
Case Studies in Thermal Engineering 39 (2022) 102402

Available online 10 September 2022
2214-157X/© 2022 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

A case study on thermal performance analysis of a solar still basin 
employing ceramic magnets 

Ramasamy Dhivagar a,*, Shreen El-Sapa b,**, Ali Jawad Alrubaie c, 
Ameer Al-khaykan d, Ali J. Chamkha e, Hitesh Panchal f, Mahmoud S. El-Sebaey g, 
Kamal sharma h 

a Department of Mechanical Engineering, QIS College of Engineering and Technology, Ongole, 523272, India 
b Department of Mathematical Sciences, College of Science, Princess Nourah Bint Abdulrahman University, P. O. Box 84428, Riyadh, 11671, Saudi 
Arabia 
c Department of Medical Instrumentation Techniques Engineering, Al- Mustaqbal University College, 51001, Hilla, Iraq 
d Department of Air Conditions and Refrigeration Techniques, Al-Mustaqbal University College, Babylon, Iraq 
e Faculty of Engineering, Kuwait College of Science and Technology, Doha District, Kuwait 
f Mechanical Engineering Department, Government Engineering College Patan, Gujarat, India 
g Mechanical Power Engineering Department, Faculty of Engineering, Menoufia University, Shebin El-Kom 32511, Egypt 
h Mechanical Engineering Department, GLA University, Mathura, India   

G R A P H I C A L  A B S T R A C T    

A R T I C L E  I N F O   

Keywords: 
Circular magnets 

A B S T R A C T   

The energy and exergy analysis of a single slope solar stills using ceramic type rectangular and 
circular magnets in the basin was carried out in this study and compared to conventional solar 

* Corresponding author. 
** Corresponding author. 

E-mail addresses: dhivagar.papers@gmail.com (R. Dhivagar), seelsapa@pnu.edu.sa (S. El-Sapa), ali.jawad@mustaqbal-college.edu.iq (A.J. Alrubaie), Ameer-al@ 
mustaqbal-college.edu.iq (A. Al-khaykan), achamkha@yahoo.com (A.J. Chamkha), engineerhitesh2000@gmail.com (H. Panchal), eng_mahmoudelsebaey@yahoo. 
com (M.S. El-Sebaey), kamal.sharma@gla.ac.in (K. sharma).  

Contents lists available at ScienceDirect 

Case Studies in Thermal Engineering 

journal homepage: www.elsevier.com/locate/csite 

https://doi.org/10.1016/j.csite.2022.102402 
Received 21 May 2022; Received in revised form 22 August 2022; Accepted 30 August 2022   

mailto:dhivagar.papers@gmail.com
mailto:seelsapa@pnu.edu.sa
mailto:ali.jawad@mustaqbal-college.edu.iq
mailto:Ameer-al@mustaqbal-college.edu.iq
mailto:Ameer-al@mustaqbal-college.edu.iq
mailto:achamkha@yahoo.com
mailto:engineerhitesh2000@gmail.com
mailto:eng_mahmoudelsebaey@yahoo.com
mailto:eng_mahmoudelsebaey@yahoo.com
mailto:kamal.sharma@gla.ac.in
www.sciencedirect.com/science/journal/2214157X
https://www.elsevier.com/locate/csite
https://doi.org/10.1016/j.csite.2022.102402
https://doi.org/10.1016/j.csite.2022.102402
https://doi.org/10.1016/j.csite.2022.102402
http://creativecommons.org/licenses/by-nc-nd/4.0/


Case Studies in Thermal Engineering 39 (2022) 102402

2

Desalination 
Energy 
Exergy 
Rectangular magnets 
Solar stills 

still. The results showed that the rectangular magnet solar still (RMSS) had higher hourly pro-
ductivity of about 5.8% and 13.7% than circular magnet solar still (CMSS) and conventional solar 
still (CSS), respectively. For 12 h of reading, the cumulative productivity in RMSS, CMSS, and CSS 
was observed at 3.15 kg/m2, 2.82 kg/m2, and 2.15 kg/m2, respectively. Compared to CMSS and 
CSS, the RMSS has enhanced its energy efficiency by 4.9% and 6.9%, respectively. The observed 
exergy efficiency in RMSS has increased to 3.4% and 17.2%, respectively, than CMSS and CSS. 
Due to sensible heat absorbed by magnets, the amount of exergy lost in the RMSS and CMSS basin 
is much less than in CSS. In economic analysis, the estimated produced water cost (PWC) of RMSS 
is 4.5% and 22.2% lower than the PWC estimated in CMSS and CSS, respectively. Overall, the 
results showed that the magnetization of saline water made the solar still work much better.   

