017) enhanced the
distillate output of the double basin still using vacuum
pipes. They used various energy storage materials, e.g.,
calcium stones, black granite gravel, and pebbles on the
basin surface of still. The calcium stone was considered as
a heat-absorbing material next to its black granite gravel,
considered as an absorbing material. The distillate produc-
tivity showed that basin surface with calcium stones were
better compared with pebbles and black granite. The calci-
um stones incorporated with vacuum pipes increase the ef-
ficiency to 74%. Patel et al. (2019) designed the productiv-
ity enhancement of still by integrating evacuated tubes and
obtaining potable water by solar thermal distillation. The
experiment was done on stepped type absorbable plates.
The feed water was taken through the evacuated tubes,
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and it was given as an input to the still. By the proposed
methodology, the efficiency of the still gets enhanced, and
the distillate yield increases. Therefore, using stepped still
with an evacuated tube collector increases the efficiency to
24%, and the yield of the still was around 8.1 L/day.
Suneesh et al. (2016) augmented distillate productivity in
v-type tilted wick still using cotton gauze cooling under
regenerative effect. The experiment was done on v-type
still with fin-type, and the feed water was taken through
the pump. It was given through the hot reservoir and fed
to the tilt basin. The cotton gauze was used as an absorbing
material that was placed on the fin-type basin, and the
distillate yield of the still was around 6.3 L/m”. Ritonga
et al. (2019) have experimentally prepared chitosan
EDTA hydrogel as a soil invigorator for a soybean plant.
The result shown that hydrogel synthesized by chitosan and
EDTA has been used as a smudge stimulant. Sabaa et al.
(2015) experimentally studied the synthesis, characteriza-
tion, and utilization of biodegradable cross-linked
carboxymethyl chitosan nanoparticles. The nanoparticles
were synthesized in the existence of montmorillonite in
the ratio of dual matrices. They found that the formation
of cross-linked carboxymethyl increased the absorption
rate.

Srithar et al. (2016) experimentally studied stand-alone tri-
ple basin solar still with cover cooling and a concentrator. A
concentrator is placed at the bottom surface to reflect the solar
radiation to the base of the still. Cover cooling was also done
over the top surface, and it was powered by using PV panels.
The results showed that the triple basin still has higher effi-
ciency than the CSS, nearly 34.5%. Experimental investiga-
tion on v-corrugated absorber CSS using PCM was studied by
Shalaby et al. (2016). They used corrugated wick on the basin
of the still, and PCM was used as an energy storage material,
and it was placed on the basin of the still. The copper tubes
were made to flow through to preheat the water between the
wick structures. On the other hand, to maintain the heat inside
the still, high insulating materials were used on the outer sur-
face of the still instead of polystyrene foam insulation. It also
maintained the maximum heat inside the still. Therefore, the
productivity of the still was enhanced to around 12% than the
CSS. Shyora et al. (2019) made a comparative analysis of
stepped still and the CSS. The black absorbing material was
placed on the stepped type plates. In addition to this, internal
reflectors were placed vertically on the still that improved its
evaporation rate. Therefore, stepped still with internal reflec-
tors enhanced the evaporation rate, and the distillate yield was
obtained to be 2.770 L/day. The effect of various absorbing
materials to improve the output of the still was studied by
Abdallah et al. (2009). Materials were used on three different
stills and for comparison the fourth still taken is CSS. It has
been observed that the wiry sponges have absorbing prop-
erties. The results revealed that still with coated metallic
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wiry sponges improved the yield to 28%, whereas the un-
coated metallic sponges enhanced the yield to 40%, and
the volcanic rocks increased the yield to 60%. Therefore,
the volcanic rocks are more efficient than the wiry
sponges.

Rajaseenivasan and Srithar (2017) experimentally investi-
gated a bubble column humidification and dehumidification
module, powered by biomass energy instead of solar energy.
The air is flown through a bubble pipe, and it is heated using a
preheater, and then flown on the humidifier. The humidifier
exchanges the heat to the still, and the exhaust gas is taken out
through the dehumidifier pipe. The cold water is pumped
through means of a pump, and it is sprayed on the
dehumidifier pipe for cooling the system. In this system, the
air is heated by recovering the waste heat from biomass stove.
Due to this, the distillate was increased to 6.1 L/day. Suresh
and Shanmugan (2019) studied the effect of water flow in still
using novel materials. They used novel materials, e.g., a fin
with cotton, fin with jute, and paraffin wax as PCM. The
cotton fin and the jute fin were placed on the basin of the still,
and it was used as an absorbing material. Therefore, using a
fin with cotton wick enhanced the efficiency of around
70.02% than the fin with jute wick materials. The distillate
production of the still was 9.429 kg/m’.

A review of different methods used to augment the output
of the stepped solar still has been studied by Kabeel et al.
(2015) and found that stepped solar still needs a pump and
electrical power for its operation.

