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Abstract

The availability of reliable sources of potable water is a challenge for most people around the world. Solar desalination is an
economic and sustainable technology for potable water production, as it uses abundantly available solar energy. However, the
performance of solar stills is yet to match with existing conventional desalination techniques. The current study focuses on
experimental investigation and performance improvement of solar desalination system with thermal storage material (peb-
bles) at different basin water depth varying from 0.5 cm to 2.5 cm. The solar desalination unit having a basin area of 3600
cm? is used for this research work. The thickness of tilted glass cover is 4 mm, making an angle of 20° with the horizontal

surface. The highest productivity is obtained at 1.5 cm water depth with pebbles. Economic analysis has also been conducted

for service lives of 15, 20 and 25 years.
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Introduction

Water is very essential element on the earth crust and every
living organism on the earth depends on water for his/her
survival. About 70% of the earth’s surface is covered with
water, of which less than 1% is found in lakes, rivers, and
marshes, 30% is found underground, and 69% is found in
glaciers (Yadav et al. 2013; Arora et al. 2017; Bytyc et al.
2018; Alagan et al. 2023). Due to continuously rising global
population, the need for drinking water is increasing day by
day. Various needs of community development like industri-
alization, farming exercise for food are more dependent on
water (Venkatesh et al. 1989; Kumar et al. 2012; Elsaid et al.
2020). Now the concept of recycling and reuse has been tre-
mendously increasing during last few years. Recycling and
reuse technique has been used in order to save every single
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drop of water for human mankind (Pal et al. 2017; Pal et al.
2018; Chauque et al. 2021).

According to UN Water progress report 2021, new tech-
nology needs to be developed for fresh water production.
Recently, government of India issued a gazetted notification
that we can drop the treated water into water bodies which
will make a great benefit for the meeting the demand of
human kind in terms of industrial, agricultural and domestic
needs (Saadat et al. 2018; Chandanshive et al. 2018; Pratap
et al. 2023; Srivastava et al. 2022). In developing nations,
inexpensive natural wastewater treatment methods are highly
beneficial (Hoff et al. 2019; Wang et al. 2019a, b). The cost
of treatment is under the manageable condition of those fam-
ilies who have very less source of income for their survival
(Zhu et al. 2019). The low cost technologies are also useful
as they can be run without technical staff and need limited
financial support. Unconventional low-cost wastewater treat-
ment technologies are needed specially for rural communi-
ties. (Nafey et al. 2002; Kaviti et al. 2018; Rawat et al. 2018).

Distillation is a separation process involving phase
change from liquid to vapour (evaporation) with the help
of a suitable heat source followed by phase change from
vapour to liquid (Condensation) (Kushwaha et al. 2011).
The performance of the solar still strongly depends upon
climatic conditions like wind velocity, relative humidity,
water basin depth, solar intensity. Relative humidity has an
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inverse relationship with the performance of solar stills. The
yield of the solar still is marginally increased by wind speed.
A solar still requires no electricity for evaporation and no
moving part is involved (Nazemi et al. 2018; Bagheri et al.
2021). Water is the basic requirement for the survival of
human life, without which, human life is supposed to be not
possible even for 3-5 days. Humans can live without food
for a month, but they cannot live without fresh water for a
week. Hence, water is a fundamental necessity for human
life (Kabeel et al. 2012; Hocaoglu et al. 2019; Wang et al.
2019a, b; Sen et al. 2023). Every country in this world need
potable water for their development as it is the basic need of
industries, schools, hospitals etc. (Garg et al. 2000; Compain
2012; WHO 2017; Gracia-Lor et al. 2012; Hejna et al. 2020;
Malik et al. 2024).