1. Introduction 

A water shortage has become one of the most ecological severe issues in recent generations, owing to a significant rise in worldwide 
water requirements [1]. Water consumption has risen faster than the global total over that period, and it is continuing to escalate due 
to rising agricultural, occupational, and residential uses. As a result, the supply of pure water has become a significant concern 
globally. Hence, the essential drinkable water in rural parts is extracted utilizing a simple solar desalination procedure. The CSS is the 
device utilized for solar desalination process [2]. It has simple fabrication process and financially sustainable. 

Many studies showed that the solar still productivity was significantly enhanced using various heat storage materials. Sakthivel and 
Shanmugasundaram [3] explored the role of adding black gravel (60 mm) in the basin of CSS. They found improved productivity of 
about 20%. Samuel et al. [4] evaluated solar still performance in addition to salt balls and sponges. In this, the total daily productivity 
of 3.7 kg/m2 was collected using salt balls, 2.7 kg/m2 was observed using sponge and 2.2 kg/m2 was obtained in CSS. Mohammed et al. 
[5] employed basalt stones (2 cm) in CSS basin and achieved 33.7% productivity gains. In CSS, Omara and Kabeel [6] examined the 
usage of yellow and black sand. The use of black sand bed boosted the productivity by 42%, whereas the use of yellow sand increased 
the productivity by 17%. The influence of glass balls incorporated into the solar still was researched by Abdel–Rehim and Lasheen [7] 
and obtained the maximum energy efficiency of about 5%. Sponge cubes of various shapes and sizes were used in CSS by Bassam et al. 
[8]. The sponge material porosity and capillary rise provided sufficient energy for efficient evaporation throughout the day. According 
to the findings, the sponge cubes enhanced productivity from 18% to 273%. The influence of Phase Change Material (PCM) on CSS was 
explored analytically by Dashtban and Tabrizi [9]. They found that PCM’s daily productivity was 6.7 kg/m2, whereas, in CSS, it was 
about 5.1 kg/m2. Kabeel et al. [10] performed lower water depth and glass cover cooling in tubular solar still and achieved the 
maximum productivity of about 4.5 kg/m2. Abdelaziz et al. [11] studied the activated carbon as a porous absorber in solar desalination 
system and observed the higher productivity of about 5.85 kg/m2 significantly. El-Said and Abdelaziz [12] used high-frequency ul-
trasound waves atomizer in a solar still and achieved the maximum productivity of about 4.41 kg/m2. The estimated average thermal 
efficiency was in the range of 28.75%–55.75%. 

Research also carried out in the influence of magnetic field on the evaporation of water. According to Cai et al. [13], the magnetic 
field has a significant impact on lowering the surface tension of saline water. Under hot climatic circumstances, Amor et al. [14] found 
the same by 24%. According to Wang et al. [15], utilizing a magnetic field to minimize the specific heat capacity will result in boosted 
the evaporation. Compared to CSS, Dumka et al. [16] employed magnets (ferrite ring type) in solar still basin and enhanced the 
evaporation and productivity by 49.2% and 23.5%, respectively. The performance of the magnetic field was numerically evaluated by 
Mehdizadeh Youshanlouei et al. [17] and observed the improvement in convective heat transfer and productivity by 48% and 38%, 
respectively. In CSS, Dubey, and Mishra [18] employed magnets (ferrite ring type) and sheet metal (galvanized iron) to boost the 
productivity, energy, and exergy efficiency by 21.7%, 31.3%, and 22.6%, respectively. Gholamabbas and Saeed [19] used a hybrid 
antibacterial-magnetic Nanofluid (0.08% volume concentration) to modify CSS with a solar collector and enhanced the productivity 
and energy efficiency by 218% and 117% than CSS, respectively. Dhivagar and Mohanraj [20] used graphite plate fins and magnets to 
increase productivity, energy, and exergy efficiency by 19.6%, 21.4%, and 18.1%, respectively, than CSS. Similarly, Dhivagar and 
Mohanraj [21] discovered block magnet and graphite plate fins in CSS under summer and winter climatic circumstances. The pro-
ductivity was 19.6% and 22.8% greater than CSS on summer and winter days, respectively. Furthermore, it was enhanced to 20.6% 
(energy) and 18.1% (exergy) on summer days, respectively. Similarly, it was increase by 18% (energy) and 19% (exergy) on winter 
days, respectively, than CSS. 

