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Abstract: A solar still is an eco-friendly device that makes use of ample solar energy for the purifica-
tion of water. The main objective of this research is to increase the yield output of a double-slope
solar still (DSSS) by coupling the basin liner with copper tubes and parabolic fins. In this work, the
experiments were supervised for nine days with three different cases. For these experiments, copper
tubes with thickness of 2 mm, outer diameter of 32 mm, inner diameter of 28 mm, and parabolic
fins with 30 mm diameter and 50 mm height were considered. In the first case, non-coated copper
tubes (NCCTs) were used, in the second case, coated copper tubes (CCTs) were employed, and in the
last case, coated copper tubes with a combination of parabolic fins (CCTPFs) were used. The MSS
(case-III) demonstrated a substantial yearly productivity enhancement of 57.79%, establishing its
superiority in terms of output because of its higher daily distillate yield of 1215 mL/day in contrast to
CSS. When compared, case III—CCTPF—performed better than case II—CCT—by 35.75%. The CSS
and MSS both contributed to a decrease in the pH of the saline water, which went from 8.18 to 7.64
and 7.23, respectively. In comparison to the MSS and CSS, which had 0.428 mg/L and 0.569 mg/L of
fluoride ions, respectively, brine water had a fluoride ion level of 0.734 mg/L. Total dissolved solids
(TDS) concentration before desalination was 440 ppm and it was minimized to 20 ppm with MSS and
55 ppm with CSS, respectively, post-desalination. The corresponding cost per liter (CPL) of MSS and
CSS is USD 0.053 and USD 0.040, respectively.

Keywords: copper tubes; desalination; distillate yield; parabolic fins; solar still

1. Introduction

Around 97% of all the water in the world is in the oceans. The leftover 3% is freshwater.
Out of all the water in the world, only 1% is usable by humans. Due to the scarcity of
water, more than one-fifth of the population is affected by the issue. The rise in population
and the expansion of the agricultural and industrial sectors are the main factors that cause
water scarcity globally [1]. India’s population is about 18% of world’s population; even
though India is surrounded on three sides by water, it still faces water scarcity. In India,
more than 85% of water is used for agriculture, and the remaining is for other purposes,
like household uses, industries, etc. [2,3].

Solar desalination is an eco-friendly method which uses renewable energy to produce
pure water. Solar desalination is a method of providing safe and clean drinking water to
rural communities. This method utilizes the energy from the sun to generate pure water.
Solar stills are utilized to produce fresh potable water for remote communities. In isolated
regions, solar energy can provide the fresh water needed to meet demand [4,5]. One of the
primary challenges related to the performance of solar stills is the intermittent nature of
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sunlight, which remarkably affects their efficiency and performance. Various key issues
arise because of the intermittent nature of sunlight, including energy storage and effi-
ciency, inconsistent water production, operational reliability, sustainability, environmental
viability, etc.

Irshad et al. [6] developed highly charged solar evaporation for the generation of
power and freshwater. They obtained freshwater generation of 14.66 kg/m2 and power
generation of 45.4 W/m2. Saravanan et al.’s [7] work is concerned with utilizing kanchey
marbles to improve the yield output, where these marbles act as energy storage material.
They coated the basin liner with black color to improve the temperature of the basin
liner. Because of the use of kanchey marbles, the water temperature was enhanced, which
resulted in an increase in efficiency. Wissam et al. [8] amplified the efficiency of DSSS via
utilizing three distinct methods; one is modifying the solar still design, the second one
is using a solar water heater, and the third one is utilizing heat storage material, such
as gravel, when there is no proper sunlight. The increase in efficiency is greater when
using the solar water heater and gravel. Panchal and co-researchers [9] determined the
effect of parameters like sprinklers, water depth, and dye on a solar still. Experimentation
was conducted on how black dye and sprinklers can increase the efficiency. By using a
sprinkler, the condensation rate is increased, and thereby more distillate output is obtained.
To observe the effect of dye, three different dyes were used: black, violet, and red. It was
observed that black dye has a more significant effect than the remaining two dyes.