Almost everything like daily food, washing clothes can-
not be done without use of water and the scarcity of water
affects the economic growth of any country adversely and
also degrades the quality of life (Glatzmaier et al.1990; Jose
et al. 2008; Manokar et al. 2014; Dawn et al. 2021). A lot
of research is going across the world for the production of
freshwater and use of solar still in the process of desalination
is a step forward activity for this. There are several materials
like nano-fluids, reflectors, water heating system, heat stor-
age materials that are used to enhance the productivity of
solar still (Abed et al. 2017; Zhanget al. 2018; Nigam et al.
2019). Several thermal storage materials e.g. pebble, sand,
gravel, bricks, marble have been used in the past to increase
the productivity of the solar still (Qureshimatva et al. 2015;
Singh and Dwivedi 2017; Li et al. 2021). This technology is
innovative as it uses solar energy to separate impurity from
water. Human health may suffer if contaminated drinking
water is consumed (Chen et al. 2021a; Chenet al. 2021b;
Chithra et al. 2022). Thus, the drinking water crisis can be
resolved with this low-cost sustainable method. Using vari-
ous thermal storage materials with different conductivities
has greatly increased the solar distillation unit’s production.

The novelty of current study is to investigate the per-
formance enhancement of a single slope passive type solar
still with basin surface area as 0.6 X 0.6 cm?. Due to its sim-
ple construction, economical, low maintenance and smooth
operation, it might be proved especially useful for desert
area, where access to suitable and sufficient fresh water
is lacking. It generates potable water in an environment
friendly manner. A passive solar still with a single slope
was designed and fabricated for the current study. The solar
still’s performance is investigated for consecutive five days.
This work is especially interesting as the performance
enhancement of solar distillation system with thermal stor-
age material (pebbles) is evaluated. The pebbles absorb solar
heat during sun shine and this stored heat is released during
off-shine hours, enhancing the evaporation rate inside the
still and hence solar still’s performance has been increased.

Further, the yield of solar still was also investigated for dif-
ferent water basin depths. The solar still’s economic analysis
has also been carried out and comparison with similar works
is also provided.

Materials and procedures
Setup for an experiment

A passive type solar still (single slope) was constructed
on the rooftop of Chemical Engineering Department, IET
Lucknow, U.P. (Latitude 26°51° N and longitude 80° 56’
E) using galvanized iron sheet available in the local market
(Fig. 1). The solar still side walls and basin are fabricated
of 1.5 mm thick galvanized iron (GI) sheet with its thermal
conductivity and density as 50 W/(m—K) and 7800 g/cm?
respectively. The operating areas of solar still are considered
like total basin area, effective condensing area and effective
evaporative area are 0.6 X0.6 m?, 0.6 x0.64 m? and 0.6 0.6
m? respectively. The height of north and south walls of solar
still from the basin surface was taken as 0.37 m and 0.15 m
respectively. However, to increase the solar absorption,
complete internal area of the basin has been painted with a
black dye so as to enhance the thermal performance of the
experimental setup (Pal et al. 2017; Shakya et al. 2018). The
setup has been covered with 4 mm thick toughened glass,
which maintains its superb optical qualities to ensure that
the saline water in the water basin receives the maximum
amount of solar heat exposure. The cover glass’s inclination
angle was set to 20 degrees to maximize the system’s expo-
sure to solar radiation, which is considered as an optimal
angle and its thermal conductivity and density as 1.3 W/

Glass cover

“

nocouple wires

Fig. 1 Setup for an experiment
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(m—K) and 2.52 g/cm’ respectively. At this inclination angle,
condensate film on inner surface of the cover glass ensures
to flow smoothly (Patel et al. 2020a, b, c). The set-up has
been made air tight with the help of silicon sealant. Ther-
mocol has been used to insulate solar still because it has a
low thermal conductivity of 0.035 W/(m-K) and the density
of 10 g/lcm>. Feed water has been put in a 20 L water bot-
tle which flows out through action of siphoning. The whole
chamber has been made air tight so that there is no leakage
from the system.

Experimental procedure

The experimental investigation has been performed from 25
to 29th February, 2024 with pebbles, at different water depth
between 0.5 cm and 2.5 cm (with an increment of 0.5 cm).
All the readings were taken in triplicate (Kumar et al. 2025).
The basin water depth was determined to be 1.5 cm corre-
sponding to maximum yield output.