Numerous research has been performed to estimate the economic viability of water produced in solar stills. El-Said et al. [22] 
observed the maximum productivity and PWC of about 7.72 kg/m2 and 0.0112 USD/kg, respectively in solar desalination system 
coupled with novel humidifier. In a related work, El-Said et al. [23] used a porous activated carbon tubes as a humidifier in solar 
desalination system and obtained the PWC of about 0.01386 USD/kg. Also, Abdelaziz et al. [24] used high frequency ultrasonic 
humidifier and solar heated air steam in desalination system and estimated the PWC by 0.03437 USD/kg. In a solar still, Kabeel et al. 
[25] incorporated composite heat storage materials in basin and obtained the PWC of about 0.0014 USD/kg. Dhivagar et al. [26] used 
magnetic powder as heat storage material in a solar still basin and estimated the PWC of about 0.019 USD/kg. 

According to the literature analysis above, there has been a lot of experimenting with enhancing productivity in various solar still 
designs. It was discovered that the most significant variations were done in the CSS basin to obtain productivity gains. Nonetheless, 
there is a gap in employing various shapes of magnets on the CSS basin. As a result, both rectangular and circular magnets were used in 
CSS experiment to examine the productivity, energy, exergy and economic performances with the impact of environmental conditions. 
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The CSS results were compared to the RMSS and CMSS results. 

2. Experiments 

The experimentation in RMSS, CMSS and CSS was conducted during the summer climatic conditions. The results observed for all 
the solar stills were in a same day. 

2.1. Experimental setup 

The schematic views, sizes, and experimental setups of RMSS and CMSS are shown in Fig. 1. The solar still is made out of a 1.5 mm 
thick galvanized steel sheet, with a total system area of 0.65 x 0.78 m2. The basins of both solar stills are painted black and attached 
with 16 ceramic made rectangular and circular magnets, respectively, to maximize the evaporation. A glass cover (3 mm thick) closes 
the system top area with higher transmissivity (0.9) and lower absorptivity (0.05). According to Coimbatore latitude, the solar still 
angle is fixed at 12o [27]. Furthermore, the silicon rubber was utilized to tight the system without air losses. In addition, the system was 
kept as facing east-west to get the more solar energy. In a solar still, due to the high thermal energy caused by solar irradiation, the 
basin saline water evaporates. The buoyancy force generated at the saline water surface forces the vapor towards the inner glass cover. 
After that, the condensation occurs due to a greater temperature gradient between the glass cover and saline water. Finally, the 
distillate was observed by the collection tray attached to the glass cover bottom. In every 1 h interval, the depth of the saline water is 
maintained at 2 cm. The salt content collected overtime is eliminated regularly. 

Additionally, the ceramic type rectangular and circular magnets have dimensions of 40 mm × 25 mm × 10 mm and 15 mm × 5 
mm, respectively. It is precisely kept in the CSS basin to maintain a consistent magnetic field and heat distribution. It can be used for 
heating and magnetizing saline water. Also, it can operate as an excellent sensible heat storage medium when solar energy is higher. In 
Table 1, the properties of magnets are presented. 

Fig. 1. Schematic views, sizes, and experimental setups of RMSS and CMSS.  

Table 1 
Properties of ceramic magnets [28].  

Parameters Ceramic magnets 

Magnetic field strength (mT) 95 
Thermal expansion coefficient (μm/mK) 3.4 
Thermal conductivity (W/mK) 7.7  
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2.2. Instrumentation 

During experimentation, the saline water, glass cover, basin, air-vapor, and magnet temperatures were measured using K-type 
thermocouples (accuracy ±0.2 ◦C and range 0–200 ◦C). It was connected using a 0.1 ◦C accuracy digital temperature indicator (range 
0–200 ◦C). The solar irradiation was measured with a solar intensity metre (accuracy - ±5 W/m2 and range 0–1000 W/m2). The 
observed fluctuations in ambient wind velocity were measured using a cup-type anemometer (±0.1 m/s accuracy and 0–15 m/s 
range). The magnetic field was measured with a digital Gaussmeter with a precision of 1 mT (range 0.1–2400 mT). With the use of a 
collection bottle, the hourly productivity was calculated. 

2.3. Experimental procedure 

In this experimentation, the results were shown on May 30. Before starting the experimental trials, the saline water was added in 
the solar still basin. The top surface was wiped with a smooth cloth to eliminate the dust which makes the system much effective [29, 
30]. The observations were made at 1-h intervals (9:00 to 21:00 h) during experimentation. To ensure the observed data was accurate, 
around ten experimental trials were conducted. Finally, these observations were used to calculate RMSS and CMSS productivity gains, 
energy and exergy performances with CSS. 

