
 
 

University of Birmingham

Combined effects of composite thermal energy
storage and magnetic field to enhance productivity
in solar desalination
Dsilva Winfred Rufuss, D.; Arulvel, S.; Anil Kumar, V.; Davies, P.A.; Arunkumar, T.;
Sathyamurthy, Ravishankar; Kabeel, A.e.; Anand Vishwanath, M.; Sai Charan Reddy, D.;
Dutta, Amandeep; Agrawal, Mayank; Vilas Hiwarkar, Vedant
DOI:
10.1016/j.renene.2021.07.124

License:
Creative Commons: Attribution-NonCommercial-NoDerivs (CC BY-NC-ND)

Document Version
Peer reviewed version

Citation for published version (Harvard):
Dsilva Winfred Rufuss, D, Arulvel, S, Anil Kumar, V, Davies, PA, Arunkumar, T, Sathyamurthy, R, Kabeel, AE,
Anand Vishwanath, M, Sai Charan Reddy, D, Dutta, A, Agrawal, M & Vilas Hiwarkar, V 2021, 'Combined effects
of composite thermal energy storage and magnetic field to enhance productivity in solar desalination',
Renewable Energy, vol. 181, pp. 219-234. https://doi.org/10.1016/j.renene.2021.07.124

Link to publication on Research at Birmingham portal

General rights
Unless a licence is specified above, all rights (including copyright and moral rights) in this document are retained by the authors and/or the
copyright holders. The express permission of the copyright holder must be obtained for any use of this material other than for purposes
permitted by law.

•Users may freely distribute the URL that is used to identify this publication.
•Users may download and/or print one copy of the publication from the University of Birmingham research portal for the purpose of private
study or non-commercial research.
•User may use extracts from the document in line with the concept of ‘fair dealing’ under the Copyright, Designs and Patents Act 1988 (?)
•Users may not further distribute the material nor use it for the purposes of commercial gain.

Where a licence is displayed above, please note the terms and conditions of the licence govern your use of this document.

When citing, please reference the published version.
Take down policy
While the University of Birmingham exercises care and attention in making items available there are rare occasions when an item has been
uploaded in error or has been deemed to be commercially or otherwise sensitive.

If you believe that this is the case for this document, please contact UBIRA@lists.bham.ac.uk providing details and we will remove access to
the work immediately and investigate.

Download date: 20. Apr. 2024

https://doi.org/10.1016/j.renene.2021.07.124
https://doi.org/10.1016/j.renene.2021.07.124
https://birmingham.elsevierpure.com/en/publications/a54cef23-e04f-4991-88c6-b2e3d34b3d42


1 
 

Combined effects of composite thermal energy storage and magnetic field to enhance 1 

productivity in solar desalination 2 

D. Dsilva Winfred Rufuss1,2*, S. Arulvel1, V. Anil Kumar1, P.A. Davies2, T. Arunkumar3, 3 

Ravishankar Sathyamurthy4,5, A.E. Kabeel5, M. Anand Vishwanath1, D. Sai Charan Reddy1, 4 

Amandeep Dutta1, Mayank Agrawal1, Vedant Vilas Hiwarkar1  5 

1School of Mechanical Engineering, Vellore Institute of Technology (VIT), Vellore-632014, 6 

Tamil Nadu, India 7 

2School of Engineering, University of Birmingham, Edgbaston, Birmingham B15 2TT, UK 8 

3National Center for International Research on Photoelectric and Energy Materials, Yunnan 9 

Province Engineering Research Center of Photocatalytic Treatment of Industrial Wastewater, 10 

School of Chemical Sciences and Technology, Yunnan University, Kunming-650091, China 11 

4Department of Mechanical Engineering, KPR Institute of Engineering and Technology, 12 

Coimbatore, Tamil Nadu, India 13 

5Mechanical Power Engineering Department, Faculty of Engineering, Tanta University, Tanta, 14 

Egypt 15 

Abstract 16 

The conventional solar still is limited to a daily yield of approximately 2 – 3.5 kg/m2/day. To 17 

increase the yield, this study investigates experimentally the combined effects of latent and 18 

sensible energy storage together with magnetization. Paraffin and novel high-thermal 19 

conductivity nanomaterial (graphite plate) were used as latent and sensible heat storage 20 

materials, respectively. There was an overall increase of 62% and 235% in the daytime and 21 

night-time yield, respectively, giving a total yield of 5.5 kg/m2/day compared to 3.4 kg/m2/day 22 

for a conventional still. Enviro-economic parameters like emissions, CO2 mitigation and carbon 23 

credit (CC) earned were also investigated. Energy matrices analysis and water quality checks 24 

were performed to estimate the energy-payback time, life cycle conversion efficiency (LCCE) 25 

and purity of desalinated water. The cost per liter of freshwater was found to be 3.7% cheaper 26 

than for a conventional still and 69% cheaper than bottled water in India. Over a 30 year period, 27 

40.3 Tonnes of CO2 will be mitigated contributing a CC and LCCE of $402 and 0.52, 28 

respectively. The proposed modified still is recommended as a substitute for conventional stills 29 

and stills with simple energy storage. 30 

Keywords: composite thermal energy storage; graphite plate-paraffin; modified still; ferrite 31 

magnets; techno-enviro-economical; productivity. 32 
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Nomenclature  

AC annual cost ($) 

AMC  annual maintenance and operational cost($) 

ASV annual salvage value ($) 

BIS bureau of Indian standards 

CC  carbon credit earned ($) 

CNT carbon nanotube 

CO₂ carbon dioxide 

CPL cost per liter ($) 

CRF capital recovery factor 

CuO copper oxide 

DO dissolved oxygen (%) 

DSC Differential scanning calorimeter 

FAC  fixed annual cost ($) 

GDP Gross Domestic Product 

GO  graphene oxide 

LCCE life cycle conversion efficiency 

M  annual productivity (kg/m2) 

N number of days 

NO nitric oxide 

P present capital cost ($) 

PCM  phase change material 

pH parts of hydrogen 

Ppm parts per million 

PVC Polyvinyl chloride 

R&D research and development 

S  salvage value ($) 

SAS School of Advanced Sciences 

SFF sinking fund factor 

SO₂ sulphur dioxide 

Ta  ambient temperature (℃) 

TDS  total dissolved solids (mg/L) 

TES thermal energy storage  

Tgraphite  temperature of graphite plate (℃) 

Tg temperature of glass (℃) 

TiO₂ titanium dioxide 

Tpcm temperature of phase change material (℃) 

Tw water temperature (℃) 

USD United States dollar ($) 

VIT Vellore Institute of Technology 

Y Total years of operation 

 34 

 35 

 36 
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1. Introduction 37 

Freshwater is one of the basic requirements of all living creatures on the earth. Even though 38 

73% of the earth is covered with water, only 3% is freshwater. The total freshwater available 39 

for usage is estimated to be 0.36% [1,2]. Roughly one million people die each year due to lack 40 

of access to good quality water [3]. Desalination technologies help to remedy this water crisis.  41 

The various desalination techniques include membrane desalination technologies 42 

(electrodialysis, reverse osmosis, forward osmosis) and thermal desalination technologies 43 

(vapour compression evaporation, adsorption desalination, solar stills, multi-stage flash and 44 

distillation) [4,5,14,6–13]. In general, membrane technologies and most of the thermal 45 

desalination technologies are expensive, energy-intensive processes, as such not very feasible 46 

in rural areas [15]. Among the various options, the solar still is a thermal desalination 47 

technology that operates at zero fuel cost (as it is driven by solar energy) and as such one the 48 

more economic technologies available  [16–18].  49 

The conventional solar still is limited to a low daily yield of approximately 2–3.5 50 

kg/m2/day, which is insufficient for an average family [19]. Enhancing this yield is an 51 

important research and development (R & D) area, wherein researchers are trying to 52 

incorporate advanced techniques like solar collectors, solar photovoltaic, thermal energy 53 

storage and solar pond. [20–23]. Among these, thermal energy storage is used to improve the 54 

daily yield by providing freshwater even during the night [24–26].  55 

Generally, thermal energy can be stored by sensible heat (without phase change) and latent 56 

heat (with phase change) energy storage materials [27]. Many sensible heat energy storage 57 

materials (Fig. 1) were used by researchers from the year 1981 to 2020, including jute cloth 58 

[28], black rubber mat [29], black gravel [30], aluminium plates [31,32], charcoal granules 59 