The temperatures of basin, inner and outer glass surface,
ambient temperature along with wind velocity have been
measured on hourly basis from 7:00 h to 19:00 h, during
the experiment.

Size and quantity of thermal storage materials

The experimental investigation has been performed by using
the thermal storage material (pebbles) with fabricated single
slope solar still at different basin water depths. For the exper-
iment, 2.0 kg of pebbles with an average size of 30—40 mm
are used. The smaller diameter pebbles yield more in com-
parison to larger diameter pebbles. Thermal energy can

Fig.2 a Pebbles, b pebbles in
still, ¢ operating still with peb-
bles, d solar power meter

@ Springer

Pebbles

be effectively stored by pebbles due to its higher thermal
conductivity. Pebbles increase the solar still’s efficiency by
expanding the surface area that is accessible for heat transfer.
The following formula Q = mc,ATcan be used to calculate
the amount of energy stored in the thermal storage material.
Where, Q =heat stored in the material (J), m =mass of stor-
age material (kg), C,=specific heat capacity of material (J/
kg.K), and AT =temperature difference (K). The measure-
ment of solar radiation is made using solarimeter. Various
stages of experiment using pebbles are shown in Fig. 2.

Operating principle of solar still

In solar desalination process, the solar still’s basin is charged
with feed water. Solar radiations enter the still through the
top of the glasscover surface. Due to greenhouse effect cre-
ated by the glass surface, the temperature of brackish water
rises. The solar still is insulated with thermocol from all
sides to minimze heat loss. The water gets evaporated by
absorbing solar thermal energy and water vapours are cre-
ated. The molecules of the vapour near the walls collide with
it through molecular collisions and adhere to it in order to
release heat and undergo a phase transition from vapor to lig-
uid during the condensation process.The condensate makes a
thin layer on the inside surface of the glass as it flows down-
ward due to the cover glass’s slope. Since the glass cover’s
slope is optimized, condensate could adhere to the surface
and flow easily. Finally, the condensate is received with the
help of collection pipe in a measuring jar. This is illustrated
below in Fig. 3 (Subramani et al. 2015; Zarzoum et al. 2017;
Patel et al. 2020a, b, ¢; Khan et al. 2022).
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Fig.3 Schematic of single slope
solar still

Brackish

Collection tank

Uncertainty analysis

Uncertainty refers to the range, within which, the true value
of any measurand may lie. Each measurement includes some
uncertainty. Therefore, it becomes necessary to carry out
uncertainty analysis for experimental works (Farrance et al.,
2012). It may broadly be classified as internal and external
uncertainty. Internal uncertainty refers to the uncertainty
associated with the measurement process while external
uncertainty is due to other reasons including instrumental
uncertainty.

The internal uncertainty for the experimental work is esti-
mated using the following expression (Patel et al. 2020a,
b, ¢)

2 2 24 2
\/0'1+0'2+0'3+ +o;
U, = N

6]

3 Z<Xi_)_()2 )

%Internal Uncertainty = —
Mean of total observation (X )

3
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e 60cm —_

where, U, is the internal uncertainty, o is the standard devia-
tion, N is the number of sets, X; — X is the mean deviation,
and N, is the number of observations.

The external uncertainty is mostly caused by the meas-
urement devices employed during the experiment. As a rule
of thumb, the uncertainty of a measuring device should be
within 20% of the least count (Son et al. 2020).

The accuracy of measurement results can be affected by
instrument uncertainty. Thermocouples, temperature indica-
tor, anemometers, and measuring cylinder are some of the
instruments used to measure various parameters during the
experiment. The temperatures at different location within
the still are measured using thermocouples (type-T, Copper/
Constantan). A summary of the instruments’ technical specs
is listed in Table 1 (Petersen et al. 2019).