2.4. Uncertainty analysis 

The uncertainties in energy and exergy efficiency are estimated using the following relation [31]: 
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R denotes the function, wr denotes the entire uncertainty, x denotes the independent variable, and w is the independent variable 
concerning the uncertainty. The uncertainties of energy and exergy efficiency are estimated to be around 2.1% and 1.2%, respectively, 
using the equation mentioned above. 

3. Thermodynamic analysis of solar stills 

The first (energy) and second law (exergy) based thermodynamic heat transfers are analysed using the following assumptions 
[32-34]:  

• The glass cover angle is negligible  
• There is no vapor leakage.  
• The saline water in basin is assumed constant.  
• The amount of saline water evaporative loss is negligible.  
• The temperature gradient along water depth is negligible.  
• The heat capacity, glass cover absorptance and insulating material are negligible.  
• The areas of basin, water surface, and glass cover are equal. 

3.1. Energy analysis 

The energy balance equation based on first law of thermodynamics is given by Ref. [35]: 

Ein +Ege = Eout + Est (4) 

The convective heat transfer coefficient: 

hcon,w− g = 0.884
[

Tw − Tg +

(
Pw − Pg

)
Tw + 273

268, 900 − Pw

]1 /

3

(5)  

hcon, g− a = 2.8 + 3.0V (6) 

The evaporative heat transfer coefficient: 
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heva w− g = 0.016 hcon w− g

(
Pw − Pg

)

(
Tw − Tg

) (7) 

The radiative heat transfer coefficient: 

hr, w− g = σεeff

[
(Tw + 273)2

−
(
Tg + 273

)2
](

Tw + Tg + 546
)

(8)  

hr , g− a =
εeff σ

(
T4

g + T4
a

)

Tg − Ta
(9) 

The latent heat of saline water: 

L= 2.4935 × 106 ×
[
1 − 9.4779× 10− 4 Tw + 1.3132 × 10− 7 × T2

w − 4.794 × 10− 9 × T3
w

]
(10) 

The hourly solar still productivity: 

mw =
heva w− g

(
Tw − Tg

)
× 3600

L
(11) 

The solar still energy efficiency: 

ηE, ss =
mw × L

Ass ×
∑

(Iss) × 3600
(12)  

3.2. Exergy analysis 

The heat losses in solar stills are quantified using exergy analysis. The general exergy balance equation is [36]: 

Exd =Exin − Exout (13) 

The exergy performance of solar still: 

Exout =Exeva =

∑
mw × L ×

(
Ta+273
Tw+273

)

3600
(14)  

Exin =Exs = Ass ×
∑

Is ×

[

1 −
4
3

×

(
Ta + 273

Ts

)

+
1
3

×

(
Ta + 273

Ts

)4
]

(15) 

The exergy efficiency of the solar still: 

ηEx =

∑
Exeva

∑
Exs

(16)  

3.2.1. Basin exergy destructions 
The exergy destruction in basin: 

Exd, b =
(
τg × τw ×αb

)
Exs − (Exb− w +Exins) (17)  

here, Exb− w and Exins are: 

Exb− w = hcon b− w ×(Tb − Tw) ×

(

1 −
Ta

Tb

)

(18)  

Exins = hcon b− a ×(Tb − Ta) ×

(

1 −
Ta

Tb

)

(19)  

3.2.2. Magnets exergy destructions 
The exergy destruction in magnets [28]: 

Exd, mg =Exs + Exst − Ext, mg− a (20) 

The stored exergy: 

Exst =Qch

(

1 −
Ta

Tmg

)

(21)  

Qch =mmgCp, g
dTmg

dt
(22) 
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The total exergy destruction: 

Ext, mg− a =Excon, mg− a + Exr, mg− a (23)  

here, 

Excon, mg− a = hcon, mg− a
(
Tmg − Ta

)
(

1 −
Ta

Tmg

)

(24)  

Exr, mg− a = hr, mg− a
(
Tmg − Ta

)
(

1+
1
3

(
Ta

Tmg

)4

−
4
3

(
Ta

Tmg

))

(25)  

3.2.3. Exergy destructions in basin with magnets 
The exergy destructions in the basin with magnets [28]: 

Exd, b− mg =
(
τg × τw ×αb

)
Exs −

(
Exb− w +Exb− mg

)
(26)  

here, Exb− mg is: 

Exb− mg =

(
kmg

xmg

)
(
Tb − Tmg

)
×

(

1 −
Ta

Tb

)

(27)  

3.2.4. Saline water exergy destructions 
The saline water exergy destruction: 

Exd, w =
(
τgαw

)
Exs + Exb− w − Ext, w− g (28) 

Total exergy destruction (Ext, w− g): 

Ext, w− g = Exeva w− g + Excon w− g + Exr w− g (29) 

The exergy destructions for all the three heat transfers: 

Exeva w− g = heva, w− g
(
Tw − Tg

)
(

1 −
Ta

Tw

)

(30)  

Table 2 
The radiation and thermo physical parameters of solar still materials [28,37].  