[33], packed glass ball [34], granite [35], sponges [36,37], fins [38], sand [39], black rocks  60 

[40], dried sand [41], vertical jute cloth [42], dry cow dung [43], thermic fluid [44,45], bamboo 61 

cotton [46], marble pieces [47] and fins [48]. In recent years (i.e. 2018 and 2019), research was 62 

carried using novel materials and combining more than one materials [49], [50], [51], [52], 63 

[53], [54], [55], [56] to enhance the productivity. A detailed comparison of productivity 64 

enhancement using these various materials is shown in Table. 1. It is evident that the sensible 65 

heat energy storage materials gave a significant productivity improvement. However, emerging 66 

high-thermal conductivity energy storage materials such as CNT and graphite plates (in the 67 

bulk volume) have not yet been incorporated and investigated in the solar still.  68 
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 69 

Fig. 1. Historical evolution of thermal energy storage materials in solar desalination 70 

Unlike sensible heat energy storage, latent heat energy storage in solar still gained interest 71 

relatively recently in 2003 [57], and slowly gained momentum since then [58–62]. There are 72 

many reviews available about the integration of latent heat energy storage material in the solar 73 

still [63,64], covering various types of latent heat energy storage materials such as paraffin, 74 

lauric acid, glauber’s salt and stearic acid [24,27]. Among these, paraffin is most widely used 75 

owing to its low cost and favourable thermo-physical and chemical properties [26,63,65,66]. 76 

Up till now, studies only looked at materials used individually. Composite thermal energy 77 

storage is a new concept that combines both sensible and latent heat energy storage in the solar 78 

still. This technique was initiated in 2016 [67] and only a few studies have been reported so 79 

far.  80 

Shalaby et al. (2016) used wick and paraffin for composite thermal energy storage and 81 

achieved a 41% improvement in yield over a conventional still [67].  Kabeel et al. (2019) used 82 

black gravel (as sensible heat energy storage material) and paraffin wax (as latent heat energy 83 

storage material) to obtain an improvement of 37% [68]. These experiments show it to be a 84 

promising technique that merits further investigation. Moreover, none of the studies 85 

investigated the integration of recently evolved high thermal conductivity sensible heat energy 86 

storage materials (like CNT and graphite) along with the latent heat energy storage materials 87 

in a solar still.  88 

Recently (in 2019) Indian researchers found that magnetizing (through ferrite magnets) the 89 

feed water enhances the distillate yield [69]. Usually, in conventional stills, the presence of 90 

Van der Waals force between the soluble salts and water molecules increases the boiling point 91 

elevation and leads to the low vapor pressure [70–75]. Whereas the still integrated with ferrite 92 

magnets induce a magnetic field which tends to break the Van der Waals force between the 93 
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water molecules and soluble salts [70–75]. This phenomenon increases the diffusion coefficient 94 

of salt ions and mobility of water molecules, which in turn increase the vapor pressure and 95 

enhances the evaporation process [70–75]. The integration of magnets increases the partial 96 

pressure difference between the water and glass cover, which in turn increases the evaporative 97 

heat transfer coefficient and enhances productivity by 49% [69]. However, the combined 98 

effects of heat storage and magnetisation have yet to be investigated.  99 

To summarise these findings, the following areas have not yet been investigated in solar 100 

stills: (i) new (graphite plates and CNT) sensible heat energy storage materials; (ii) combination 101 

of such materials with latent heat energy storage; (iii) magnetisation together with such 102 

composite energy storage. The current study aims to address these research gaps. Thus, the 103 

specific objectives are to: (i) analyse the productivity enhancement through composite thermal 104 

energy storage technique along with the magnetizing effect together in solar still (modified 105 

still); (ii) investigate the technical and economic feasibility of the proposed modified still, (iii) 106 

conduct an enviro-economic analysis of it; (iv) perform energy matrices analysis associated 107 

with the modified still, and (v) test the quality of water from the modified still to reassure that 108 

the desalinated water quality is within the permissible limits of the Bureau of Indian Standards 109 

(BIS). 110 

Table 1. Summary of existing literature in solar still integrated with sensible and latent heat 111 

energy storage materials (where data are provided) 112 

Sl. 

No 

Reference Year Types of 

energy 

storage 

Materials used Findings 

1.  [28] 

 
1981 Sensible heat 

energy storage 

Jute cloth Productivity augmented by 

34% 

2.  [29] 

 
1998 Sensible heat 

energy storage 

Black rubber mat 38% increase in the 

productivity 

3.  [30] 
 

2001 Sensible heat 

energy storage 

Black gravel and 

black rubber 

20% improvement in the 

cumulative yield 

4.  [31,32] 

 
2002 Sensible heat 

energy storage 

Floating perforated 

aluminium black plate 

Yield was enhanced by 40% 

5.  [33] 

 
2003 Sensible heat 

energy storage 

Charcoal granules Yield was enhanced by 15% 

6.  [57] 2003 Latent heat Paraffin oil and 

paraffin wax 

The efficiency was 

enhanced to 36.2% 
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7.  [34] 

 
2005 Sensible heat 

energy storage 

Packed glass ball Productivity improved by 

7.5% 

8.  [35] 
 

2007 Sensible heat 

energy storage 

Black gravel granite 

 

Productivity improved by 

20% Productivity enhanced 

to 3.9 kg/m2 

9.  [36–38]  2008 Sensible heat 

energy storage 

Sponges Productivity is 2.26 kg/m2. 

15.3% higher productivity 

compared to the 

conventional still 

10.  [39] 

 
2009 Sensible heat 

energy storage 

Sand 23% enhancement in the 

productivity 

11.  [40] 

 
2009 Sensible heat 

energy storage 

Black rocks and 

metallic wiry sponges 

Black rocks gave better 

productivity as compared to 

wiry sponges 

12.  [41] 

 
2010 Sensible heat 

energy storage 

Sand 75% enhancement in the 

productivity 

13.  [42]  2010 Sensible heat 

energy storage 

Dry jute cloth 20% increase in the 

cumulative yield. 

Daily yield enhanced to 4 

kg/m2 

14.  [25]  2010 Sensible heat 

energy storage 

Quartzite rocks, 

washed stones, bricks 

and mild steel 

Quartzite rock gave the 

maximum yield comparing 

other materials. 

15.  [58] 2014 Latent heat 

energy storage 

Myristic acid, lauric 

acid 

Lauric acid gave better yield 

as compared to myristic acid 

16.  [43] 

 
2015 Sensible heat 

energy storage 

dry cow dung 35% increase in the daily 

yield 

17.  [44,45] 
 

2016 Sensible heat 

energy storage 

Salt encapsulated 

spherical plastic 

container and thermic 

fluid 

The daily yield was 

enhanced by 66% 

18.  [59] 

 

2016 Latent heat 

energy storage 

Paraffin 31% increase in the 

productivity 

19.  [60] 

 

2016 Latent heat 

energy storage 

Paraffin 67.18% increase in the 

productivity 

20.  [61] 

 

2016 Latent heat 

energy storage 

Paraffin 109% increase in the daily 

yield 

21.  [62] 

 

2016 Latent heat 

energy storage 

Paraffin Productivity increases by 

49%. 

The daily yield was 2.1 

kg/m2. 

22.  [67] 2016 Sensible heat 

and latent heat 

energy storage 

Paraffin Daily yield increased to 3.7 

kg/m2. 