Thermal efficiency of solar still

The solar system’s overall thermal efficiency still is
defined as the ratio of the total distillate output (total heat
transfer rate) to the total heat input (the total amount of heat
incident as solar thermal radiation) into the solar still (Garg
et al. 2015; Sharron 2015). It is represented as follows:

_ Z Mg, X Lvap
0= 310 x A, x 3600)

“

Similarly, the single slope solar still’s overall thermal effi-
ciency can be expressed as follows:
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Table 1 Technical specifications

. S. No Instrument Accuracy Range
of instrument used
1 Solar power meter (Tenmars, TM-206) +1 W/m? 0-1200 W/m?
2 Calibrated thermocouple (T type) +1°C 0-250 °C
3 Digital temperature indicator (12 channels) +5°C —20-450 °C
4 Anemometer (AVM-01, MATRAVI) +5% 0-30 m/s
5 Humidity (HD-303) & Temp=+1°C Temp (10-60 °C)
Temperature (HTC) meter RH+5% RH (0-100%)
6 Measuring cylinder +5mL 0-500 mL
Zi:iz mew X Lvap 10009 —m— 25-02-2024
W= <100 ®) -
i) Opu > dt so0| 25
The values of I(t)input and I(t) are considered as zero §
when there is no sunshine, where I(t) and I(t);,,, are the 5 7
solar intensities (W/m?), m,,, is the mass of evaporated water 5
(kg/m?), L.,p 1s the latent heat of vaporization (kJ/kg), and n, &: 4005
is the overall thermal efficiency (Pratap et al. 2013; Awasthi §
et al. 2018; Singh et al. 2023). 200
The following formula can be used to determine the latent
heat (heat of vaporization): 0 ———— —

L,, =3.1615x 10°[1 = (7.616 x 10* x T, )] for T, > 70°C
(6)

v

L, =2.4935x10°| +(1.3132x 10 x T?) |forT, <70°C
—(4.7974 x 107 x T?)

1-(9.4779x107* x T,)

(N

Result and discussions

The performance of passive type solar still has been stud-
ied based on operational parameters such as thermal stor-
age material (pebbles) and water basin depth. The pebbles
absorb solar energy during sun shine. The stored energy is
released during off-shine hours enhancing evaporation rate
inside the solar still and hence, the solar still’s performance
has been increased. The different water depth used in this
experiment varies from 0.5 cm to 2.5 cm with an increment
of 0.5 cm daily. Hourly readings are taken from 7:00 h to
19:00 h, during the experiment.

Figure 4 depicts the variation (hourly) of solar radiation
during 25-29 February, 2024. The solar radiation progres-
sively rises until mid-day (noon time) and after that it falls
till evening. The maximum amount of solar radiation was
observed to be 840 W/m? at 14:00 h on 29 February, 2024.

Figure 5 shows the variation (hourly) of ambient tem-
perature during 25-29 February, 2024 and the maximum
ambient temperature was observed to be 28 °C at 14:00 h on
29 February, 2024. Figure 6 represents the variation (hourly)

@ Springer
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Fig.4 Hourly variation of solar radiation with solar time
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Fig.5 Hourly variation of ambient temperature with solar time

of temperatures (basin, water, and vapour) inside the still.
The maximum basin, water and vapour temperatures were
recorded to be 38.7 °C, 36.5 °C, and 37.2 °C at 13:00 h on
27 February, 2024, respectively. At first, the temperature in
the basin surface is lower than the ambient temperature. The
temperature of basin surface rises quickly as the ambient
temperature rises due to the greenhouse effect. The glass
cover’s surface and the black paint or dye’s ability to absorb
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Fig.6 Hourly variation of basin, water & vapour temperatures on
27.02.2024 with solar time

solar heat combine to provide a greenhouse effect. The basin
water begins to heat up and evaporate because of the rising
temperature in the basin. The vapour temperature is found to
be higher than that of water temperature because it contains
latent heat of vaporization. The water vapours condense
upon contact with the inner surface of glass cover as the
inside temperature (glass cover) is significantly lower than
the vapours. The entire process is driven by the temperature
differential between the water and inner glass cover surface.