S.No Parameters Value 

1 Absorptivity in glass cover (αg) 0.05 
2 Absorptivity in saline water (αw) 0.05 
3 Absorptivity in a basin (αb) 0.9 
4 Saline water mass (mw) αb) 20.5 kg/m2 

5 Glass cover mass (mg) αb) 10.1 kg/m2 

6 Basin mass (mb) αb) 15.6 kg/m2 

7 Rectangular magnets mass (mrmg) 6.4 kg/m2 

8 Circular magnets mass (mcmg) 2.88 kg/m2 

9 Transmissivity in saline water (τw) 0.95 
10 Transmissivity in glass cover ((τg) 0.9 
11 Specific heat in saline water (Cpw) 4.178 kJ/kg.K 
12 Specific heat in glass cover (Cpg) 0.8 kJ/kg.K 
13 Specific heat in a basin (Cpb) 0.48 kJ/kg.K 
14 Specific heat in rectangular magnet (Cp, rmg) αb)

αb)

0.36 kJ/kg.K 

15 Specific heat in circular magnet (Cp, cmg) 0.23 kJ/kg.K 
16 Effective emissivity (εeff ) 1 
17 Temperature of sun 6000 K 
18 Basin thermal conductivity (kb) 16.3 W/m2K 
19 Water thermal conductivity (kw) 0.57 W/m2K 
20 Insulating material thermal conductivity (kins) 0.039 W/m2K 
21 Basin thickness (xb) 0.002 m 
22 Water thickness (xw) 0.02 m 
23 Rectangular magnets thickness of (xrmg) 0.025 m 
24 Circular magnets thickness (xcmg) 0.005 m 
25 Insulation thickness (xins) 0.03 m 
26 Basin and saline water heat transfer coefficient (hcon b− w) 135 W/m2K  
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Excon w− g = hcon, w− g
(
Tw − Tg

)
(

1 −
Ta

Tw

)

(31)  

Exr w− g = hr, w− g
(
Tw − Tg

)
[

1+
1
3

(
Ta

Ts

)4

−
4
3

(
Ta

Ts

)]

(32)  

3.2.5. Glass cover exergy destructions 
The glass cover exergy destruction: 

Exd, g =αg Exs Ext, w− g − Ext, g− a (33) 

The total exergy destruction: 

Ext, g− a = Excon,g− a + Exr,g− a (34)  

here, 

Excon,g− a = hcon, g− a
(
Tg − Ta

)
(

1 −
Ta

Tg

)

(35)  

Exr,g− a = hr, g− a
(
Tg − Ta

)
[

1+
1
3

(
Ta

Tg

)4

−
4
3

(
Ta

Tg

)]

(36) 

Table 2 lists the radiation and thermo physical parameters of solar still materials. 

4. Economic analysis 

In economic analysis, the cost of each solar still components used in this experiment are listed in Table 3 as capital costs (CC). The 
estimated fabrication cost in RMSS, CMSS, and CSS was 95 USD, 85 USD, and 82 USD, respectively. The total cost (TC) is the sum of the 
operating cost (OC), maintenance cost (MC) and fixed cost (FC) [25]. 

TC=OC + MC + FC (37) 

The OC and MC are assumed to be 20% of the FC. The cost of productivity is calculated based on the daily water yield and the 
number of operating days per year. 

FC=CRF × CC (38)  

where CRF is the capital recovery factor for the annual interest rate (i) and the expected number of years (n), which is given by: 

CRF =
i(1 + i)n

(1 + i)n
− 1

(39) 

The produced water cost (PWC) is estimated using following relation [25]: 

PWC=
TC

n × 365 × f ×
∑i=t

i=1ṁ
(40)  

where f is the availability of solar stills. The assumptions of n and f are 10 years and 93%, respectively. 

5. Results and discussion 

The results of RMSS, CMSS, and CSS experiments are discussed in this section. The tests were carried out in the same weather 

Table 3 
The fabrication cost of the solar still.  