In order to eliminate extra power and pump require-
ments in this study, a novel stepped absorbable plate has
been incorporated in the CSS maintaining constant basin
water depth. The present study investigates how to im-
prove the distilled water productivity from single slope
stepped absorbable plates. The CHEDZ was formed by
chitosan, EDTA, and Chrysopogan zizniodes and proved
to be a super water-retaining material. At the same time,
Chrysopogon also has some medicinal uses, and it is used
in removing the foul smell. The absorbable plate is used
to retain water. It has high durability and swelling capac-
ity. Therefore, the performance of PSS using novel ab-
sorbing material was studied and comparison of the PSS
and CSS is carried out. The paper is structured as follows:
the “Experimental setup and methodology” section pre-
sents the experimental setup and methodology; the
“Durability and cost analysis” section the durability and
cost analysis; Methods used for analysis is investigated in
the “Methods used for analysis” section; the “Results and
discussion” section discusses the formulated results and
discussion; the “Comparison of yield of different solar
stills” section summarizes the comparative analysis in
terms of yield with earlier similar works; finally, the
“Conclusions” section highlights the main conclusions of
the detailed work.

Experimental setup and methodology
Experimental setup

The schematic and experimental diagrams of the PSS and CSS
are shown in Fig. 1 and Fig. 2, respectively. Two single slope
stills (one is CSS and other is stepped plates) were taken and
correlated for active and passive still for the productivity of
freshwater. The dimensions of the PSS and CSS are 0.60 x
0.50 x 0.09 m for both. The experiment was carried out in
Kamaraj College of Engineering and Technology, Tamilnadu,
India (9.5° N latitude and 77.96° E longitude). The side walls
of the still are coated with black paint to absorb the heat. Inlet
water and freshwater is collected through the inlet and outlet
pipes. Distilled water was collected in the 3-mm thickness
glass. The polystyrene foam acts as a better insulating mate-
rial. Therefore, the side walls of the still are covered with
polystyrene foam. The PSS is coated with absorbing material,
which is formed by the combination of chitosan, EDTA, and
Chrysopogon zizaniodes. The absorbing material is used to
retain the water on the steps. The water on the basin of the
PSS is circulated through a DC pump to the saline tank. A low
amount of water gets retained on the absorbing material, so
evaporation occurs rapidly. The temperatures of basin surface,
water, and glass are measured using a digital thermometer
with respect to time. The research is carried out from 09:00
am to 17:00 pm, and the readings were noted from December
to February 2020. The hourly variations of solar intensity
range 700-800 W/m?, and the daily mean solar intensity of
the day taken is 768 W/m>.

Materials preparation
Preparation of chitosan

The preparation of chitosan is as follows (Boudouaia et al.
2019): During the commencing stage, shrimp fish shells were
scrubbed completely with distilled water and then dehydrated
to eradicate waste water. The dehydrated fish shells were re-
duced using 1 normal HCL at a normal temperature of around
30 °C for a period of about 6 h. The reduced slag was cleaned
with distilled water until the pH turns around 6-7. The
demoralized fish shells were scrutinized in 3.5% NaOH solu-
tion at 65°C for 2 h, and discoloration was compassed with
NaOCl solution. The obtained samples were washed
completely with pure water, and the pH value was calculated,
being around 6-7. The resultant chitin was further dehydrated
and de-acetylated with 50% NaOH solution 100°C, and treat-
ed for 5 h incubation. It is further dissolved in 1% aqueous
acetic solution with mechanical stirrer to obtain homogeneous
viscous pale yellow solution. Finally, the resultant chitosan
was washed completely with freshwater, and the pH value
was measured, and the range was around 6.5 and 7.5.

@ Springer



57606

Environ Sci Pollut Res (2021) 28:57602-57618

(CHEDZ)

|
l.

——> Polystyrene

foam insulation

A) Proposed Still

Saline Water Tank

Stepped Absorbable Plates

Distilled Water Collecting

|| Distilled Water Collecting
Jar

e Polystyrene
foam insulation

B) Conventional Still

Fig. 1 Schematic drawing of the PSS and CSS. A Proposed still. B Conventional still

The chemical structure of chitosan is depicted in Fig. 3.
The viscosity of the substrate is given as 20-300 cP at 1
wt.% in 1% acetic acid under standard room conditions. The
chitosan (molecular weight : 3800-20,000 Da) powder of
around 6 g was taken, and it was weighed in a glass beaker
and blended with 5 mL of 1% acetic acid solution and stored
for about 30 min to get completely dissolved. It was then
adulterated with 100 mL distilled water and stirred at 25°C

Fig. 2 Photographic view of the
PSS and CSS. A Proposed still. B

Conventional still Saline Water

Tank

Stepped Absorbable

Water Collecting

Jar

@ Springer

for around 1 h. Various concentrations of chitosan 0 to 1 g at
100 mL of water were added under stirring. Therefore, the
chitosan powder was obtained after stirring at a speed of
around 100 rpm. The degree of substitution (DS) of the chito-
san was premeditated as 0.746, using DD value of chitosan
through the following Eq. (1) (Sabaa et al. 2015),