23.  [46] 
 

2017 Sensible heat 

energy storage 

Jute, bamboo cotton, 

dry cotton and wool 

Bamboo cotton yielded 

better results with 51.9% 

higher yield  
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24.  [47] 

 

2017 Sensible hear 

energy storage 

Sandstones, marble 

pieces 

Sandstones gave higher 

productivity as compared to 

marbles 

25.  [48] 

 
2017 Sensible heat 

energy storage 

Fins along with 

condensers 

41.9% improvement in the 

daily yield 

26.  [49] 

 
2018 Sensible heat 

energy storage 

Jute cloth and sand 

heat storage 

15% improvement in the 

yield 

27.  [50] 

 
2018 Sensible heat 

energy storage 

Absorber tube coated 

with graphite 

80% improvement on the 

cumulative yield 

28.  [27] 

 

2018 Latent heat 

energy storage 

Paraffin+CuO, 

Parffin+TiO2, 

Paraffin+GO 

Paraffin with titanium oxide 

gave better productivity of 

5.28 kg/m2 compared to the 

GO and CuO 

29.  [51] 

 
2019 Sensible heat 

energy storage 

Sand-filled coal 

powder and cotton 

cylinder 

Yield improved by 30.9% 

30.  [52,53] 

 
2019 Sensible heat 

energy storage 

Basalt stones 

Jute cloth 

 

Yield improved by 33.37% 

Productivity enhanced by 

18% 

31.  [54] 

 
2019 Sensible heat 

energy storage 

Copper oxide 

nanoparticles coated 

absorber plate and 

sponges 

41% improvement in the 

daily yield 

32.  [55] 

 
2019 Sensible heat 

energy storage 

Pumice stones Cumulative yield enhances 

by 28% 

33.  [68] 2019 Latent heat and 

sensible heat 

energy storage 

Paraffin and Black 

gravel 

Achieved daily yield of 3.27 

kg/m2 

34.  [56] 

 

2020 Sensible heat 

energy storage 

Gravel coarse 

aggregate 

Productivity enhanced to 

4.21 kg/m2 

 113 

2. System description  114 

Two solar stills (conventional and modified), each of 1m2 area, were fabricated using 115 

aluminium sheets and covered with a transparent glass cover of thickness 4 mm. The inclination 116 

of the cover was at 12° (equal to the latitude of the Vellore, Tamil Nadu, India, where the still 117 

was located). To reduce the heat loss from the system to the surroundings, a foam strap with 118 

epoxy glue was used to fix the glass on the top of both solar stills. The inner walls of the solar 119 

stills were coated with aluminium enamel and the base was coated with black synthetic enamel 120 

paint to enhance the absorptivity and reflectivity of solar radiation onto the system. The 121 

modified still included ferrite magnets, graphite plates and paraffin arranged as follow (Fig. 2). 122 
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 123 

Fig. 2. Schematic setup of modified solar still with composite energy storage and ferrite 124 

magnets 125 

Fourteen graphite plates (each of 150 mm × 70 mm × 25 mm), which are insoluble in 126 

water, were purchased from Triton Graphite, Gujarat, India and placed on the basin of the solar 127 

still following the pattern suggested by Dumaka et al. (2019) [69] (Fig. 3). The specifications 128 

of graphite plates are tabulated in Table 2. Ring-shaped hollow ferrite magnets of grade N42 129 

(09 numbers) each of 6 cm outer diameter and 3.2 cm inner diameter with a magnetic field 130 

strength of 90 mT were purchased from Magna Tronix, Chennai, India. The magnets were 131 

arranged geometrically as suggested in the literature to provide a uniform distribution of 132 

magnetic field strength across the basin [69,76,77]. The detailed specifications of the ferrite 133 

magnet are given in Table 3. A small reservoir of 2.5 cm height was fabricated below the basin 134 

to hold 10 kg latent heat energy storage material (paraffin). The melting and solidification 135 

characteristics of the paraffin were tested using Nano DSC differential scanning calorimeter 136 

from TA instruments in the School of Advanced Sciences (SAS), VIT University, Vellore, 137 

India. As per the recommendations given in the literature [27,78,79] suggesting that the amount 138 

of brine water should be less than the total volume of paraffin, 9 kg of saline water (tap water) 139 

was fed inside the solar still. The specifications of the paraffin used in the study are tabulated 140 

in Table 4. Experimental observations were carried out during March 2020 at the roof-top of 141 
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Renewable Energy Sources Laboratory-GDN block, VIT University (12.91° N, 79.13° E), 142 

Tamil Nadu, India.  143 

Table 2. Specification of graphite plates used in the present study 144 

Parameters Specifications 

Grade and color 1st grade and black color 

Length x bredth x thickness (mm) 150 x 70 x 25 

Thermal conductivity (W/mK) 390 

Temperature up to 2000℃ 

Thermal expansion (µm/m-K) 4.9 

Young's Modulus (GPa) 21 

Ultimate tensile strength (MPa) 18 

Heat of vaporization 128 k-Cal/gm atom at 4612°C 

 145 

Table 3. Thermal properties of ferrite magnet used in the modified still 146 

Properties Specifications 

Density (g/cm3) 4.9 to 5.1 

Thermal conductivity (W/mK) 4186.92 

Electrical resistivity (ohm-cm) 106 

Tensile strength (psi) 5000 

Flexural strength (psi) 9000 

Hardness (Mohs) 7 

Curie temperature (℃) 450 

Remanence (Br) 0.41-0.42 

Intrinsic coercive force (Hcj) 250-260 

Max. energy (kJ/m3) 32.0-33.0 

 147 

Table 4. Properties of the phase change material (paraffin) 148 

Sl. No Properties Corresponding value 

1 Melting temperature range 57-59℃ 

2 Density (solid/liquid) 820/770 kg/m3 

3 Specific heat (solid/liquid) 2.9/2.51 kJ/kg 

4 Latent heat of fusion 285 kJ/kg 

5 Thermal conductivity 0.28 W/mK 

 149 
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K-type (KC-PVC-K-24-180) thermocouples have been used to detect the temperatures 150 

of magnets, graphite, paraffin, inner glass, ambient and water in the solar still. The tap water 151 

with pH: 7.7, TDS: 330 ppm, hardness: 254 mg/L, dissolved oxygen: 78%, fluoride: 1.9 mg/L, 152 

chloride: 31.4 mg/L, electrical conductivity: 637 µs/m, calcium ions: 29.7 mg/L, magnesium 153 

ions: 33 mg/L, sodium ions: 372 mg/L, potassium ions: 95 mg/L and sulphate ions: 37 mg/L 154 

was used as the feed water. The temperatures of the various components of the solar still were 155 

observed on an hourly basis from 9:00 h to 21:00 h. A plastic graduated cylinder was used to 156 

measure the distillate output. The whole system was insulated with glass wool of 30 mm 157 

thickness to lessen the heat loss further. The solarimeter and anemometer were used in the 158 

experiment to measure the solar intensity and wind velocity, respectively.  159 

 160 

Fig. 3. Experimental picture of the modified solar still showing graphite plates, ferrite magnets 161 

and paraffin 162 

The technical details of the various measuring instruments including their range and 163 

accuracy are tabulated in Table 5. To estimate the impacts of errors associated with the 164 

experiments on the results and conclusions, an uncertainty analysis was carried out for the 165 

experimental observation parameters such as various temperature components, hourly yield 166 

and cumulative productivity, as per the procedure suggested in the literature [27,36,64,80]. The 167 

internal uncertainty and the average of averages in the observations were found to be 0.0024 168 

and 0.19 respectively, corresponding to an uncertainty percentage of 1.2%. The uncertainty 169 

percentage of the experiment was thus found to be very low and consistent with that achieved 170 

by the other researchers e.g. Kabeel et al. [68] with 6.8%, Arunkumar et al. [54] with 1.88% 171 
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and Rufuss et al. [27] with 2.06%. After the experiments, the desalinated water was taken for 172 

quality testing in the Environmental and Water Resource Laboratory, VIT University, Vellore, 173 

India.  174 

Table 5. Accuracy and range measurement instruments used for the experiment 175 

Sl. 