S.No Materials Cost (USD) 

1 Galvanized steel box 12 
2 Glass cover 22 
3 Insulation 10 
4 Rectangular magnets 13 
5 Wooden box 14 
6 Valves and pipes 10 
7 Fresh water tank 2 
8 Feed water tank 3 
9 Silicon rubber and paint 9 
10 Circular magnets 3  
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circumstances. 

5.1. Experimental observations 

The fluctuations in solar irradiation and wind velocity are depicted in Fig. 2. The highest solar irradiation was around 814.7 W/m2 

in the morning to afternoon hours, and it was reduced to 90–74.2 W/m2 during evening hours. Although the solar energy was 
discovered for 12 h in the daytime, the experiment only had about 8–10 h (greater than 250 W/m2). Also, the variation in ambient 
wind velocity was also highly effective over time. As a result, the glass cover temperature has dropped which leads to increase the 
condensation [38,39]. A maximum wind velocity of about 2.5 m/s was recorded at 18:00 h. The variation in ambient wind velocities 
was discovered between 1.4 and 2.5 m/s. 

Fig. 3 depicts the temperature fluctuations that occurred during the experiment. The ambient temperature rises in the afternoon 
(14:00 h) and reaches a peak of around 40.1 ◦C. As solar irradiation reduces later in the day, the temperature drops to roughly 25.2 ◦C. 
The glass cover temperature reaches a maximum of 51.8 ◦C in the afternoon and gradually drops to 31.4 ◦C in the evening. The higher 
basin temperatures in CSS, CMSS, and RMSS were 56.1 ◦C, 66.4 ◦C, and 68.9 ◦C, respectively. The rectangular and circular magnets’ 
temperature was increased during the noon hours up to 67.5 ◦C and 64 ◦C, respectively and dropped to 39.6 ◦C and 36.2 ◦C, 

Fig. 2. Variations of solar irradiation and wind velocity.  

Fig. 3. Variations in different temperatures.  
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respectively, at 21:00 h. The temperature of rectangular magnets was 5.1% greater than that of circular magnets. This happens because 
of rectangular magnets’ size and heat-storing capability during the daytime. However, including rectangular and circular magnets in 
the basin has resulted in temperature increments. The higher air-vapor mixture temperature in CSS, CMSS, and RMSS were about 
51.4 ◦C, 53.2 ◦C, and 54.1 ◦C, respectively. The observed fact is that rectangular magnets in RMSS have accelerated the evaporation 
process, resulting in higher air vapor temperature than CMSS and CSS. In addition, the maximum observed saline water temperatures 
in RMSS, CMSS, and CSS were around 68.5 ◦C, 65 ◦C, and 54.3 ◦C, respectively. It happens because rectangular magnets could store 
more heat. The saline water temperature in RMSS was 5.1% higher and 20.7% higher than in CMSS and CSS. Finally, the employment 
of rectangular and circular magnets in the basin has clearly enhanced the temperature of the saline water [18]. 

Fig. 4 depicts the variations of evaporative and convective heat transfer coefficients in solar stills. During 14:00 h, RMSS, CMSS, and 
CSS had the highest evaporative heat transfer rates of 21.3 W/m2K, 20.5 W/m2K, and 17.9 W/m2K, respectively. Compared to CSS, 
RMSS and CMSS have a 15.9% and 12.6% higher evaporation heat transfer coefficient. The rectangular and circular magnets employed 
in the solar still basin absorbs the more heat which resulting in increased performance. Similarly, when compared to CMSS, the RMSS 
has a 3.7% higher evaporation effect due to the maximal size and heat storage ability. According to previous research, the evaporative 
heat transfer coefficient has been improved by magnetizing water [15]. The highest convective heat transfer rate in RMSS, CMSS, and 
CSS was 1.98 W/m2K, 1.73 W/m2K, and 1.48 W/m2K. Compared to CSS, RMSS and CMSS have 25.2% and 14.4% higher convective 
heat transfer coefficients. During peak sunshine hours, the variations between the RMSS and CSS were found to be around 0.5 W/m2K. 
In RMSS, it is 12.6% higher than CSS. It is denoted that the magnets were used to lower the density and surface tension of saline water 
in solar still [14]. 

5.2. Productivity performance 

The hourly and cumulative productivity variations in three solar stills are depicted in Fig. 5. The highest evaporation process was 
seen in all the solar stills from 13:00 to 15:00 h. In RMSS, CMSS, and CSS, the maximum hourly productivity was 510 ml, 480 ml, and 

Fig. 4. Variations of evaporative and convective heat transfer coefficients.  