DS% = (7/12 x (C%/N%) + DD-4) x 100 (1)

B) Conventional Still

A) Proposed Still
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Fig. 3 Structural formula of chitosan

Preparation of CHEDZ

The CHEDZ composite film preparation is as follows (Xu
et al. 2005): The obtained chitosan powder of 6 g was taken,
and 3 g of Chrysopogon zizaniodes (Vetiver) was used. The
chitosan powder was immersed in 20 g of HCL solution for 5
h, and the chitosan powder was formed into a gelatine precip-
itate. Viscous pale yellow solution was obtained. The obtained
gelatine was mixed with Chrysopogon zizaniodes, and the
combination of these two samples EDTA solutions was used
to form a cross-linking agent. Therefore, the super absorbent
water-retaining material was formed, and it was named

CHEDZ. The schematic diagram of CHEDZ preparation is
given in Fig. 4.

Super absorbent polymer (chitosan, EDTA, Chrysopogon
zizanioides)

Super absorbent polymer differs from other types of polymer
because the superabsorbent polymer has more water absorb-
ing and retaining capacity; therefore, the superabsorbent poly-
mer is largely used in the production of diapers and napkins.
In a recent study, the superabsorbent polymer is used in agri-
cultural lands for retaining water during the rainy season and
utilizes the stored water during the time of drought. The water
is used for plant growth, giving better plant growth compared
to other processes. The super absorbent polymer can be pre-
pared from many materials but, in the present study, the su-
perabsorbent polymer was prepared from waste shrimp shells
and natural products: Chitosan, EDTA, and Chrysopogon
zizaniodes. The obtained super absorbent polymer was coated
on steps of the PSS, and it is compared with the CSS.

Solar absorbability The solar absorbability property of chito-
san shows a new developed absorption band at 300 nm with
alteration in spectrum. Chromophores at 250 nm band of ab-
sorption were degraded and new chromophores are generated
near 300-nm wavelengths. This increase in absorbance after
irradiation is suggested due to the increase in the formation of
new carbonyl and amino groups within chitosan (Sionkowska
2006). A new parameter called optical efficiency (Wang and

Shell Flakes

Chitosan
Powder
‘ \
Chrysopogon Ball Milling Vetriver Powder
Zizaniodes
(Vetiver)

0
HO._0
\i Hkon
A
Ha 07 oH
0
EDTA

Fig. 4 CHEDZ preparation

Hydrogel

Dry Hydrogel Film
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Laumert 2017) was analyzed for receiver materials with re-
spect to their designs. This gets influenced with the number of
cavity surfaces. The study confirms that surface cavity can
increase optical efficiency up to 90%. Chitosan material with
cavity surface is capable to increase solar absorbability in
terms of optical efficiency.

Swelling capacity The swelling capacity of hydrogel chitosan
was earlier discussed in Ritonga et al. (2019). The swelling
capacity of the polymer hydrogel is calculated by using
known weight of completely dry sample (W1) and 10 mL
distilled water (sink sample) (W2) at room temperature for
24 h. Swelling capacity (SC) % is calculated as 110.59%, by
using Eq. (2),

w2-w1
— X

SC% =
Wil

100 (2)

where

W1  weight of dry sample
W2  weight of wet sample

The swelling capacity of the material influences the prop-
erties of water absorption and condensation in stepped absorb-
er plates. The overall efficiency can increase up to 6% by the
implementation of CHEDZ material.

Methodology

The PSS has stepped type arrangement; it is called step type
solar still. The construction and dimension of the PSS are
similar to the CSS, but in PSS, solar still, internal steps are
added. The size of each plate is 0.13 x 0.50 m. The main
purpose of the steps in the PSS is to carry and hold the water
by using absorbing materials (CH-chitosan, ED-EDTA, Z-
Chrysopogan zizaniodes). The novel proposed system im-
proves the efficiency of the system (PSS) than compared to
the CSS.

Measuring devices

The experiment has suitable instruments to calculate the tem-
perature value of the solar still at different points with respect
to time, ambient temperature, wind velocity, solar radiation,
and the total amount of yield (output drinking water).

Temperature measuring devices The various temperatures are
measured by digital thermometers PM-10 (ranges from —50 to
110°C). The temperature increases during peak time at noon
and, thus, the freshwater productivity increases, and the effi-
ciency of solar still also increases. The five digital thermom-
eters were used to measure the basin water temperature, side
wall temperature, inner glass temperature, outer glass
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temperature, and the atmospheric temperature. These temper-
atures were collected for every hour from 09:00 am to 05:00
pm, and it is used for theoretical calculations.

Wind velocity The wind velocity is measured using an ane-
mometer every hour. In the work area, the velocity of wind
ranges between 2 and 7 m/s.