No 
Instrument Accuracy Range 

1 Solarimeter ± 2 W/m2 0 – 2000 W/m2 

2 Thermocouple ± 0.1 °C 0 – 1300°C 

3 Graduated cylinder ± 1 ml 1000 ml 

4 Gaussmeter  0.1 mG / 0.01 µT 0-2000 µT 

5 Anemometer ±0.1 m/s 0.4-35 m/s 

6 Differential scanning 

calorimetry (DSC) 

Baseline stability 

±0.028 µWatts 

10 °C to 160 °C with the scan rate 

0.05 °C to 2°C/minute 

3. Working principle  176 

Fig. 4 shows the working principle of the modified still which has PCM, graphite plates 177 

and ferrite magnets.  178 

 179 

Fig. 4. Working principle of modified still showing a productivity enhancement with 180 

graphite plates, paraffin (PCM) and ferrite magnets 181 
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The addition of graphite plates increases the evaporation of water molecules from the brine 182 

to the inner surface of the glass cover. The magnetization of water molecules also plays an 183 

important role in the evaporation of water molecules. Generally, in saline water, the water 184 

molecules adhere to the salt ions through weak Van der Waals bonding. It is important to 185 

weaken the bonding between the salt ions and water molecules to increase the mobility of salt 186 

ions (from salinized water to the basin) and water molecules (from the basin to the inner surface 187 

of the glass cover). This can be achieved through the electric field or magnetic field [69,81]. In 188 

this study, the magnetic field is preferred based on previous studies in solar desalination 189 

[69,82,83]. The magnetic field is also responsible for increasing the partial pressure difference 190 

between water and glass cover, which should improve the evaporation process.  191 

In addition, sensible heat storage materials in solar still absorb the heat energy from the 192 

sun and store them in the form of sensible heat and release the heat during the nocturnal hours 193 

without changing phase. Whereas the latent heat storage material works on the same 194 

mechanism as the sensible heat storage materials, except for the fact that they change their state 195 

of matter from solid to molten state while they absorb the heat and vice-versa when they release 196 

the heat. These materials absorb and release the heat as the latent heat when they are in the 197 

melting and solidifying temperature range (usually ±3℃ from the melting and solidification 198 

point) and as the sensible heat during the rest of time [27]. Thus, the composite energy storage 199 

materials helped to maintain the water temperature higher even during the late evening and 200 

nocturnal hours to get maximum productivity.   201 

 202 

4. Results and Discussion  203 

The results related to the investigations (i.e. technical, economic, enviro-economic, energy 204 

matrices analysis and water quality test) carried out in this study are discussed under the 205 

following sections. 206 

4.1.Technical investigations 207 

The effects of climatic parameters during experimentation and temperature of the various 208 

components (glass, water, energy storage materials) associated with the conventional and 209 

modified still are discussed in the following sub-sections. Furthermore, the melting and 210 

solidification characteristics of the phase change material along with the hourly and daily yield 211 

of the conventional and modified still are discussed in detail. Also, to aid comparison, the 212 

productivity of the present study is compared against the existing literature at the end of this 213 

section.  214 
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4.1.1. Effect of climatic parameters 215 

The hourly variation of the solar intensity and wind velocity is depicted in Fig. 5. It was 216 

observed that the intensity gradually increased from 9:00 h and reached its maximum intensity 217 

(1056 W/m²) at 13:00 h and then seamlessly dips down to zero during the late evening hours. 218 

The peak intensities were observed during 13:00 h, 12:00 h, and 14:00 h corresponding to 1056 219 

W/m2, 997 W/m2 and 967 W/m2, respectively. A parabolic trend was observed in the intensity 220 

profile of the solar radiation during the entire span of the experiment.  221 

 222 

Fig. 5. Hourly variations of solar intensity and wind velocity during the experiment 223 

The maximum, minimum and average wind velocity observed was 2.4 m/s, 0.9 m/s and 1.6 224 

m/s, respectively. These velocities are sufficiently small not to affect the experimental 225 

observations [17,84]. 226 

4.1.2. Effects of the glass and water temperatures 227 

The glass and water temperatures of the modified still were greater than the corresponding 228 

temperatures of the conventional still after 12:00 h (Fig. 6). This increase was due to the 229 

addition of ferrite magnets, graphite plates and phase change material (PCM) in the modified 230 

still. The better thermal conductivity of sensible heat energy storage material (which was in 231 

direct contact with water) along with the presence of PCM have considerably decreased the 232 

water temperature in the modified still during the initial stage of the experiment (i.e. till 12:00 233 

h) as compared to the conventional still. During 9:00-12:00 h, the heat energy from the water 234 
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was absorbed by the graphite plates, ferrite magnets and phase change material (i.e. during 235 

charging of PCM). After 12:00 h, the absorbed heat was gradually released to the water which 236 

in turn further increased the temperature of the water (discharging of PCM) [27,85]. Also, this 237 

mechanism helped the water to maintain its temperature at a higher level even during nocturnal 238 

hours.  239 

 240 

 241 

Fig. 6. Hourly variations of glass, water and ambient temperatures for conventional and 242 

modified still 243 

A peak trend was observed from 15:00 h to 19:00 h showing the maximum variation in the 244 

water temperature of the modified still as compared to the conventional still. During this time, 245 

PCM was in the range of its peak solidification temperature wherein it released its latent heat 246 

completely [27,85]. In addition to this, the graphite plates also released its heat to the water, 247 

which accounted for a substantial increase in the water temperature. Due to these reasons, the 248 

water temperature was significantly higher for the modified still than the conventional still. In 249 

summary, the integration of composite thermal energy storage along with ferrite magnets have 250 

augmented the water temperature of the modified still.    251 
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4.1.3. Effects of integrated energy storage materials 252 

The temperature variations of the various storage materials in the modified still are 253 

presented in Fig. 7. The temperature of the phase change material was considerably low as 254 

compared to the magnet temperature during the first four hours of the experiment. This was 255 

because the melting characteristics (melting time) of the PCM was higher as compared to the 256 

magnet. Moreover, the magnet was in direct contact with the water which enabled the magnet 257 

to increase its temperature till 12:00 h.  258 

 259 

Fig. 7. Temperature variations of composite thermal energy storage materials and ferrite 260 

magnets in the modified still. 261 

Furthermore, it also acted as an additional heat source allowing the water to maintain a 262 

higher temperature during the cloudy hours.  The maximum temperature of magnet, graphite 263 

and PCM was observed to be 62℃, 72℃ and 68℃, respectively at 14:00 h. A 16% and 6% 264 

increase in the temperature was accounted for graphite plate comparing the magnet and PCM 265 

temperatures (at 14:00 h), respectively. During the late evening hours (17:00 h to 21:00 h), 266 

graphite plate and PCM temperatures dominated the temperature of the magnet. There was a 267 

2-4% increase in the temperatures of the PCM and graphite plate as compared to the magnet’s 268 

temperature.  269 

The graphite plates consistently extend their supremacy over the other two materials 270 

throughout the experiment due to the high thermal conductivity. In summary, the melting and 271 
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solidification characteristic of PCM (which is discussed below) moderated the temperature 272 

variation across the storage unit beneath the basin. Furthermore, the energy storage units 273 

temperature played a vital role in governing the water temperature to increase the temperature 274 

difference with that of glass temperature and in turn, increased the productivity.  275 

4.1.4. Effects of melting and solidification characteristics of PCM 276 

The melting and solidification characteristics of the latent heat energy storage material (i.e. 277 

paraffin) are depicted in Fig. 8. The melting commenced at 52℃ and gradually reached its peak 278 

melting temperature of 64℃. There was a 20% difference in the temperature between the start 279 

and peak melting temperature of the paraffin. Thus, there was considerable latent heat absorbed 280 

by paraffin between 52℃ and 64℃. The peak melting and solidification temperatures of the 281 

paraffin were found to be 64℃ and 58℃, respectively.  282 

 283 

Fig. 8. Melting and solidification characteristics of PCM 284 

The solidification starts at 61℃ and lasts till 53.5℃ contributing a 7.5℃ temperature 285 

difference with a 14.5% increase in the amount of latent heat released during solidification. 286 

The PCM has released its latent heat till 53.5℃ during solidification, inducing a greater 287 

temperature difference between water and glass cover increasing the daily yield. Thus, the 288 

addition of latent heat energy storage material has acted as an additional heat source to increase 289 

the water temperature in the modified still as compared to the conventional still. The prolonged 290 

melting and solidification behavior of the paraffin made a significant contribution in melting 291 
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and solidifying characteristics by absorbing and releasing considerably a higher amount of the 292 

latent heat during the charging and discharging process, respectively.   293 

4.1.5. Effect of the temperature difference between water and glass cover 294 

The temperature difference plays an important role in augmenting the hourly and 295 

cumulative yield of the solar still [27,35,42]. Fig. 9 depicts the difference in temperatures of 296 

water and glass cover for conventional and modified still. The maximum temperature 297 

difference of 26.5℃ (at 14:00 h) was observed in the modified still whereas the maximum 298 

temperature difference observed in the conventional still was only 21℃ (at 14:00 h). A 26% 299 

increase was observed in the peak temperature differences between the water and glass cover. 300 