Muhammad et al. [10] developed a solar evaporator by augmenting the phase change
material with Wormlike Perovskite Oxide, thereby obtaining 93% solar-to-vapor conversion
efficiency, with an evaporator rate of 2.13 kg m−2 h−1. Murugavel et al. [11] evaluated the
effect of various energy storing materials includes quartzite rock, washed stones, cement
concrete pieces, iron scraps, and red brick pieces. The experimentation values are compared
with the still without energy storing materials, and it is observed that the quartzite rock
has a greater effect when compared with other materials. Kumar et al. [12], under the
meteorological circumstances of Hyderabad, India, experimentally investigated two solar
stills, i.e., CSS and MSS, with varied permanent magnet sizes. The internal heat transfer and
yield production are increased by the existence of magnets in the solar still. Dhivagar and
Sundararaj [13] gave a detailed explanation about increasing the productivity of distilled
water by using various methods like condensers, flat plate collector, reflectors, etc. Ihsan
and Mohammad [14] give an overview of solar desalination by comparing with other
filtration methods. The cost of desalination increases day by day due to the introduction
of new filtration methods. Goswami and co-workers [15] gave a detailed overview of the
solar desalination process. There it is explained that using this solar desalination system
reduces the usage of fossil fuels. Desalination depends on location, weather, and season.

Dinesh and co-researchers [16] evaluated the effect of various fins on distillate. It is
revealed that fins increase the heat transfer rate, absorber temperature, and glass temper-
ature of a solar still. Kaviti et al. [17] supervised the research to assess the effect of fins
and contrasted them with the traditional solar still. And more distillate is obtained for
the modified solar still than the traditional solar still. Hardik and Kalpesh [18] conducted
research to investigate DSSS performance coupled with hollow fins both circular and square
in shape. The still with the circular hollow fin obtained more distillate than with square
hollow fin. Ajay et al. [19] assessed the energy and exergy efficiency evaluation of the
truncated conical fins coupled to the DSSS. The truncated cones’ energy efficiencies are
enhanced by 8.54%, 29.61%, and 31.27%, and the exergy efficiencies by 6.20%, 10.52%, and
14.51% at 1 cm, 2 cm, and 3 cm, respectively. They also observed that higher exergy is
obtained for basin when compared to other parts. Kabeel and co-researchers [20] enhanced
productivity by 43% with hollow circular fins and 101.5% with the addition of phase change
materials (PCMs). Jyotin and Vikas [21] evaluated the augmentation effect of PCMs and
pin fins on the distillate output, which was improved by 30%. Modi and co-workers [22]
studied the effect of wick segments of black cotton cloth and metal hollow fins having a
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circular cross-section. They concluded that daily efficiency was enhanced by 39.74% with
hollow fins and 38.46% with wick segments, respectively.

The aforementioned works from the literature describe various ways of improving
the distillate yield of a solar still via magnets, PCMs, energy absorbing and heat storage
materials, dyes, marbles, stones, wick segments, and fins with different combinations. The
present work uses copper tubes and parabolic fins to improve the distillate of DSSS by
considering three different cases, i.e., case I—NCCT, case II—CCT, and case III—CCTPF.
Further, the results of the current study were compared to the works of the previous
literature for the benefit of upcoming young researchers. Moreover, an analysis of water
quality has been carried out according to the standard procedures provided by WHO
(World Health Organization) and BIS (Bureau of Indian Standards).

2. Materials and Experimental Framework

Copper tubes with dimensions of inner diameter 28 mm, outer diameter 32 mm, and
thickness 2 mm, and parabolic fins with dimensions 50 mm height and 30 mm diameter
were utilized. The basin of the solar still is made of aluminum. There are two DSSSs in the
experimental configuration, as depicted in Figure 1, which consists of four 1000 mL beakers,
temperature indicator (keysight data logger), thermocouples, copper tubes, parabolic fins,
anemometer, and pyranometer. Both the solar stills are placed in a wooden box and stills
are fabricated with dimensions of 1000 × 500 × 200 mm. A thermo-col sheet is placed
in between the wooden box and aluminum still to provide insulation. Both these stills
are covered with glass with a thickness of 4 mm, and these are placed at an angle of 17◦.
The angle at which the glass is placed is chosen based on the latitude and longitude of
work location (17.5389◦ N, 78.3863◦ E). The CSS consists of the basin liner alone and the
MSS consists of the basin liner coupled with copper tubes or fins or both, based on the
experiment conducted. The still, basin liner, and copper tubes are powder-coated with
black color to improve absorptivity.
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A total of three sets of experiments were conducted. Each experiment was carried out
at three distinct water depths (1 cm, 2 cm, and 3 cm; each depth on one day), i.e., three
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days for one experiment and a total of nine days for the three sets of experiments. All these
experiments were carried out between 9:00 a.m. and 17:00 p.m. Every hour, the glass, water,
and basin liner temperatures and amount of distillate obtained for both CSS and MSS along
with the wind speed and solar irradiance were noted.