Solar radiation The intensity of solar radiation was measured
by using a pyranometer. It measures solar radiation from the
sun in W/m?. In this study, the intensity of solar radiation
ranges between 0 and 1.1 kW/m?.

The brackish water is fed to the still

continually.

* The level of the water was maintained constant in both
stills.

» The evaporative losses are reduced because the stills are
covered by the insulating materials.

* The direct and scatter radiation received from the sun is
absorbed by the glass cover.

Assumptions:

Uncertainty analysis

Several parameters need to be measured during the experi-
ment. These parameters are inside and outside still glass tem-
perature, basin sidewall temperature, basin water temperature,
environmental temperature, wind speed, solar intensity, and
quantity of output distilled water. Table 1 gives the tabulated
correctness of uncertainty for measuring instruments used. In
general, for any parameter /4, calculated or measured directly
from the experiment, the uncertainty / given as o;, could be
obtained by Eq. (3) as given below (Sohani et al. 2021),

S CERCE

where

o, and o, are the known uncertainty values of x and y
parameters either measured directly or calculated.
oh oh

& and 5 are their corresponding partial derivatives.

The dimensions of the solar still are measured directly
using measuring tape and steel scale with a correctness of +
0.1 cm and + 1 mm respectively.

Thermocouple temperature sensor The temperature measure-
ment is carried out by using a Digital Thermometer PM-10.
The thermocouple temperature sensor was used to measure
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Table 1 Correctness of discrete

measuring instruments S. No. Instrument Accuracy Range Standard uncertainty
1 Anemometer +0.1 m/s 0-15 m/s 0.05 m/s
2 Thermocouple +0.1°C 0-100 °C 0.05 °C
3 pH meter +0.01 0-14 0.005
4 Pyranometer £ 1 W/m? 0-5000 W/m? 0.57 W/m?
5 Distilled water flask +0.5mL 02L 0.28 mL

still temperature; ranged —50 to 110 °C with an accuracy of +
1 °C. It is also observed that the temperature increases until
noon with increase in still performance. The thermocouple is
used to measure various parameters like

*  Outer glass temperature

* Inner glass temperature

* Atmospheric temperature

* Side wall and CHEDZ temperature
* Basin water temperature

Anemometer The wind speed was measured by an anemom-
eter, ranged from 0 to 15 m/s by the correctness of + 0.1 m/s.

Pyranometer The solar ray intensities of radiation are calcu-
lated by using a pyranometer, ranged 0—1.2 kW/m? with a
correctness of 1 W/m?.

Water quality The distillate yield was calculated by a storage
tank, which has various levels for measuring the level of the
water and the capacity of the tank ranges between 3 and 4 L.
Water quality was analyzed and tested in the water testing
chemical laboratory. The different compound variables of
the water sample are experienced and analyzed. pH value
was determined by the pH meter, which is ranged from 0 to
14.

Uncertainty calculation of measured parameters

Solar still area (A) Area of still (A) is given by,
A=1xw

B —wand 2 =1
By using the proposed uncertainty equation from Panchal

and Sathyamurthy (2020),

wa 1oA \* /104 \?
XZ\/(ZWI) *(za“w)
T=VE) ()

wa  [(0.001 2+ 0.001)?
A 1 1

% =0.0014 (or) 0.14%

Durability and cost analysis

The durability of material used can be affected by wetness of
the isolated environment (basin) (Prakash and Velmurugan
2015). Table 2 depicts the durability comparison in years.
The comparison between CSS and PSS is depicted in Fig. 5.

The overall cost of the PSS and CSS includes the cost of
manufacturing, cost of insulating material, cost of measuring
equipment, cost of absorbing materials, and other contingencies
(Balachandran et al. 2021a). The labor cost and other cost de-
pend on the size of the desalination unit. The construction of the
system is simple; therefore, it requires less maintenance cost
(Balachandran et al. 2020b). It is also inferred that PSS has
faster payback period in comparison to CSS. The fabrication
cost of stepped absorbable plate using aluminum including the
preparation of CHEDZ is calculated nearer to 1000 (in INR).
Table 3 lists the cost analysis for the experimental study.
Table 4 shows the cost analysis of different types of stills.
From Table 4, it is clear that the work produces freshwater at
a rate of 0.032 $, which is lower than other types of stills.

i(1+1i)"
CRF = ——+— 4
(1+1)"-1 “)
FAC = P(CRF) (5)
i
SFF = —— 6
1+ -1 (6)
Table 2  Durability comparison (in years)
Items CSS PSS
Glass cover 5

CHEDZ stepped absorber plate -
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Fig. 5 Comparison of durability (in years)

ASV = S(SFF) (7)
AC = FAC + AMC-ASV (8)
CPL = /11\7C (9)
S=02P (10)
AMC = 0.15 FAC (11)

Net Profit = Water Production cost

—Maintenance cost—Feed Water cost—Operational cost.

