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Abstract— In this research article a stepped-type solar still, 

integrated with phase change materials (PCM) was designed, 

fabricated and tested. Performance of stepped solar still was 

analyzed using three different PCM namely palmitic acid, bee 

wax white and stearic acid of different thermal properties. 

Comparison of stepped solar still was made with and without 

PCM. In addition, heat transfer coefficients were calculated 

with the help of Dunkle’s correlation. The productivity of 

stepped solar still using PCM were found as 2.234 l/m2, 2.382 

l/m2, 2.424 l/m2 for bee wax white, palmitic acid and stearic 

acid respectively. And in case of solar still without PCM 

productivity was found to be 2.082 l/m2. The results showed 

that there was increase in the efficiency of solar stills as 

14.55% in case of palmitic acid, 16.38% in case of stearic 

acid and 7.25% in case of bee wax white in comparison to 

stepped solar still without PCM. 
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I. INTRODUCTION 

Approximately 5000 trillion-watt solar energy comes on earth 

every year from sun. It is totally free, non- exhaustible, clean 

and eco-friendly source of energy. With increasing demand 

of energy and decreasing conventional source of energy, the 

utilization of solar energy becomes a better choice now a day. 

Clean water is a basic human necessity and without water, life 

will be impossible. Water is abundantly available on earth it 

covers about three quarter of the earth’s surface. Only 3% of 

the available water is fresh and remaining 97% water is not 

suitable for drinking, agriculture and other purposes. Less 

than 1% of the entire clean water presents on earth is in 

human range and the remaining water is in the form of ice. 

About 25% of the world population is not able to get potable 

water for drinking and more than 80 nations are facing severe 

water problems [1]. In developing country, more than 80% of 

illness and death of about 2 to 5 million people are due to 

inadequate fresh water [2]. Main toxic contaminants existing 

in water are in form of organic and inorganic materials, heavy 

metals (lead, mercury), ionic (fluoride, cyanide) and bacterial 

impurities [3, 4]. The increasing world population together 

with the increasing industrial and agricultural activities all 

over the world contributing to the depletion and polluting of 

fresh water resources [5]. Solar distillation is a simple, clean 

and environmental friendly water purification technique. A 

solar still is a device used for distillation of brackish water 

into potable form. Different design of solar stills has been 

designed, fabricated and tested all over the world. Schematic 

view of conventional solar still is shown in Figure 1. Main 

disadvantage of solar still is its lower distillate output due to 

high heat losses and unavailability of sun radiations for a 

complete day. Different thermal energy storage materials are 

used along with solar still to overcome these losses. Phase 

change materials (PCMs) absorb and release thermal energy 

during phase transformation that is melting and freezing. 

When a PCM freezes it release large amount of energy with 

negligible change in temperature. Similarly, during the 

process of melting it absorbs large amount of heat as latent 

heat. PCM is quite effective in distillation process because of 

availability of large amount of solar energy during sunny 

hours to store and releases it during non-sunshine hours.  

 
Fig. 1: Schematic view of conventional solar still 

In this communication a stepped type conventional 

solar still has been designed, fabricated and tested with 

different PCM. Properties of PCM used during experiments 

are given in Table 1. Main advantage of stepped solar still is 

simple in construction and higher distillate output in 

comparison to simple conventional solar still. Schematic 

view of stepped solar still is shown in Figure 2. Figure 3 

shows the view of steps and trays in stepped solar still 

 
Fig. 2: Stepped solar still 

 
Fig. 3: View of tray and trays on the steps of still 
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Parameter 

Bees 

wax 

white 

Paraffin 

wax 

Stearic 

acid 

Palmitic 

acid 

Melting 

point (oC) 
61-65 58-60 53-59 26 

Latent heat 

(kJ/kg) 
177 226 169 188 

Solid/ liquid  

density 

(kg/m3) 

958/970 818/760 965/847 851 

Thermal 

conductivity 

(W/mK) 