Copper tubes without coating were used in the initial series of experiments (Case I).
The MSS coupled with non-coated copper tubes is as described in Figure 2a. The second
experimental set (Case II) was performed by coating the copper tubes with black color, as
depicted in Figure 2b, and the third experimental set (Case III) was conducted by coupling
the basin liner with both coated copper tubes and parabolic fins, as shown in Figure 2c. By
enhancing the water depth on each day from 1 cm to 3 cm, each set of experiments was
conducted across three days.
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Figure 2. (a) MSS coupled with non-coated copper tubes (NCCT—Case I). (b) MSS coupled with
coated copper tubes (CCT—Case II). (c) MSS coupled with coated copper tubes and parabolic fins
(CCTPF—Case III).

Multiple measuring devices were used to assess various aspects of the solar still, as
mentioned in Table 1. Using thermocouple sensors with a precision of 0.8 ◦C, at three
distinct positions, temperatures were noted using a keysight data recorder. The three most
crucial temperatures to monitor were water (Tw), ambient (Ta), and the glass cover (Tg).
Solar intensity was measured by utilizing a pyranometer (Hukseflux—accuracy 10 W/m2).
An anemometer with a precision of 0.1 m/s was utilized to determine wind speed. The
amount of water produced was assessed with the help of a calibrated measuring jar with a
1 L capacity having a 5 mL accuracy.

Table 1. Accuracy, percentage error, and uncertainty of the instruments.

Measuring Device Accuracy Percentage Error Standard Uncertainty

Anemometer ±0.1 m/s 10 0.06 m/s

Keysight data logger ±0.1 ◦C 1.3 0.06 ◦C

Thermocouple sensors 0.5 ◦C 0.25 ±0.8 ◦C

Measuring jars ±5 mL 5 3 mL

pyranometer 5.77 W/m2 10 ±10 W/m2

Uncertainty Analysis

Uncertainty analysis involves estimating the variance between the actual and the
calculated values, which is often called an error. This can be classified into two distinct
categories: type A and type B errors. Type A errors are random and can be evaluated
through repetitive and mathematical examination. On the other hand, type B errors are
systematic, and it can be helpful to determine the information from the instrument’s



Energies 2023, 16, 6606 6 of 14

calibration report. The standard uncertainty is then derived with the help of using the
mathematical theorem outlined below.

u =
a√
3

(1)

where a = precision of measuring instrument; u = normal uncertainty.

3. Results and Discussions

The experiment was conducted to enhance the distillate obtained from the double-
slope solar still. The experiments were conducted using non-coated copper tubes (case
I—NCCT), coated copper tubes (case II—CCT), and coated copper tubes with the combi-
nation of parabolic fins (case III—CCTPF) coupled with DSSS. The values are reported
between 9:00 a.m. and 17:00 p.m. on each day of experimentation. The experiments were
conducted at three different water depths, i.e., 1 cm, 2 cm, and 3 cm of water. The results
are discussed for the optimum depth of water, i.e., 1 cm depth, and are compared with CSS.

3.1. Solar Intensity

There is a one-to-one correlation between solar irradiation and the surrounding en-
vironment’s ambient temperature. The obtained solar intensity values are plotted and
depicted in Figure 3. Initially, the solar intensity reported was as low as 497 W/m2 for case
II. The highest solar intensity values obtained were 800 W/m2 for case I, 768 W/m2 for case
II, and 954 W/m2 for case III. Solar intensity values improved from 9:00 am to 12:00 pm
and then decreased. The solar intensities were reported as 100 W/m2 for case I, 20 W/m2

for case II, and 156 W/m2 for case III at the end of the day. The solar intensity curves for all
three cases follow the trend of a bell curve.
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3.2. Temperature Profiles

The values of basin liner, glass cover, and water temperatures are recorded by utilizing
thermocouples attached for both the Modified Solar Still (MSS) and Conventional Solar Still
(CSS). The values of those temperatures are shown on the temperature indicator, to which
thermocouples are connected. Along with these temperatures, the ambient temperature is
also recorded, and all these temperature values are recorded hourly for both CSS and MSS.
The temperature profile variations with respect to time for all three cases are depicted in
Figure 4. In case I—NCCT, the extreme temperature values of the water (Tw), glass cover
(Tg), and ambient temperature (Ta) for CSS were 67 ◦C, 64 ◦C, and 34 ◦C, respectively, and
for MSS, the extreme water (Tw) and glass cover (Tg) temperatures were 67 ◦C and 62 ◦C,
respectively. It was reported that the variation between the glass and water temperatures
in MSS was 5 ◦C, and it was due to the presence of non-coated copper tubes (NCCTs),
whereas in CSS, this difference is only 3 ◦C.
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In case II—CCT, the highest temperature values of the water (Tw), glass cover (Tg),
and ambient (Ta) for CSS were 66 ◦C, 62 ◦C, and 36 ◦C, respectively, and for MSS, they
were 68 ◦C and 63 ◦C. It was noticed that the temperature variation in glass and water in
MSS was 5 ◦C, which was the same as case I. But in case II, this variation in temperature
was maintained for a prolonged period of time, in contrast to case I, because the coated
copper tubes’ (CCTs) powder coating allows them to absorb the maximum solar radiation.
In case III—CCTPF, the highest temperature values of water (Tw), glass cover, (Tg) and
ambient (Ta) for CSS were 68 ◦C, 65 ◦C, and 42 ◦C, respectively, and for MSS, they were
74 ◦C and 66 ◦C. For case III, the temperature variation in the glass and water reached 8
◦C in MSS, which was more when compared to case I and case II. The reason is that the
augmentation of parabolic fins (PFs) with CCT helped to exchange the energy absorbed
with the surrounding water.