The variation (hourly) of outer glass cover and inner glass
cover temperature are represented in Fig. 7. The maximum
amount of glass cover temperature at inner and outer sur-
face was recorded to be 37.2 °C, and 34.9 °C at 13:00 h
respectively.
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Fig.7 Hourly variation of inner and outer glass surface temperature
with solar time

Thermocol, an insulating substance, prevents heat loses
from the solar still in atmosphere. The yield of the solar
still (hourly variation) with the effect of thermal stor-
age material (pebbles) is shown in Fig. 8. The variation
(hourly) of yield is found to follow the solar radiation
exposure. It is found that the hourly variation in yield fol-
lows the solar radiation. The maximum hourly yield was
recorded to be 152 mL/h at 13:00 h on 25 February, 2024.
In order to improve the evaporation rate inside the still and
enhance its performance, the pebbles absorb solar heat
during the sun-shine and release it during the off-shine.
Pebbles improve the properties of heat transfer, which
increases the rate at which basin water evaporation occurs.

This can be majorly attributed to excellent thermal
properties of pebbles. Pebbles improve the rate of heat
transfer of basin water by efficiently absorbing solar heat.
Consequently, the evaporation rate rises, increasing the
solar output even further. The variation of cumulative
yield of the solar still is shown in Fig. 9.

The experiments were conducted at IET, Lucknow at
five different basin water depths (0.5, 1.0, 1.5, 2.0 and
2.5 cm). The yield of solar still is significantly influenced
by the basin water depth. The maximum cumulative pro-
duction was found as 932 mL at a water depth of 1.5 cm
in the basin. The yield evaluated at the lower water depth
(1.0 cm) was as 7.19% lower than the results obtained at
the 1.5 cm basin water depth. At the higher water depth
(2.0 cm), it was as 6.9% lower than the results obtained
at the 1.5 cm basin water depth. Yield comparison with
relevant earlier works is furnished in Table 2.

160 9 _m 25.02-2024 (0.5 cm)
—8— 26-02-2024 (1.0 cm)
140 ] —A—27-02:2024 (1.5cm)
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Fig.8 Hourly yield variation of solar still with solar time
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1000 - Table 3 Cost of materials fabrication for a single-slope solar still
854 865 868 839 Components (R
8004 f Galvanized iron sheet (2 mm thick) 1100
_EI Iron stand (Basin) 1800
E 600 4 Insulation material (Thermocol) 220
g Glass putty 130
2 PVC pipes 430
g 400 Glass cover (4 mm) 2x600=1200
§ Thermocouples (type-T) 200
< - Pebbles cost (2.0 kg) 120
Total cost (P,,) 5200/—
B *Above costs are based as per local market rate
- T
1.0 1.5 2.0 25

Basin water depth (cm)

Fig.9 Variation of cumulative yield of solar still with basin water
depth

Table 2 Yield comparison with earlier works

Material Used Yield (L/m?) References

Pebble 1.30 Balaji et al. (2019)
Sandstone 1.80

Basalt 1.75

Basalt 1.07 Mohamed et al. (2019)
Pebbles 2.80 Arunkumar et al. (2020)
Clay ball 2.87 Prasad et al. (2024)
Black painted clay ball 343

Pebbles 2.58 Present study
Economic analysis

Economic analysis is a crucial factor in order to assess the
setup’s feasibility in terms of the total cost of labour and
materials, which includes maintenance cost and operat-
ing costs, as shown in Table 3. In Table 4, the economic
analysis is represented. The capital cost of the solar still is
Rs. 5200 (P, =5200/-). Annual maintenance is calcu-
lated as 12% of capital cost, while interest is calculated as
15% of capital cost. The market price per litre for drinking
water is considered to be Rs 20/. In this research, 320 days
that is considered as clear days because it is anticipated
that solar energy will produce yields on these days. The
remaining forty-five days are considered as completely or
partially cloudy, meaning that incident solar energy is non-
productive (Yadav 2017; Pal et al. 2017; Patel et al. 2021).