 301 

Fig. 9. Comparison of the temperature difference between water and glass cover for the 302 

conventional and modified still 303 

At 9:00 h, 10:00 h, 11:00 h and 12:00 h, the temperature difference between water and glass 304 

cover was higher in the modified still as compared to the conventional still. There was a 4℃ 305 

increase observed in the temperature difference of water and glass cover for the modified still 306 

over the conventional still from 9:00 h to 12:00 h. The main reason behind this variation was, 307 

the energy storage materials were charged during 9:00 h to 12:00 h, where the heat energy of 308 

the water was absorbed by the sensible and latent heat energy storage materials which in turn 309 

decreased the water temperature in the modified still as compared to the conventional still.   310 
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After 12:00 h, there was an increasing trend observed in the temperature difference between 311 

the water and glass cover of the modified still. This was because, after 12:00 h, the energy 312 

storage materials have released the heat back to the water, thus increasing the temperature of 313 

the water in the modified still to be more than that of the conventional still (see Fig. 7) [27,85]. 314 

Also, it was the same reason for achieving a higher temperature difference  (9℃) even during 315 

late evening hours in the modified still. In summary, the temperature difference between water 316 

and glass cover was higher for the modified still after 12:00 h due to the integration of paraffin, 317 

ferrite magnets and graphite plates – which helped the modified still to achieve better 318 

productivity over the conventional still.  319 

4.1.6. Variation of hourly yield and daily productivity 320 

The hourly and daily productivity comparison of the conventional and modified still is 321 

depicted in Fig. 10. The hourly yield of the conventional still was slightly higher than the 322 

modified still till 12:00 h. After 12:00 h, the hourly yield of the modified still exceeds the 323 

conventional still. The maximum hourly yield obtained for conventional and modified still was 324 

0.6 and 0.7 kg/m2/day, respectively contributing to a 26.6% enhancement in the modified still 325 

over the conventional still. 326 

The results show that even in the late evening hours (i.e. from 17:00 h to 21:00 h), there 327 

was a constant hourly output achieved in the modified still. The evening time productivity of 328 

the conventional and modified still ranged from 0.3 kg/h to 0.02 kg/h and 0.6 kg/h to 0.1 kg/h, 329 

respectively. The daily average cumulative yield for the conventional and modified still was 330 

found to be 2 kg/m2/day and 2.7 kg/m2/day, respectively. The percentage increase in the 331 

average cumulative yield of the modified still accounted for 33% as compared to the 332 

conventional still. The cumulative yield of conventional and modified still was 3.4 kg/m2/day 333 

and 5.5 kg/m2/day, respectively. There was a 62% increase in the daily cumulative yield of the 334 

modified still as compared to the conventional setup. Evening time productivity (i.e. from 335 

17:00 h to 21:00 h) for the conventional still was accounted for less than one liter whereas it 336 

was doubled (nearly 2 liters) for the modified still. There was a 235% increase in the yield 337 

observed during evening time in the modified still as compared to the conventional still. This 338 

variation was due to the fact that the magnetic field has a positive impact on the evaporation 339 

rate due to the change in hydration shells of the water in the modified still [86]. The magnetic 340 

field has increased the rate of evaporation, due to which the productivity enhancement was 341 

increased to 62%, compared to only 50.3% enhancement in studies using graphite and PCM 342 

but without any magnets [24]. This clearly indicates that a 12% increment in the enhancement 343 

was due to the magnetic field. 344 
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 345 

Fig. 10. Variation of hourly and cumulative yield for the conventional and modified still 346 

Effective separation of salt from the water was possible when the solutions were 347 

circulated in a magnetic field. The variation in the hourly and cumulative yield was due to the 348 

addition of magnets which reduced the surface tension and increased the evaporation rate of 349 

the water. And, the integration of composite energy storage materials with the still acted as an 350 

additional heat source and helped to maintain the water temperature higher even during late 351 

evening and nocturnal hours. Thus, the variation in the hourly yield was because of the 352 

combined effect of composite energy storage and magnetizing effect by the thermal energy 353 

storage materials (paraffin and graphite plates) and ferrite magnets, respectively.  354 

4.1.7. Productivity comparison of the present study with existing literature 355 

A detailed comparison of the daily yield of the present study with the existing literature is 356 

summarized in Table 6. Shalaby et al. (2016) [67] used paraffin as the latent heat storage 357 

material under Egyptian climatic conditions and achieved productivity of  3.7 kg/m2/day which 358 

was 46.2% lesser than the productivity of the present study. In the same year, Mousa and 359 

Gujrathi (2016) [62] also have performed their study using paraffin as the latent heat storage 360 

material in Oman and obtained a daily yield of 2.1 kg/m2/day which was 61.8% lesser than the 361 

productivity achieved by the current study. Rufuss et al. (2018) [27] performed experiments 362 

using nanoparticles i.e. titanium dioxide and copper oxide enhanced paraffin under Indian 363 

climatic conditions and achieved a daily yield of 4.9 kg/m2/day and 5.2 kg/m2/day, respectively 364 
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which are 4% and 11.3%  lesser than the productivity of the present study. Kabeel et al. (2019) 365 

[68] have experimented with both latent and sensible heat energy storage materials i.e. by using 366 

paraffin and black gravel, respectively under Egyptian climatic conditions and reported a daily 367 

yield of  3.2 kg/m2/day which was 40.5% lesser than the present study’s productivity. Diwakar 368 

et al. (2020) [56] and Sharshir et al. (2020) [87] have, respectively used gravel coarse aggregate 369 

and linen wicks with carbon black nanoparticles as sensible heat storage materials and achieved 370 

a daily cumulative yield of 4.2 kg/m2/day and 5.2 kg/m2/day, respectively corresponding to 371 

31% and 4.3% less yield than the current study.  372 

To summarise, the productivity of the current study (5.5 kg/m2/day) is greater than previous 373 

results, due to the combined effect of magnets and composite energy storage materials. 374 

Table 6. Productivity comparison of the present study with the existing literature (where data 375 

are provided) 376 

Sl. No Authors and 

references 

Type of 

energy 

storage 

techniques 

Type of 

Energy 

storage 

material 

Location Productivity 

(kg/m2/day) 

1 Shalaby et al. 

(2016) [67]  

Latent heat 

energy 

storage 

Paraffin Egypt 3.76 

2 Mousa and 

Gujarathi., 

2016 [62]  

Latent heat 

energy 

storage 

Paraffin Oman  2.1 

3 Rufuss et al., 

[27] 

Latent heat 

energy 

storage 

Paraffin and 

CuO 

nanoparticle 

India 5.28 

4 Diwakar et al. 

(2020) [56] 

Sensible heat 

energy 

storage 

Gravel coarse 

aggregate 

India 4.21 

5 Rufuss et al., 

2018 [27] 

Latent heat 

energy 

storage 

Paraffin 

enhanced with 

TiO2 

nanoparticles 

India 4.94 
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6 A.E. Kabeel 

et al. 2019 

[68] 

 

Latent heat 

and sensible 

heat energy 

storage 

Paraffin and 

Black gravel 

Egypt 3.27 

7 Sharshir et 

al., 2020 [87] 

 

Sensible heat 

energy 

storage 

linen wicks 

and carbon 

black 

nanoparticles  

Egypt 5.26 

8 Present study Latent heat 

and sensible 

heat energy 

storage 

Paraffin, 

Ferrite 

Magnets, 

Graphite plates 

India 5.5 

 377 

4.2.Economic investigations 378 

The economic parameters such as capital cost, annual cost, salvage value, annual 379 

maintenance cost and cost per liter for the conventional and modified still were discussed in 380 

the following section. A detailed cost per liter comparison of the present study with the existing 381 

literature was also presented at the end of this section 382 

4.2.1. Economic analysis 383 

Various costs and economic parameters such as fixed annual cost (FAC), annual 384 

maintenance and operational cost (AMC), annual productivity (M), productivity percentage 385 

and cost per liter (CPL) associated with the experiments were calculated using the following 386 

formulae  (Eqs. 1-9) suggested in the literature [27,88]  387 

FAC = P × CRF           (1) 388 

SFF =
i

(i + 1)y−1
         (2) 389 

S = 0.2 × P                   (3) 390 

ASV = SFF × S            (4) 391 

AMC = 0.15 × FAC     (5) 392 

AC = FAC + AMC − ASV      (6) 393 

where P, CRF, SFF, S, AC are the present capital cost, capital recovery factor, sinking fund 394 

factor, salvage value and annual cost, respectively. The capital recovery factor (CRF) and total 395 

years of operation (y) are assumed to be 0.17 and 10 years, respectively [27]. The average 396 

productivity (M) was calculated by 397 

M = c × n        (7) 398 

http://www.sciencedirect.com.egateway.vit.ac.in/science/article/pii/S1359431119372552#!
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where ‘c’ is the distillate yield per day and ‘n’ is considered to be approximately 250 days. The 399 

productivity percentage can be calculated using the ratio of the product of annual productivity 400 

and selling price of water ($0.2/l) to the annual cost [27]. Then, the cost per liter (CPL) of 401 

distilled water can be calculated by the ratio of annual cost and average annual productivity 402 