3.3. Hourly and Cumulative Yields

The productivity output gained from the MSS and CSS was collected in two beakers
for each still of 1000 mL capacity. One beaker was used to collect the distillate output from
the west side, and other to collect the distillate output from the east side. The distillate
output collected was recorded hourly. In all the three cases, the highest yield was obtained
at 1 cm depth of water, because the heat absorption surface area was higher. So, the heat
transfer between the copper tubes, parabolic fins, and surrounding water surface was
higher, and the heat transfer between the basin liner and the water was also higher. The
hourly and cumulative yield output obtained for all three cases of both CSS and MSS
between 9:00 a.m. and 17:00 p.m. is shown in Figures 5 and 6. It can be seen in the hourly
yield graph that the maximum hourly distillate obtained at 13:00 p.m. for CSS and MSS
reached values of 110 mL and 140 mL for case I, 152 mL and 185 mL for case II, and 210 mL
and 270 mL for case III. The difference in hourly distillate yields between CSS and MSS was
more in case III, in contrast to case I and case II. The energy exchanges between the basin of
the solar still and the NCCT, CCT, and CCTPF are responsible for this phenomenon.
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The accumulated distillate productivity output obtained for CSS was 605 mL for case I,
827 mL for case II, and 1070 mL for case III, and for MSS it was 770 mL, 895 mL, and 1215 mL
for case I, case II, and case III, respectively. Case III—CCTPF outperformed case II—CCT
and case I—NCCT by 35.75% and 57.79% when compared. The CCTPFs in the solar basin
are able to absorb a greater quantity of solar energy, which results in the localization of heat
and transmits a major portion of the energy received from the sunlight to the surrounding
water that is present on the CCTPF surface. In addition, Table 2 outlines the comparison
between the current study and previous research.

Table 2. Comparison between the presented investigation and previous work.

S. No. Author Material Type Desalination Percentage Distillate Yield (L/m2)

1. Mevada et al. [23] Marbles stones & Black granite 72.6% 2.50

2. Balachandran et al. [24] Nano-Fe2O3 68% 4.39

3. Hossain and Sahin [25] Hybrid nanofluid (Al2O3-water-SiO2) 37.76% 4.99

4. Kumar et al. [26] Magnets and charcoal 104.54% 6.3

5. Kabeel et al. [27] Cement coated red bricks coated 45% 6.3

6. Singh al. [28] Wicks and nanofluid 89.9% NA

7. Kaviti et al. [29] Camphor soothed stems 36.35% 3.7

8. Panchal et al. [30] TiO2 and MgO nanofluids 20.4% & 45.8% 3.5 & 2.7

9. Hitesh et al. [31] Magnesia Waste brick NA 2.07

10. Present study
Case I—NCCT 3.08
Case II—CCT 3.58

Case III—CCTPF 4.86

3.4. Water Quality Analysis

The quality of distilled water of MSS and CSS has been evaluated both before and after
desalination, as per the standard procedures provide by the Bureau of Indian Standards
and WHO (World Health Organization) requirements. The water quality analysis results
were investigated at the VNRVJIET Environmental Engineering Laboratory in Hyderabad,
India, and are organized in Table 3.

Table 3. Analysis of water quality.