0.25 0.24 0.29 0.144 

Table 1: properties of different PCM used during 

experimentation 

Various researchers tested the performance of 

stepped solar still. Effect of changing both depth and width of 

trays on the performance of the stepped still was investigated 

experimentally and theoretically by Kabeel et al [6]. The 

results showed that, maximum productivity of stepped still is 

achieved at a tray depth 5 mm and tray width 120 mm, which 

is about 57.3% higher than that of the conventional still. For 

further increase in output a wick on the vertical sides was 

placed on stepped still. It is found that the increase of the daily 

output of the stepped still by using wick on the vertical sides 

nearly from 3% to 5%. Jagannath et al. [7] investigated the 

impact of shape of the absorber surface of the stepped solar 

still on the distillate output. The shape of the absorber surface 

provided in the basins of stepped solar stills was flat, convex 

and concave, respectively. Water output has been found to be 

56.60% and 29.24% higher than that of flat type stepped solar 

still. The stepped type cascade solar still integrated with trays 

and inner reflectors was constructed and inspected by Omara 

et al. [8]. The output of improved stepped solar still with 

reflectors is more than that for ordinary stepped solar still by 

75%. The day-to-day efficiency of improved stepped solar 

still integrated with internal reflectors and conventional solar 

stills is nearly about 56% and 34% respectively. Top and 

bottom reflectors with solar stills were inspected by Omara et 

al. [9]. The results showed that, throughout investigation the 

output of the improved stepped solar still with internal and 

external reflectors are larger than that for ordinary still nearly 

by 125%. Velmurugan et al. [10] fabricated and investigated 

a stepped solar still with two different depth of trays. 

Performance of stepped solar still was investigated by addinf 

fins and sponges to it. With arrangement of both fins and 

sponges the output increased by 96% more than the output of 

conventional stepped solar still. Velmurugan et al. [11] 

fabricated the stepped solar still and a settling tank to purify 

the textile waste. For superior performance, fin, sponge, 

pebble and mixture of all used for improving the output of the 

stepped solar still. A maximum rise in output of 98% take 

place in solar still when fin, sponge and pebbles are used in 

stepped basin. Abdullah [12] fabricated stepped solar still 

with a tray depth of 5 mm and attained 30.4% higher output 

than the conventional stepped solar still. A multi basin 

stepped solar still was studied by Rajan et al. [13] to increase 

the productivity. Performance of stepped solar still integrated 

with water cooling over the glass surface was studied by El-

Samadony and Kabeel [14]. It was concluded that film 

cooling thickness, volumetric flow rate, and inlet water 

temperature have a major impact on the day-to-day distillate 

output. The occurrence of the water layer on glass surface 

cooling may enhance the stepped still regular output by about 

8.2%. Abdallah et al. [15] modified the design of the 

conventional solar still by fitting the reflecting mirrors on all 

inner sides, interchanging the flat basin with a stepped basin, 

and by combination of the conventional stepped solar still 

with a sun tracking system. The attachment of inner reflectors 

enhanced the solar still thermal performance up to 30%, 

whereas stepped basin improved the performance up to 180% 

and lastly the combination of the stepped basin with sun 

tracking system provided the highest thermal performance 

with an average of 380%. Mohammad and Farshad Farshchi 

[16] studied the performance of cascade solar still with and 

without PCM. Distillate output was observed to be 6.7 and 

5.1 kg/m2/day, for the stepped solar still with and without 

PCM, correspondingly. The results revealed that the output 

of the still with PCM was 31% higher than that of without 

PCM. Farshad Farshchi et al. [17] inspected the deviations of 

daily output, internal heat and coefficients for mass transfer 

of a solar still by changing of flow rate. The calculations 

indicate a reduction in the internal heat and rate of mass 

transfer as well as day-to-day output with an increase in flow 

rate of water. Velmurugan et al. [18] investigated the growth 

of saline streams in stepped solar stills combined with a small 

solar pool. Industrial waste was used as raw input for fin type 

single basin solar still and stepped type solar still. A small 

solar pool coupled to the solar stills to improve the output and 

tested separately. The outcomes show that, maximum output 

of 100% was gained when the fin type solar still was 

combined with pebble and sponge. The output improved with 

rise in solar intensity and water glass temperature difference 

and decreased with increase in wind velocity. Alaudeen et al. 

[19] constructed a stepped type cascade solar still to improve 

the output of the stepped solar still.  

II. EXPERIMENTAL SETUP AND DETAIL 

In this communication a stepped solar still is designed 

fabricated and tested. The experimental setup comprises of 

wooden box which has an area of 0.5 x 0.5 m2. The basin is 

made up of aluminium had a ten steps with 50 cm width. 