Productivity (%) =  
Annual productivity × selling price of the water

annual cost
                      (8) 403 

CPL =
AC

M
          (9)  404 

The total cost acquired for the conventional and modified still was $82 and $126, 405 

respectively which includes the cost of the basin, stand, insulation, adhesives, glass cover, 406 

magnets (for modified still only), graphite plate (for modified still only), paraffin (for modified 407 

still only), paints and fabrication costs (see details in Table 7). The total cost of the modified 408 

still was 55% greater than the conventional still, due to the integration of ferrite magnets, 409 

graphite plates and paraffin which contribute to 4.7%, 24% and 6.3%, respectively in the total 410 

cost of the modified still. The largest cost component (up to 24%) corresponded to the graphite 411 

plates, because of the manufacturing complexity associated with the graphite material. Thus, it 412 

is summarized that even though there was a 55% increase in the total cost of the modified still 413 

as compared to the conventional still, the other economic parameters like cost per liter and 414 

annual productivity are duly important for arriving at a decision about the economic feasibility 415 

of the entire experiment.  416 

The various costs associated with the conventional and modified still are shown in Table 417 

8. The fixed annual cost (FAC) and salvage value were $22.2 and $25, respectively which 418 

contributed to a 54% increase in the value comparing the conventional still. The increase in 419 

FAC and salvage of the modified still was due to the direct accounting of present capital cost 420 

in calculating the FAC (see Eq. 1). 421 

Furthermore, the present capital cost was directly proportional to the FAC and salvage 422 

value. The AMC of the modified still was 55.3% higher than the conventional still because of 423 

the integration of graphite plates and ferrite magnets. This also includes the additional 424 

maintenance area/operation cost on the inclusion of PCM materials (paraffin) underneath the 425 

basin. The average annual productivity of the modified still was significantly higher (62%) as 426 

compared to the conventional still due to the higher distillate yield per day in the modified still 427 

(5.5 kg/m2/day) which confirms its advantage in terms of yearly performance. There was a 33% 428 

increase in the productivity percentage of the modified still in comparison with the 429 

conventional still contributing to 840% and 807%, respectively. 430 
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Table 7. Capital cost of the experiment (conversion rate of INR 74.76 per US$ was used) 431 

Components Conventional 

still (US$) 

Modified 

still 

(US$) 

Basin  25 25 

Insulation 7 7 

Stand 12 12 

Transparent cover 8 8 

Graphite plates 0 30 

Ferrite  magnets 0 6 

Aluminium paint 3.31 3.31 

Adhesive gum 2.65 2.65 

Foam strap 4 4 

Paraffin wax 0 8 

Fabrication cost 20 20 

Total cost 82 126 

  432 

Table 8 shows that the CPL of conventional and modified still was $0.018 and $0.017, 433 

respectively. The CPL of the modified still was 3.7% lower than the CPL of the conventional 434 

still. Even though the total cost of modified still (See Table 7) was 55% higher than the 435 

conventional still, the CPL was 3.7% lesser for the modified still as against the conventional 436 

still. This variation was due to the combined accounting of annual cost, maintenance cost and 437 

average annual productivity in arriving at the CPL. Thus, the modified still gives economically 438 

cheaper water as compared to the conventional still. The comparison of CPL of the present 439 

study with the existing literature is certainly important to quantify the obtained result and hence 440 

the following section compares the CPL of the current study with the literature.   441 

Table 8. Cost analysis of modified still with integrated sensible and latent heat energy storage in 442 

comparison with conventional still 443 

Parameters  in US$ Conventional 

still 

Modified still 

Present capital cost (P)  81 125.9 

Capital Recovery Factor(CRF) 0.17 0.17 

Fixed Annual Cost (FAC)   14.3 22.2 

Salvage value(S)  16.2 25.1 



24 
 

Sinking Fund Factor (SFF)  0.04 0.04 

Annual Salvage Value (ASV) 0.7 1 

Annual Maintenance Operational Cost (AMC) 2.1 3.3 

AC (Annual Cost) 15.7 24.5 

M (Average Annual Productivity) in liters 850 1375 

Productivity (%) 807.6 840.5 

CPL (Cost of distilled water Per Liter) 0.018 0.017 

 444 

4.2.2. Cost per liter comparison of the present study with existing literature 445 

Table 9 compares the cost per liter (CPL) of the present study with the existing literature. 446 

The CPL of the present study was $0.017 which was found to be 78%, 81%, 40%, 37%, 32%, 447 

87%, 71%, 6%, and 0.8%, respectively cheaper than the CPL of freshwater from the solar still 448 

with paraffin [67], wick [67], paraffin [60], titanium dioxide nanoparticles enhanced paraffin 449 

[27], copper oxide nanoparticles enhanced paraffin [27], graphene oxide enhanced paraffin 450 

[27], gravel coarse aggregate [56], paraffin with black gravel [68] and linen wicks with carbon 451 

black nanoparticles [87]. This huge range of the percentage difference (min: 0.3% and max: 452 

78%) in the CPL of the present study with other studies may be due to the capital cost of the 453 

studies, which includes fabrication cost, availability and price of the materials required for 454 

fabrication (basin material, insulation and stand) in the respective location during the year of 455 

experimentation. Also, the difference may be due to the rate of interest and years of operation 456 

assumed for the economic analysis. 457 

Thus, it is concluded from the above assessment that the CPL of the modified still is 458 

considerably cheaper. The main reason is the combined stimulus of the improved daily yield 459 

and an annual yield of the modified still due to the integration of magnets, graphite plates and 460 

PCM materials.  461 

Table 9. Comparison of CPL of the present study with the existing literature (where data are 462 

provided) 463 

Sl. No Authors and references Type of energy 

storage 

technique 

Type of energy 

storage material 

Country  CPL ($) 

1.  Shalaby et al., 2016 [67] Latent heat Paraffin Egypt 0.08 

2.  Shalaby et al., 2016 [67] Latent heat 

and sensible heat 

Paraffin and wick Egypt 

 

0.09 
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3.  Kabeel and Abdelgaied., 

2016 [60] 

Latent heat Paraffin 

 

Egypt 0.03 

4.  Rufuss et al., 2018 [27] Latent heat Paraffin India 0.03 

5.  Rufuss et al., 2018 [27] Latent heat Paraffin enhanced 

with TiO2 

nanoparticles 

India 0.028 

6.  Rufuss et al., 2018 [27] Latent heat Paraffin enhanced 

with CuO 

nanoparticles 

India 0.026 

7.  Rufuss et al., 2018 [27] Latent heat Paraffin enhanced 

with GO 

nanoparticles 

India 0.13 

8.  Diwakar et al. 2020 [56] Sensible heat Gravel coarse 

aggregate 

India 0.06 

9.  Kabeel et al., 2019  [68] Latent heat and 

sensible heat 

Paraffin and Black 

gravel 

Egypt 0.01 

10.  Sharshir et al., 2020 [87] Sensible heat linen wicks and 

carbon black 

nanoparticles 

Egypt 0.01 

11.  Present study Latent heat and 

sensible heat 

Paraffin, Ferrite 

Magnets, Graphite 

plates 

India 0.017 

 464 

4.2.3. Comparison of the CPL from the present study with the cost of bottled water in 465 

India 466 

Generally, the cost of bottled water and the selling price of bottled water in India are $0.06 467 

per liter and $0.22 per liter, respectively [27,89]. These values are 69% and 91.6% higher than 468 

the CPL of the freshwater obtained from the modified still studied here. Thus, the CPL from 469 

the modified still was 69% and 91.6%, respectively cheaper than the bottled water cost and 470 

typical selling price of bottled water in India.  471 

4.3.Enviro-economic investigation 472 

The enviro-economic analysis estimates the amount of carbon dioxide, oxides of sulphur 473 

and nitrogen emitted for a lifetime from the modified still (Eqs. 10-15). Furthermore, it gives 474 

the details about the total embodied energy of the system along with the details of the total 475 

http://www.sciencedirect.com.egateway.vit.ac.in/science/article/pii/S1359431119372552#!
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carbon dioxide mitigated and the corresponding carbon credit earned. These parameters can be 476 

calculated by the following formulae suggested in the literature [90–93]. Various 477 

environmental parameters like total embodied energy, emissions (CO2, SO2, and NO), the total 478 

amount of CO2 mitigated and the carbon credit earned from the modified still are discussed 479 

under the following section: 480 

The total amount of CO₂ emitted for a lifetime is calculated using the following formula 481 