Parameters of Water
Quality Prior to Desalination After Desalination

(MSS)
After Desalination

(CSS)

Maximum Permitted
Quantities in Drinkable

Water (WHO and BIS
Standards) [32]

Hardness (mg/L) 380 140 160 200

pH 8.18 7.23 7.64 8.5

Fluoride (mg/L) 0.734 0.428 0.569 1.5

Chloride (mg/L) 75.6 10.58 15.73 250

TDS (ppm) 440 20 55 500

The MSS and CSS both contributed to a decrease in the pH of the saline water, which
went from 8.18 to 7.64 and 7.23, respectively. The total dissolved solids (TDS) concentration
before desalination was 440 ppm; the TDS concentration was minimized to 20 ppm for MSS
and 55 ppm for CSS, respectively, after desalination. In MSS, the TDS levels were 95.45%
lower than in salt water. The hardness readings were 380 mg/L for CSS, 140 mg/L for MSS,
and 160 mg/L for brine water. In comparison to the MSS and CSS, which had 0.428 mg/L
and 0.569 mg/L of fluoride ions, respectively, brine water had a fluoride ion level of
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0.734 mg/L. The quality requirements of all for the CSS and MSS were in compliance with
the BIS and WHO, India, authorized standards [32].

4. Monetary Analysis

The mathematical expressions from (2) to (10) are employed to investigate the financial
analytical modeling, and these mathematical equations are sourced from [33,34].

CRF (Capital recovery cost) =
i(1 + i)y

[(1 + i)y − 1]
(2)

Assumptions:
Number of sunny days (n) = 250;
Interest rate (i) = 12%;
Life of solar still (y) = 10 Years.

FAC (Fixed annual cost) = P (Capital cost)×CRF (3)

S (Salvage value) = 0.2× P (4)

SFF (Sinking fund factor) =
i

[(1 + i)y − 1]
(5)

ASV (Annual salvage value) = SFF× S (6)

AMC (Annual maintenance operational cost) = 0.15× FAC (7)

AC (Annual cost) = FAC + AMC−ASV (8)

M (Average annual productivity in liters) = c× n (9)

where

c = Yield/day;
n = sunny days/year.

CPL (cost per liter) =
AC
M

(10)

The cost of manufacturing for CSS and MSS, including all the required components
detailed in Table 4, is USD 56 and USD 83, respectively. Table 5 describes a compilation of
monetary analysis inputs utilized in the mathematical modeling. MSS (case III) demon-
strated a substantial yearly productivity enhancement of 57.79%, establishing its superiority
in terms of output because of its higher daily distillate yield of 1215 mL/day in contrast to
CSS. The corresponding cost per liter (CPL) of CSS and MSS is USD 0.040 and USD 0.053,
respectively.

Table 4. Manufacturing cost of solar stills.

S. No Service/Material Quantity/Area/per Still CSS (USD) MSS (USD)

1. Aluminum basin 2.5 m2 15 15
2. PVC channel 2 3 3
3. Black powder coating 0.5 m2 2 2
4. Glass cover, 0.4 cm 0.5 m2 1 1
5. Double-side tape 1.5 m 1 1
6. Silicon glue 1 2 2
7. Copper tubes 17 - 12
8. Fins 18 - 15
9. Thermocol - 2 2

10. Fabrication charges - 30 30
Total cost - 56$ 83$
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Table 5. Monetary analysis inputs utilized in the mathematical modeling.

Parameters in USD Conventional Still (CSS) Modified Still (MSS)

P 56 83
CRF 0.177 0.177
FAC 9.91 14.69

S 11.2 16.6
SFF 0.05698 0.05698
ASV 0.6381 0.9458
AMC 1.48 2.20
AC 10.75 15.94
M 267.5 300

CPL 0.040 0.053

5. Conclusions

To increase the yield output of DSSS, three sets of experiments were performed. In the
first case, non-coated copper tubes (NCCTs) were used, in the second case, coated copper
tubes (CCTs) were used, and in the third case, coated copper tubes with a combination of
parabolic fins (CCTPFs) were utilized. From the results obtained, it is concluded that case
3, i.e., MSS with both parabolic fins and coated copper tubes, gave higher distillate due to
improved surface area and heat transfer rate. The maximum hourly distillate obtained at
13:00 pm for MSS and CSS reached values of 140 mL and 110 mL for case I, 185 mL and
152 mL for case II, and 270 mL and 210 mL for case III.

The total distillate productivity output obtained for CSS was 605 mL for case I, 827 mL
for case II, and 1070 mL for case III, and for MSS it was 770 mL, 895 mL, and 1215 mL for
case I, case II, and case III, respectively. Case III—CCTPF outperformed case II—CCT and
case I—NCCT by 35.75% and 57.79% when compared.

The CSS and MSS both contributed to a decrease in the pH of the saline water, which
went from 8.18 to 7.64 and 7.23, respectively. The total dissolved solids (TDS) concentration
before desalination was 440 ppm; the TDS concentration was minimized to 20 ppm for MSS
and 55 ppm for CSS, respectively, after desalination. In MSS, the TDS levels were 95.45%
lower than in salt water.
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