(12)
where
CRF  Capital Recovery factor
P Present capital cost
FAC  Fixed annual cost
S Salvage value
SFF  Sinking fund factor
ASV  Annual salvage value
AMC Annual maintenance operation cost
AC Annual cost
M Average annual capacity
CPL  Cost per liter (Shalaby et al. 2016; Balachandran et al.
2020a)..
Table 3  Cost analysis
Particulars CSS PSS

Investment on still design and maintenance (costin ) 6500 7500

Feed water (cost in ) 15 15
Yield (L/m?/day) 247  3.05
Revenue/day 37.05 4575
Payback period (in days) 175 164

@ Springer

Methods used for analysis

Table 5 shows the main parameters employed on the PSS
design.

Analysis of energy

The thermodynamics laws are used to analyze the energy rate
at the fundamental step. The energy balance equation for the
stable flow operation of an open system is explained below.
The energy and exergy efficiency of the PSS and CSS has
diverse actions depending on climatic and operating environ-
ment. The energy efficiency of the PSS and CSS is defined by
heat losses from water to the overall net energy received from
collector surface of the PSS and CSS (Caliskan 2017;
Manokar et al. 2018; Balachandran et al. 2020a).

Enw,in + Ensolar,in = Enw.out + Enloss (13)
AEnw = Enw,out_Enw,in = myCp (Tw,out_Tan) (14)
Ensolar.,in = an (15)
EnlOSS = Qlas.v,conv + Qloss,md (16)
Qloss,rad = EUA(T‘Vltr4_Tair4) (17)
Qloss,canv = hA (TSWf_Tllfr) (18)
kNu
h=—— 19
i (19)
A
L==— 20
- (20)
Nu = (0.15)Ra'/? (21)
Ra— gcoscos (T SW_;—T air)L3Pr (22)
1%
AEn,,
n=—— 100 (23)
Nsolar,in

Exergy analysis

The exergy equilibrium for any process can be derived
from law of conservation of energy and second law of
thermodynamic. Energy analysis provides a perceptible
view of energy successfully applied to the system. On
the other hand, exergy efficiency offers a higher potential
useful energy that can be obtained from the solar still. The
exergy efficiency of the CSS and PSS is given by exergy
output of desertion to the exergy input to the CSS and
PSS (Ranjan and Kaushik 2013; Balachandran et al.
2021b).

Exw,in + Exsolar,in = Exw,out + Exloss + Exdest (24)
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Table 4 Relative expenditure breakdown for different stills

Solar still P CRF FAC S SFF ASV  AMC AC M CPL Reference
Transportable hemispherical wick 190 0.177 34 38 0.057 2 5 37 585 0.063  (Kabeel et al. 2010)
With pin finned wick 280 0.177 50 56 0.057 32 7.5 54.3 1001  0.054 (Kabeel et al. 2010)
With sponge and pond 250 0.177 443 50 0.057 3 6.6 479 731 0.065  (Kabeel et al. 2010)
With a shallow solar pond 1225 0.177 21.68 24 0.057 14 3.25 23.54 910 0.025  (El-Bialy et al. 2016)
Single slope 94 0.177 16.64 188 0.057 1.07 25 18.06 681 0.026  (El-Bialy et al. 2016)
With separate condenser 120 0.177 21.24 24 0.057 137  3.19 23.06 780 0.029  (El-Bialy et al. 2016)
With fin type 160 0.177 2832 32 0.057 1.82 425 30.74 429 0.071  (El-Bialy et al. 2016)
Proposed Still 116.5 0.177 20.62 233 0.057 132 3.09 2239 684 0.032  (Present work)
AEx,, = Exw.out_Exw,in (25)
Ty
Exww,; = myC, |:(Twﬁwt_To)_Tol}’l (T%,(()zm>:| (26) Exlnss,rad = Qlos.c‘rad <1_TSW/> (30)
T. . Exgess = Exoin + ExXsolar,in~EXow,ou=EX10ss (31)
EXyp.in = MyuCp [(Tw,,-nTo)Toln (%)] (27) Ex,
0 Sgen = —2* (32)
1/ To+273\* 4/ Ty+273 To
Exsotarin = Ensoarn | 1+ 3 (TW + 273) 3 (TW + 273)} (28) = AL, x 100 (33)
Exsalar,in
Ty
Exloss,rad = Qloss‘conv (1_Tsurf> (29) ST = L (34)
Table 5 Various parameters used
on the design of PSS Constraint Representation Rate
Glass temperature Ty 46 °C
Air temperature T.i=Ty 38 °C
Average temperature Tave 35°C
Sun temperature Toun 6000 K
Thermal conductivity K 0.03588 W/m °C
Kinematic viscosity A 0.00001608 m*/s
Prandtl number Pr 0.7282
6= T' [8) 0.00339867 K
Area ’ A 3m?
Perimeter P 7m
Characteristic length L= % 0.4285714286 m
Collector angle 0 30
cost) cos (30) 0.866025403
Acceleration of gravity G 9.81 m/s*
Emissivity E 0.9
Stefan Boltzmann constant (5.67) x 107 Wim’k*
Permeability A 0.88
Solar intensity Q 660 W/m?
Mass flow rate of water m,, 0.0155556 kg/s
Specific heat ¢ 4180 J/kg °C
Water inlet temperature Tin 25°C
Water output temperature Tour 31 °C
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Results and discussion