CO2 emitted for a lifetime =  Embodied energy ×  1.58               (10) 482 

Similarly,  483 

SO2 emitted for a lifetime =  Embodied energy ×  0.012             (11) 484 

NO emitted for a lifetime =  Embodied energy ×  0.005             (12) 485 

The net carbon dioxide mitigated for the lifetime can be calculated using 486 

Net CO2 mitigation for lifetime 487 

= [(Embodied energy (out) ×  n)– Embodied energy]        (13) 488 

where ‘n’ is the total number of years. The embodied energy of the system and the carbon 489 

credit earned by the system is calculated by 490 

Embodied energy (out) =
Annual yield ×  latent heat

3600
                               (14) 491 

Carbon credit earned = Net CO2 mitigation for lifetime ×  9.99          (15) 492 

4.3.1. Total embodied energy 493 

The embodied energy along with the concomitant energy density and mass of various 494 

materials used in the modified solar still [56,69,90–96] are tabulated in Table 10. The 495 

estimation of total embodied energy is necessary to estimate the CO2, SO2 and NO emissions 496 

and other enviro-economic parameters. The glass had a total mass of 1.1 kg with the highest 497 

energy density of 1127 kWh/kg as compared to the other associated components and it carried 498 

the embodied energy of 45 kWh. Mild steel stand, frame and clamp had the maximum 499 

embodied energy of 180.5 kWh due to the heavier mass (19 kg) and energy density (of 9.5 500 

kWh/kg) of the individual structures. Both the basin and latent heat energy vessel beneath the 501 

basin were made up of aluminium with an equivalent mass, energy densities and embodied 502 

energy of 4 kg, 13.5 kWh/kg and 54.2 kWh, respectively. The basin liner had a mass of 0.2 kg 503 

with an energy density of 25.1 kWh/kg contributing to 1.6% of the total embodied energy (6.2 504 

kWh/kg). The other components such as insulation gasket and insulators had a total energy 505 

density of 8.8 kWh/kg and occupied 2.2% of the total embodied energy. The enhancement 506 

techniques additionally used in the modified solar still are graphite plates, ferrite magnets and 507 

paraffin wax which contribute embodied energy of 25.4 kWh, 18.3 kWh and 0.48 kWh, 508 

respectively. Thus, arriving at the total embodied energy for the whole modified system (of 509 
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393.3 kWh) by the summation of the embodied energy of all the individual system components. 510 

The estimated embodied energy from this analysis will be taken as an input for estimating the 511 

various enviro-economic parameters in the rest of the enviro-economic analysis.  512 

Table 10. The total embodied energy of the modified still [56,69,90–96] 513 

Components 

Mass 

(kg) 

Energy 

density 

(kWh/kg) 

Embodied 

energy (kWh) 

Glass 1.1 11127 45 

MS stand + Frame + Clamp 19 9.5 180.5 

Basin (Aluminium) 4 13.5 54.2 

Basin liner 0.2 25.1 6.2 

Insulation gasket 1.8 3.3 5.9 

Insulator 1.5 1.9 2.8 

Graphite Plate (14 Nos) 2.8 9.0 25.4 

Ferrite Magnets (10 Nos) 2 9.1 18.3 

Latent heat energy storage material holder 

beneath the basin (Aluminium) 4 13.5 54.2 

Paraffin wax  10 0.04 0.4 

Total Embodied energy     393.3 

 514 

4.3.2. Carbon dioxide emission, mitigation and carbon credit earned 515 

Table 11 presents various details about the emissions (CO2, SO2, and NO), CO2 mitigation, 516 

carbon credit, energy payback time and life cycle conversion efficiency of the modified still. 517 

The amount of CO₂, SO2, and NO emitted for a lifetime from the modified still were found to 518 

be 621.4 Tonnes, 4.7 Tonnes and 1.9 Tonnes, respectively.  The energy payback time will be 519 

lesser for the systems with low embodied energy since the embodied energy is directly 520 

proportional to the energy payback time and the net CO2 mitigation. In summary, it is advisable 521 

to use materials with less embodied energy value to reduce emissions like CO2, SO2, and NO 522 

and minimise the energy payback time.  523 

Table 11. Carbon dioxide emission, CO2 Mitigation, Carbon credit earned and energy matrices 524 

for the modified still 525 

Sl. No Parameters Values 

1 Embodied energy  393.3 

2 Emission of CO2 for lifetime 621.4 
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3 Emission of SO2 for lifetime 4.7 

4 Emission of NO for lifetime 1.9 

5 Net carbon dioxide mitigation during 

10th year (in Tonnes) 

13 

 

6 Carbon credit earned during 10th 

year (in US$) 

130 

7 Net carbon dioxide mitigation during 

15th year (in Tonnes) 

19.8 

8 Carbon credit earned during 15th 

year (USD)  

198 

9 Energy payback time (Years) 0.4 

10 Energy production factor 2.1 

11 Life cycle conversion efficiency 0.2 

4.3.3. Carbon dioxide Mitigation 526 

The net CO₂ mitigated from the modified still is presented in Fig. 11. Carbon dioxide 527 

mitigated increased from 6.2 Tonnes to 40.2 Tonnes over the years (i.e. from 5 years to 30 528 

years), respectively. Also, there was a constant increase of 7 Tonnes in the net CO2 mitigated 529 

in the current year over the preceding year.  530 

 531 

Fig. 11. Yearly variation of the net carbon dioxide mitigated from the modified still 532 
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There was a 110% increase in the net carbon dioxide mitigated for the first five years (6.2 533 

Tonnes) as compared to net CO2 mitigated for the tenth year (13 Tonnes). This percentage 534 

further reduced to 52.4%, 34.3%, 25.5% and 20.3% at the end of the 15th, 20th, 25th, and 30th 535 

years, respectively corresponding to a net CO2 mitigated value of 19.8 Tonnes, 26.6 Tonnes, 536 

33.4 Tonnes and 40.2 Tonnes. Ideally, for a solar desalination system, the average total number 537 

of years can be considered as 15 years [91] and citing that, at the end of the 15th year, the total 538 

CO2 mitigated from the modified still of the present study will be 19.8 Tonnes.    539 

4.3.4. Carbon credit earned 540 

The overall carbon credit earned for the modified still in the present study is shown in Fig. 541 

12. The carbon credit is the net amount of CO2 mitigated which can be sold for monetary value.  542 

The carbon credit earned for the mitigation of 6.2 Tonnes (during 5th year), 13 Tonnes (during 543 

10th year), 19.8 Tonnes (during 15th year), 26.6 Tonnes (during 20th year), 33.4 Tonnes (during 544 

25th year) and 40.2 Tonnes (during 30th year) of carbon dioxide was $61, $130, $198, $266, 545 

$324 and $402, respectively.  546 

 547 

Fig. 12. Yearly variation of the carbon credit earned for the modified still 548 

Thus, the modified still with paraffin, graphite plates and ferrite magnets used in the present 549 

study earns $66 (on average) more than the credit earned in the present year in comparison 550 

with the credit earned after the preceding five years. 551 
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4.4. Energy matrices analysis 552 

This section includes a discussion about the energy payback time, energy production factor 553 

and life cycle conversion efficiency. The various components of energy matrices include 554 

energy production factor, energy payback time and life cycle conversion efficiency (Eqs. 16-555 

18). The energy matrices are calculated using the formulae suggested in the studies [56,90–556 

93]. The energy payback time is the period that takes to repay the amount of energy used by 557 

the setup. The energy production factor is the inverse of energy payback time. 558 