Fig. 5. Variations of hourly and cumulative productivity.  
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440 ml. The boost in hourly output can be attributed to the higher evaporation caused by the heat trapped using magnets. It also 
happens because the inside glass cover and the saline water are at different temperatures. In RMSS, it is 5.8% higher than CMSS and 
13.7% higher than CSS. It happens because RMSS is higher, holds the most heat, and has the strongest magnetic field. Compared to 
RMSS, the size of the circular magnets, the amount of heat that could be stored, and the magnetic field is seen in CMSS were all much 
smaller, which led to less productivity. Compared to previous work in CSS that used 6 kg of PCM, the RMSS has a productivity 
improvement of 10.1% [40]. In RMSS, CMSS, and CSS, the cumulative productivity was around 3.15 kg/m2, 2.82 kg/m2, and 2.15 
kg/m2, respectively. The observed cumulative productivity in RMSS and CMSS is about 31.7% and 23.7%, respectively, higher than 
CSS. Fig. 6 shows the average monthly productivity of all the solar stills. The higher cumulative productivity was achieved in all the 
solar stills throughout the summer months (March, April, and May). It happens due to the maximum solar irradiation availability. 
Furthermore, the temperature ranged from 28.7 to 39.4 ◦C. Although observations were made for each month, all subsequent per-
formance comparisons are based on the maximum results recorded during May. Table 4 compares the productivity variations among 
the different energy storage materials utilized in solar stills. 

Fig. 6. Monthly average productivity of all the solar stills.  

Table 4 
Comparison of the productivity of different energy storage materials used in solar stills.  

S. No Proposed solar still work Productivity gain (kg/m2) 

1 Solar still basin using square sponge [41] 2.6 
2 Solar still basin using pebbles [42] 2.26 
3 Solar still basin using paraffin wax [43] 2.1 
4 Solar still basin using egg shells [44] 2.46 
5 Solar still using square magnets (Present study) 3.15 
6 Solar still using circular magnets (Present study) 2.82  

Fig. 7. Variations of energy and exergy efficiency.  
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5.3. Energy and exergy performance 

Fig. 7 compares the energy and exergy efficiency of all the solar stills. It is seen that the maximum energy efficiency of RMSS, CMSS, 
and CSS was about 24.4%, 23.2%, and 22.7%, respectively. Compared to CMSS and CSS, RMSS has a 4.9% and 6.9% higher energy 
efficiency. In RMSS, it happens due to energy storage using rectangular magnets. The observed energy efficiency in CMSS is 2.1% 
higher than in CSS. When related to literature work using magnets and graphite nanoparticles [20], the RMSS had a 5% lower energy 
efficiency. The exergy efficiency in solar stills was raised from 9:00 h to 14:00 h. The greatest exergy efficiency in RMSS, CMSS, and 
CSS was around 2.9%, 2.8%, and 2.4%, respectively. With the impact of stored energy and magnetic field observed in rectangular 
magnets, the RMSS has an enhanced exergy efficiency of 3.4% and 17.2%, respectively, than CMSS and CSS. The loss of thermal energy 
in CMSS and CSS to the environment was also a factor in improving exergy efficiency of RMSS. The observed exergy efficiency in CMSS 
is 14.2% higher than in CSS. The RMSS has a 1.5% lower exergy efficiency than previous studies that used magnets and graphite plates 
in the summer months [21]. 

Fig. 8 depicts the exergy destructions in various components of all the solar stills. It was discovered that the basin had the most 
exergy destruction, and the magnets had the lowest exergy destruction. The largest exergy destruction in the RMSS basin was 648.1 W/ 
m2, which was 5.7% and 9.7% lower than CMSS and CSS, respectively, at 14:00 h. The dissipated heat energy in the RMSS basin was 
significantly lesser than CMSS and CSS due to the heat storage using rectangular magnets. Similarly, the maximum exergy destruction 
in RMSS saline water was at 64.1 W/m2, 8.5%, and 18.9%, respectively, lower than CMSS and CSS during the noon hours. This also 
happens due to the impact of the maximal size of magnets used in RMSS which resulting in significant evaporation. Hence, the usage of 
rectangular magnets in the basin minimized exergy destructions [16]. During peak sunshine hours, the glass cover, rectangular and 
circular magnets all experienced maximum exergy destruction of 45.8 W/m2, 24.2 W/m2, and 26.1 W/m2, respectively. The exergy 
degradation in circular magnets is 7.2% higher than rectangular magnets due to less heat storage capacity and size. Finally, it was 
discovered that the stored energy in rectangular magnets has considerably reduced exergy destruction; however, this was less than in 

Fig. 8. Variations of exergy destruction in solar stills.  