Performance of the PSS and CSS due to basin water
and collector cover temperature

The collector cover temperature shows a crucial aspect of the
output of the PSS and CSS as shown in Fig. 6. The different
factors such as collector cover, basin, wall, and saltwater tem-
peratures constantly increase and reached their highest value
in midday and decrease slowly and reach lowest value in
sunset hours. The increases in solar intensity are directly pro-
portional to the rate of increase in collector cover temperature.
From 9 am to 12 pm, temperatures increase gradually, and at
noon the temperature rises suddenly and attains its peak value
at 1 pm. During peak time, the temperature of the glass is 54
°C. After 1 pm, the glass temperature slowly falls down, and
during the time of 5 pm the temperature decreases.

The keen observation from Fig. 7 result fair reading of
basin temperature taken per hour reaches its peak values at
noon. During the time of 9 am, the basin temperature starts
increasing gradually. During 12 pm, there is a sudden rise, and
the temperature value increases linearly due to the presence of
absorbable stepped plates which retain the water on its basin
surface. Due to water retention on the PSS, the heat transfer
rate increases from the glass surface to the stepped plates of
the still. Therefore, the water surface is heated, and the basin
gets heated rapidly. At 1 pm, the temperature of the basin of
the PSS is around 64 °C, and it is maintained for a short time.
Then, the solar radiation starts to decrease, so the temperature
of basin water decreases slowly during the evening. During
the time of 5 pm, the basin temperature falls down to 45 °C.
The hourly variations of CHEDZ coated still temperature is
plotted in Fig. 8. From the graph, it is inferred that the CHEDZ
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Fig. 6 Hourly variation of glass temperature for the CSS and PSS
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Fig. 7 Hourly variation of basin water temperature for the CSS and PSS

retains heat until evening with respect to ambient temperature
and still temperature.

Performance of PSS and CSS due to the effect of solar
intensity, wind velocity, and ambient temperature

The keen observation from the result shows that the reading of
hourly solar intensity reaches its peak values at midday. The
graph also shows that temperatures were maintained maxi-
mum from 12:00 pm to 02:00 pm. The linear change in the
temperature denotes that the temperature decreases gradually
in a few hours between 02:00 pm and 05:00 pm. From morn-
ing 09:00 am to 02:00 pm, all the temperatures were rising
constantly due to solar intensity input to the PSS and CSS.
Figure 9 shows the graph of hourly variations of ambient
temperature. The atmospheric temperature reaches its
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Fig. 8 Hourly variation of CHEDZ temperature
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maximum value during the noon hour, and the peak value is
around 41°C during afternoon. The average value of atmo-
spheric temperature is around 35-38°C. Figure 10 explains
the disparity of solar intensity and wind velocity every hour.
It is noticed that from the figure, both solar intensities (1100
W/m?) reach a peak on 01:00 pm. After 1:00 pm, solar inten-
sity starts to decrease gradually due to the receiving of IR
radiation.

The productivity of solar still depends on wind velocity to a
certain extent. Beyond which wind velocity remains insignif-
icant towards yield. It is also noted that yield of the still in-
creases by 35% when wind velocity changes from 2.7 to 5 m/s
(Badran 2007). Yield starts to decrease by 13% between the
range of 9 m/s (Nafey et al. 2000; Kabeel et al. 2015). Wind
velocity at higher range may also affect evaporative and con-
vective heat transfer coefficients (Nafey et al. 2000). Figure 7
shows the hourly variation of wind velocity with respect to
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Fig. 10 Hourly variation of wind velocity and solar intensity

time. For the particular test day, the wind velocity is maximum
with 6.5 m/s at around 5 PM. By 1 PM, the yield increases to
its peak with ambient wind conditions. Figure 10 depicts the
experimental variation that is studied in comparison between
CSS and PSS with respect to wind velocity (Fig. 11).

Effect of water depth

The yield productivity strongly depends on parameters like
intensity, constant depth, and geometry of the basin. Various
literature studies have investigated the effect and impact of
water depth in the still and reported that maintaining constant
depth throughout the experiment gives high efficiency. It is
evident that yield increases with minimum water depths. The
determination of optimal water depth may increase reasonable
still performance. Furthermore, increase in basin water de-
creases output yield (Jamil and Akhtar 2017).