Based on the following equations, the parameters that
were used in the economic analysis are determined:

(i) Capital recovery factor (CRF) is calculated by:

@ Springer

Table 4 Economic analysis of the solar still

Type of cost Cost (Ry)

Solar still’s life (n) 15-years 20-Years 25-years
Principle cost (P,) 5200 5200 5200
Capital recovery factor (CRF) 0.15 0.134 0.127
Sinking fund factor (SFF) 0.03 0.03 0.03
Salvage value (SV) 624.00 624.00 624.00
Initial annual cost (IAC) 76440 691.60  660.40
Annual salvage value (ASV) 140.40 6741 39.00
Annual maintenance cost (AMC) 114.66  103.74  99.06
Total annual cost (TAC) 265.92  262.06  259.37
Annually yield (AY) 464.00 464.00  464.00
Annually useful energy (AUE) 290.92  290.92  290.92
Annually fresh water (ACFW)cost/lit  1.65 1.49 1.42
Annually fresh water cost / KWh 2.63 2.38 227
Net profit (NP) 6195.60 8588.40 9500.20
Payback period (PP) 268.58  193.75  175.15
CRF =i(1+)"/{(1 +i)" =1} (8)

where n=solar still’s life service and i =annual interest rate.
(i1) Initial annual cost (IAC):

AFC =(CRF)X P, )

(iii) To calculate annual salvage value (ASV):
For each system, Sinking fund factor (SFF):

SFF=i/{(1+)" -1} (10)
Thus, (ASV) is as follows:
ASV = (SFF) X P, (11

Since maintenance is required for the solar distillation
system, the following formula should also be used to cal-
culate the annual maintenance cost (AMC):
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AMC = 0.15 X AFC (15%of the annual firstcost) (12)
Net Profit(NP) = AY X IMCDW — ACFW) (13)
Payback Period (PP)
= P,/ NP X Operational days in a year (320days) (14
(a) Total annual cost (TAC) per

m?=(IAC+AMC — ASV).
(b) Annually yield (AY)=(320 days x daily average yield)
(c) Annually useful energy (AUE) = (latent heat of
vaporization X AY)
(d) Annual distilled water cost/lit=(IAC/AY)
(e) Annual distilled water cost/kWh = (IAC/AUE)

Implications and limitations

The performance of a small size single slope solar still is
investigated and optimized w.r.t. basin water height using
thermal storage materials. The outcome of the work is useful
for scale up of this sustainable solar desalination method.
Instrumental uncertainty and exclusion of wind velocity and
humidity constitutes the major limitations of the work. Wind
velocity and humidity are considered to be redundant varia-
bles as their variation is insignificant during the investigation
period for the geographical location of Lucknow, UP, India.

Conclusions

This study of a passive type solar still with single slope that
is made of galvanized iron (GI) sheet at IET Lucknow in
February 2024. Thermal storage material (pebbles) was
used to improve the performance of the fabricated solar
still. Experiments were conducted with various water basin
depths, ranging from 0.5 cm to 2.5 cm. The maximum global
radiation was found as 840 W/m? on 29 February at 14:00 h.
This maximum radiation indicates the abundance of solar
energy used for the solar desalination process. The maximum
ambient, basin, water and vapour temperatures were found as
27 °C, 25 °C, 27 °C and 28 °C respectively. The maximum
hourly yield is observed to be 152 mL/h with 0.5 cm basin
water depth. However, the maximum cumulative yield was
found 932 mL/day at 1.5 cm water basin depth. The payback
period is calculated as 269, 194, and 175 days for a 15-year,
20-year, and 25-year life, respectively.

These results highlight the promising future of small-
scale, affordable solar still systems. Further performance
enhancement can be investigated by using other suitable
methods.
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