 559 

Energy payback time =
Embodied energy

Amount of  energy production per year
                 (16) 560 

Energy production factor is calculated by the formula given below 561 

Energy production factor =
Amount of Energy produced per year

Embodied Energy
            (17) 562 

The life cycle conversion efficiency can be calculated by  563 

Life cycle conversion efficiency564 

=  
Net carbon dioxide mitigated for lifetime 

Annual solar energy × life span of the system
                   (18) 565 

 566 

Parameters like energy production factor, energy payback time and life cycle conversion 567 

efficiency are used in energy matrices. A system with higher embodied energy will consume 568 

more energy and in turn emits a higher amount of CO2 to the atmosphere which results in 569 

increasing the energy payback time [56,90]. The energy payback time and energy production 570 

factor for the modified system were found to be 0.4 years (5.4 months or 164 days) and 2.1, 571 

respectively (Table 12). The year-wise life cycle conversion efficiency of the modified solar 572 

still is shown in Fig. 13.   573 

The maximum life cycle efficiency achieved for the proposed modified still was 0.52 at the 574 

end of the 30th year. The life cycle conversion efficiency of the modified still during the 10th, 575 

15th, 20th, 25th, and 30th year was found to be 0.17, 0.26, 0.34, 0.43 and 0.52, respectively 576 

contributing to an increase of 52%, 30%, 29% and 20% in the life cycle conversion efficiency 577 

of the modified still for each year, respectively over the preceding five years. 578 

 579 
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 580 

Fig. 13. Yearly variation of life cycle conversion efficiency of the modified still 581 

Table 12. Energy Matrices Analysis 582 

Sl.No Energy Matrices Values 

1 Energy payback time (Years) 0.45 

2 Energy production factor 2.19 

3 Life cycle conversion efficiency 0.26 

 583 

4.5.Water quality test 584 

To estimate the quality of water after desalination, the desalinated water was tested for 585 

various quality test parameters. If these quality parameters exceed the safety limits, it may lead 586 

to various problems like gas bubbles, heart illness, lung infection, skin disease, laxative effect, 587 

somatic damage to the living tissues and neuro affliction in humans [97]. Hence, testing of the 588 

water quality after desalination is inevitable. The quality of water before and after desalination 589 

was tested at the Environmental and Water Resource Laboratory, VIT University, Vellore, 590 

India, and the results are shown in Table 13. The results are compared against the maximum 591 

permissible limits of drinking water as per the Bureau of Indian Standards (BIS), New Delhi, 592 

India and World Health Organisation (WHO) standards.  593 

 594 



32 
 

Table 13. Comparison of the quality of the water before and after desalination 595 

Water quality 

parameters 

Before 

desalination 

After 

desalination 

(conventional 

still) 

After 

desalination 

(modified 

still) 

Maximum 

permissible limits 

of the drinking 

water according to 

BIS [98] and WHO 

[98,99] 

pH 7.7 7.3 6.9 8.5 

TDS (ppm) 330 150 51 500 

Hardness  (mg/L) 254 81 41 200 

Dissolved oxygen 

(%) 

78 62 46 60 

Fluoride (mg/L) 1.9 0.9 0.3 1.5 

Chloride (mg/L) 31.4 19.3 16.2 250 

Electrical 

conductivity (µs/m) 

637 389 227 1500 

Calcium ions (mg/L) 29.7 14.3 8.2 200 

Magnesium ions 

(mg/L) 

33 9.4 3.7 200 

Sodium ions (mg/L) 372 8 1.5 400 

Potassium ions 

(mg/L) 

95 3.7 2 250 

Sulphate ions 

(mg/L) 

37 3 1.2 12 

 596 

The pH value of the desalinated water was reduced from 7.7 (saline water) to 7.3 for the 597 

conventional still and further to 6.9 for the modified still. There was a 5.4% decrease observed 598 

in the pH of the modified still as compared to the conventional still. The total dissolved solids 599 

in the desalinated water were reduced from 330 ppm to 51 ppm for the modified still 600 

contributing an 84.5% decrease. There was a 66% decrease in the TDS observed in the 601 

modified still as compared to the conventional still. The hardness of the conventional still is 602 

found to be 81 mg/L which is decreased from 254 mg/L (in saline water) contributing to a 603 

percentage decrease of 68%. There was a further decrease of 83% observed in the hardness of 604 

the desalinated water from the modified still. The percentage of dissolved oxygen in the saline 605 
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water was 78% and after desalination, the percentage was reduced to 62% and 46% for the 606 

desalinated water in the conventional and modified still, respectively contributing a 20.5% and 607 

41% decrement from the original value. There was a significant reduction observed in fluoride 608 

and chloride ions of the desalinated water (0.3 mg/L and 16.2 mg/L) from modified still as 609 

compared to saline water (1.9 mg/L and 31.4 mg/L) corresponding to an 84% and 48% decrease 610 

from the initial corresponding values.  611 

There was a decrement of  66% and 16% in the fluoride and chloride content of the 612 

desalinated water from the modified still, respectively as compared to the conventional still. 613 

Similarly, there was a 71%, 88%, 99%, 97% and 96% decrement observed in the calcium, 614 

magnesium, sodium, potassium and sulphate ions, respectively in the modified still as 615 

compared to the initial value (saline water). Comparing with the conventional still; modified 616 

still showed a 42%, 60%, 81%, 45% and 60% decrease in calcium, magnesium, sodium, 617 

potassium and sulphate ions, respectively. This decrease in the salt ion has considerably 618 

reduced the electrical conductivity of the modified still to 64% and 41% as compared to the 619 

saline water and desalinated water in the conventional still.  620 

All the test parameters of the desalinated water sample are within the permissible limits as 621 

prescribed by the Bureau of Indian Standards (BIS), New Delhi, India and World Health 622 

Organisation (WHO) standards [98,99].  623 

5. Future research potential 624 

The literature shows that the integration of high thermal energy storage materials in solar 625 

still needs a judicial selection of material. The material should possess high thermal 626 

conductivity, latent heat and it should be environmentally benign. For example, the 627 

performance of CNT and their derivatives in solar still would be good enough to use in 628 

desalination applications. However, CNT is more dangerous to humans because of their 629 

noxious nature, dispersion property and toxic characteristics. Hence, the discovery of an eco-630 

friendly energy storage material would be an important breakthrough. Literature suggests that 631 

marine biological shells are one such eco-friendly energy storage material. The use of waste 632 

biological shells may earn some revenues to countries that rely on seafood. Hence, it is 633 

suggested to research the use of such materials like crab shell, sea shell and oyster shell 634 

particles [100] as future energy storage materials in desalination applications. In addition, 635 

future research should be carried out into optimising the geometrical arrangement of the 636 

magnets and the magnetic field strength.   637 

 638 
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6. Conclusion 639 

Experimental investigations on the effects of integrated composite thermal energy storage 640 

(both sensible and latent heat) and magnetizing effects (ferrite magnets) were investigated on 641 

single slope solar still and compared against the conventional still. Economic analysis, enviro-642 

economic analysis and energy matrices analysis were also performed. Furthermore, the 643 

desalinated water quality was also tested and compared with the BIS standards. Based on the 644 

experiments, the following conclusions were drawn:  645 

The cumulative yield of the modified still was enhanced to 5.5 kg/m2/day from 3.4 646 

kg/m2/day (for a conventional still) contributing to a 62% increase in productivity. The evening 647 

time productivity (from 17:00 h to 21:00 h) of the modified still increased by 235% due to the 648 

addition of integrated energy storage materials and ferrite magnets. The modified still yielded 649 

the highest annual productivity of 1375 liters as compared to the conventional still.  650 

The cost per liter (CPL) of the purified water from the modified still was $0.017, which 651 

was 3.7% less than the CPL of the purified water from a conventional still. The CPL of 652 

freshwater from the modified still was 69% cheaper than the cost of bottled water cost in India. 653 

The life cycle conversion efficiency of the modified still was found to be 0.26 and 0.52 at the 654 

end of the 15th and 30th years, respectively. There will be 19.8 Tonnes and 40.3 Tonnes of 655 

carbon dioxide mitigated from the modified still at the end of the 15th and 30th year, respectively 656 

earning a carbon credit of $198 and $402. The water quality test reassures that the quality of 657 

the desalinated water is under the permissible limits of the Bureau of Indian Standards (BIS).  658 

The study concludes that the integration of ferrite magnets, graphite plates and paraffin 659 

together in a solar still enhanced the performance of the desalination system from technical, 660 

economical, enviro-economic perspectives. Thus, the modified still is recommended as a 661 

potential candidate in solar desalination application as it outperforms the conventional still in 662 

all the aspects (technical, economical, enviro-economic aspects).  663 
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