However, maintaining a water depth constantly for every
hour is assumed for enhancing the yield. During maximum
intensity with constant depth, the temperature of water inside
the basin may increase up to 20%. This happens with respect
to increased basin temperature (Kumar et al. 2017). Earlier
investigation on stepped solar still has brought a greater pro-
ductivity yield of 6.7 L/day considering lower depth. The
variation in evaporation rate was observed mildly in conven-
tional stills and high for stepped stills. Hence forth, it is sug-
gested to ensure minimum constant depth has low volumetric
heat capacity so as to increase heat transfer capabilities
(Alaudeen et al. 2014). This infers that yield productivity di-
rectly relies on solar irradiation and inversely proportional to
the depth of water (Sathyamurthy et al. 2014). Thus, yield can
be increased up to 57.8% in response to constant depth
(Kabeel et al. 2012).

Effect of absorbing material on yield

Figure 12 gives hourly variation of yield from the CSS and
PSS. As solar intensity increases from sunrise hours to mid-
day, yield increases during these hours and reaches a
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Fig. 11 Variation of productivity with respect to wind velocity
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Fig. 12 Hourly variation of the yield from the CSS and PSS

maximum around noon hours and starts decreasing because
the solar intensity also decreases and reached minimum value
during the sunset hours. Furthermore, it is noted that both
freshwater production and water temperature reach their
maximum during the same time. The freshwater obtain-
ed during the initial stage was minimum. The highest
amount of freshwater was obtained from 11:00 am to
15:00 pm. The maximum output of 1 L/m* was obtain-
ed during the peak hours from the PSS. The yield from
the CSS was 0.6 L/m?, obtained during peak hours. Due
to water-retaining material coated on the stepped plates,
the productivity of water was increased during peak
hours at 01:00 pm, which is much more than the
CSS. The higher output was produced from the PSS
than the CSS as the evaporation rate on PSS is in-
creased due to higher basin water temperature on the
PSS. The cause for the consistent augment in water
temperature is due to that a very few amounts of water
present on the steps which get evaporated quickly.
Maximum difference was 0.4 L/m” between two stills
in the peak hours, and distillate yield was more in the
PSS than the CSS. The aluminum steps are used to
transfer the heat to water retaining on the steps of the
PSS. By using a super water-retaining material, the
evaporation rate would increase and, thereby, the distil-
late output would be more.

Thermal efficiency analysis of PSS and CSS

Figure 13 represents the hourly thermal efficiency variations
of the PSS and the CSS. For CSS, the value of thermal
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Fig. 13 Hourly variations of thermal efficiency for the CSS and PSS

efficiency at 09:00 am was 10.67%, which is minimum due
to the low amount of solar intensity, and during the evening at
17:00 pm the thermal efficiency was 38.66%. For the pro-
posed, the value of thermal efficiency at 09:00 am was
16.37%, which is minimum due to the low amount of solar
intensity, and during the evening at 17:00 pm thermal efficien-
cy was 47.5%. At 17:00 pm, efficiency is higher than morning
hours because the output constantly takes place even later than
the sunset hours.

Rate of energy, rate of exergy, and efficiency of
energy rate and exergy rate

Net energy rate is the amount of energy input rate of water
with losses. The incoming energy rate, loss rate, and energy in
the nature of heat are 1728, 735, and 358 W, respectively. The
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Fig. 14 Analysis of various energies of solar still
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input energy lost is because of convection and radiation.
Radiation heat losses are the major loss compared with con-
vection losses because the entire system is operated by solar
energy, which mainly depends on the heat transfer mecha-
nism (Caliskan 2017). The rate of augment in energy effi-
ciency is based on heat transfer rate from the stepped plates
to basin water surface, which enhance distilled water output.
The energy efficiency of the PSS is 18.34% higher than the
CSS as listed in Fig. 14.

The exergy rate analysis is a comparison between net
energy rate of water, energy loss rate, solar exergy rate,
and exergy destruction rate. From this, the incoming rate is
calculated as 16.5, 55.63, 1508.37, and 1478.2 W, respec-
tively. From the experimental setup, the energy efficiency is
found to be 18.34%, and the exergy efficiency is found to be
0.45%. Therefore, from the results as listed in Fig. 15, it was
observed that the efficiency of the energy rate is higher than
the efficiency of the exergy rate.

The efficiency of the system is shown in Fig. 16. The
energy efficiency rate of the system is estimated to be
18.34%, whereas the exergy efficiency is determined by
0.45%. This shows that exergy is the available energy, and
it is associated with the environmental conditions of the sys-
tem. It reports that exergy is a useful part, and a maximum of
it is destructed due to irreversibility.