Fig. 9. Variations of estimated PWC in solar stills.  
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the CSS basin [45-47]. 

5.4. Economic outcome 

The top glass cover and basin of the solar still are cleaned once a week to prevent corrosion and dust build-up. To perform this, the 
CC was calculated by adding up all the costs of fabrication, maintenance, and operation [48-52]. Fig. 9 depicts the variations of 
estimated PWC for different solar stills. It is seen that, the observed PWC in RMSS, CMSS, and CSS were about 0.0021 USD/kg, 0.0022 
USD/kg, and 0.0027 USD/kg, respectively. The PWC of RMSS is 4.5% and 22.2% lower than in CMSS and CSS, respectively. In 
addition, the observed PWC in RMSS was 14% and 36.6% higher than the solar still using PCM and composite materials, respectively 
[25]. Finally, it is noted that an increase in annual productivity greatly reduces the PWC. 

6. Conclusions 

In this research, the experimentation on RMSS, CMSS, and CSS were conducted under the same climatic circumstances. The pri-
mary outcomes are as follows:  

• In RMSS and CMSS, the usage of rectangular and circular magnets greatly enhanced the heat transfer rates. Compared to CSS, the 
RMSS and CMSS have 15.9% and 12.6% higher evaporative heat transfer rates, respectively. The higher convective heat transfer 
rate in RMSS and CMSS was about 25.2% and 14.4% than CSS.  

• The observed cumulative productivity in RMSS and CMSS was 31.7% and 23.7%, respectively, higher than CSS. The RMSS and 
CMSS had 4.9% and 2.1% higher energy efficiency than CSS.  

• The exergy efficiency in RMSS and CMSS were about 17.2% and 14.2% higher than in CSS, respectively. Due to heat absorption and 
increased evaporation with a magnetic field, the exergy destruction in RMSS and CMSS is much lower than in CSS.  

• The PWC in RMSS was 4.5% and 22.2% lower than the CMSS and CSS estimates, respectively. The observations showed that the 
higher annual production lowers PWC. 
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Nomenclature  

A ─ Area of the solar still, m2 

Cp ─ Specific heat capacity, kJ/kg.K 
E ─ Energy, W 
Ex ─ Exergy, W 
Gr ─ Grashof number 
gv ─ Gravity, m/s2 

I(t) ─ Incident solar energy, W/m2 

h ─ Heat transfer coefficient, W/m2K 
L ─ Latent heat, kJ/kg 
k ─ Thermal conductivity, W/mK 
m ─ Hourly productivity, kg 
P ─ Pressure, N/m2 

Pr ─ Prandtl number 
T ─ Temperature, K 
V ─ Wind velocity, m/s 
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Q ─ Heat transfer rate, kJ 
x ─ Thickness, mm  

Greek symbols 
ϵeff ─ Effective emissivity 
σ ─ Stefan-Boltzmann constant, 5.67 × 10− 8 W/m2K4 

α ─ Absorptivity 
β ─ Thermal expansion coefficient, 1/K 
τ ─ Transmissivity 
η ─ Efficiency, % 
γ ─ Kinematic viscosity, m2/s  

Subscripts 
a ─ Ambient air 
b ─ Basin 
ch ─ Charge 
cmg ─ Circular magnet 
con ─ Convection 
cp ─ Cumulative productivity 
d ─ Destruction 
enef ─ Energy efficiency 
eva ─ Evaporation 
exef ─ Exergy efficiency 
g ─ Glass 
ge ─ Gained energy 
hp ─ Hourly productivity 
in ─ Input energy 
ins ─ Insulation 
mg ─ magnet 
o ─ Overall 
out ─ Output energy 
r ─ Radiation 
rmg ─ Rectangular magnet 
s ─ Sun 
ss ─ Solar still 
st ─ Stored energy 
sky ─ Sky 
t ─ Total 
w ─ Water 

Appendices. 

Pressure for saline water and glass cover: 

Pg = exp
[

25.317 −
5, 144

Tg + 273

]

(A1)  

Pw = exp
[

25.317 −
5, 144

Tw + 273

]

(A2) 

Effective emissivity: 

εeff =
1

[
1

εw
+ 1

εg
− 1
] (A3) 

Convective heat transfer between two surfaces: 

hc =
k × 0.15 × (Gr.Pr)0.333

L
(A4)  

Gr=
gv × β × ΔT × L3

γ2 (A5) 
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(β)=
1

Tf + 273.16
(A6)  

(
Tf
)
=

T1 + T2

2
(A7)  
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