20 ERT}

Efficiency (%)
s

035

Energy efficiency

Exergy efficiency

Fig. 16 Efficiency results of energy and exergy rates

Table 6 Comparison of different methods

Reference

Yield

Experimental work done

S. No.

(Alaian et al. 2016)

3.15L
1.42L
3.03L

CSS with pin finned wick materials

(Balachandran et al. 2020)

Enhancing the performance of the CSS using film cooling and hybrid composite insulation

(Bhargva and Yadav 2019)

CSS with various wick elements

(Gnanaraj and Velmurugan 2019)

(Khandagre et al. 2019)
(Kabeel et al. 2017)
(Ni et al. 2018)

1.880 L
434L
453L
25L

CSS with various basin materials

Enhancing the output of double slope still using phase changing materials

Performance enrichment of the still using efficient heat exchange mechanism

Performance of the still by salt rejecting floating solar still

(Pal et al. 2017)

450L
8.1L

Performance analysis of dual slope wick still

(Patel et al. 2019)

Enhancement of the still by integrating evacuated tubes

(Srithar et al. 2016)
Present study

Performance enhancement of the still by triple basin still with cover cooling and parabolic dish concentrator 2.75L
3.05L

10.
11.

CSS with stepped absorbable plates

@ Springer



57616

Environ Sci Pollut Res (2021) 28:57602-57618

Comparison of yield of different solar stills

The comparison of yield of CSS using novel materials is sum-
marized in Table 6. The output is higher in the case of inte-
grating evacuated tubes in the solar still. The comparison of
yield mainly depends on the type of material used in the solar
still, and it is used to augment the output. In the present study,
a solar still desalination by using a novel super absorbing
material which consists of chitosan, EDTA, and
Chrysopogon zizaniodes has produced the maximum yield
of 3.05 L/day.

Conclusions

In the present study, water desalination is done on absorbable
stepped plates using novel absorbing materials, and it is tested
under Indian climatic conditions. Mohammed (2013) men-
tioned a 75% rise in productivity with stepped plates and
using reflectors. Alaudeen et al. (2014) also concluded that
PSS with stepped plates increased the productivity to 16%
with respect to CSS. Therefore, two stills have been designed,
one with stepped absorbable plates and the other with conven-
tional CSS. The absorbing material has a high tendency to
retain more amount of water. In addition to this, the water
on the basin surface of the still is circulated using a DC motor.

» The distillate water is taken, and it is measured by the pH
meter, and it is compared with the standard water quality.
The results revealed that the water is toxic-free, and it is
safe for drinking purposes.

» The distillate yield of the PSS was obtained to be 3.05
L/day, whereas the yield of the CSS is 2.47 L/day.

* The proposed still produces a maximum yield of 0.98 L
during 01:00 pm, while the CSS produce a maximum
yield of 0.57 L.

*  The thermal efficiency of still reaches its maximum in the
noon time between 12:00 pm and 13:00 pm, and the peak
value attained is 65.46%.

* Both stills are covered using polystyrene foam insulation
and, therefore, act as a perfect insulating medium.

* The waste shrimp fish shells were taken, and it is used for
the preparation of chitosan, and it acts as a better absorb-
ing material.

» The Chrysopogon zizaniodes is used along with the ab-
sorbing material. It helps in removing bacterial accumula-
tion, and it is used to remove bad odor.

* In comparison with the CSS, the PSS are close to the top
surface, and the losses are less from reaching the glass
surface to the basin surface, and it is used for improving
the efficiency of the PSS.

@ Springer

Abbreviations EDTA, ethylene diamine tetraacetic acid; CHEDZ, com-
posed of chitosan (obtained from waste shrimp shells), ethylene diamine
tetraacetic acid (EDTA), and Chrysopogon zizaniodes; PSS, proposed
solar still; CSS, conventional solar stillNomenclature En,,;,, energy
input rate of the water; Eng,yyy, in, SOlar energy input rate; £n,,, ., €nergy
output rate of the water; Eny,,, energy rate of the system; o, permeability
of the system; ¢, solar radiation rate and collector area; A, area; Enyg,
energy loss rate of the system; Qjygs, com» cOnvection heat loss rate; Ojpss,
rad» Tadiation heat loss rate; €, emissivity of the system; o, Stefan
Boltzmann constant; 4, convection heat transfer coefficient; 7,5 slass
surface temperature; 7, air temperature; &, thermal conductivity; Nu,
Nusselt number; L, characteristics length of the system; Ra, Rayleigh
number; G, perimeter; Pr, Prandtl number; v, kinetic viscosity; 6, angle
of the solar collector; 7, dead state temperature; 7y,,,, sun temperature;
T\, > collector input temperature; Ty, ,,.» collector output temperature;
m,,, mass flow rate; ¢, specific heat; «, permeability of the system; Oy,
rad» convection heat loss rate; Qjogs, com» radiation heat loss rate; T,z
glass surface temperatures; Ex,, ;,, exergy input rater of the water; Ex,,
oun €Xergy output rate of the water; AExy, net exergy rate of the water;
Engopar, in, sOlar energy input rate; Exyo/qr, i, S0lar exergy input rate; @ SI,
sustainability index; EXjygs. a0, radiation exergy loss rate; EXiogs. coms
convection exergy loss rate; Ex,,,, exergy loss rate of the system;
Exgeq, exergy destruction rate of the system; S,.,,, entropy generation rate
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