Height of steps is 3 cm and base of steps which is in 

horizontal direction is of 5 cm.  Total basin area of still is 

nearly about 0.25 m2. There are strips of aluminium of height 

2 cm at the end of every step show that constant water level 

can be maintained in the still. For prevention of heat loss from 

side and bottom of still sheet of thermocol and glass wool of 

1 cm thickness attached around the still.  Specification of 

stepped solar still and experimental unit is shown in Table 2 

and Figure 4.  PCM is placed below the vacant space in 

stepped basin. The various temperatures at different location 

of solar still were measured using calibrated Pt-100 

thermocouples with a digital temperature indicator of 0.1 oC 

least count. The solar intensity was measured by solar power 

meter (MECO). The velocity of air was measured by 

anemometer (battery operated) by facing its propeller shaft 

toward the flow of wind. The mass of distilled water collected 

was measured with an electronic weighing balance (Capacity 

of 6 kg; Smartech) having a least count of 0.1 kg. The 

essential data of temperatures, wind velocity, sun radiations 

and distilled output was recorded at 7 a.m. to 6 p.m. The 

experimental data was recorded after every 1-hour time 

interval. The amount of distilled water collected for each hour 
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reading was obtained by subtracting two consecutive reading 

in a given time interval. Different sets of data of different 

parameters were obtained with or without use of phase 

change material. 

Parameter Values 

Length, m 0.5 

Width, m 0.5 

Base area, m2 0.25 

Glass cover inclination 30o 

Table 2: Specifications of stepped solar still 

 
Fig. 4: stepped-type cascade solar still 

III. THERMAL ANALYSIS 

For calculation of productivity and efficiency the energy 

balance method is applied. The performance of solar still is 

defined as the quantity of water (liters) got evaporated from 

per unit area (m2) of basin in per day. The performance also 

calculated with equating mass energy balanced equation for 

components of solar still. Initially, it is assumed that the 

system at quasi-steady state condition, i.e., the hourly 

temperature is not varied. The basic assumption for applying 

thermal analysis is as follow: 

 The still is air tight for stopping the saturated air flow 

out. 

 The still is completely insulated for inhabitation of heat 

flow from sides. 

 Considering a constant thickness of water and water 

layer is immobile. 

 The immobile layer of water having a uniform 

temperature on the absorber surface. 

A. Glass Cover: 

The thermal balance equation for glass cover is considered as 

I(t) αg + h2 (Tw - Tg) = h3,g-a (Tg - Ta) + ( mg cg / Ag) (dTg / dt)  

                 (1) 

where the equivalent heat transfer coefficient h2 = 

hrwg + hewg + hcwg from water surface to the glass cover. 

The Dunkle’s relation is used for calculation of convective 

(hcwg), evaporative (hewg) and the radiative (hrwg) heat 

transfer coefficients [21].  

hcwg = 0.884[𝑇𝑤 − 𝑇𝑔 + 
(𝑃𝑤−𝑃𝑔)(𝑇𝑤 + 273)

268.9×103− 𝑃𝑤
]

1/3

         (2) 

hewg = 0.01623× hcwg. [
𝑃𝑤− 𝑃𝑔

𝑇𝑤−𝑇𝑔
]                                               (3) 

hrwg = εeff × σ [ ( Tw + 273)2 + ( Tg + 273)2]( Tw + Tg + 546)   

(4) 

h3,g-a = 5.7 + 3 V                           (5) 

εeff = 1/ ( 1/εw + 1/εg - 1)            (6) 

B. Saline / Brackish Water: 

Thermal balance equation for saline water is sum of 

evaporative, radiative and convective heat transfer between 

glass and water and energy sorted by saline water. 

I(t) τg αw + h1 ( Tp - Tw) = h2 ( Tw - Tg) + ( mw cw / Aw) (dTw / 

dt)             

(7) 

Where h1 is convective heat transfer coefficient 

between saline water and absorber plate. 

C. Absorber Plate: 

Thermal balanced equation for absorber plate  

I(t) αp τg τw = h1( Tp - Tw) + Ub ( Tp - Ta) + ( mp cp / Ap) ( dTp 

/ dt)             (8) 

Where Ub is back loss coefficient. 

Thermal analysis when PCM is used 

The energy equation for glass cover and saline water 

remain same only change in absorber plate and also thermal 

energy analysis for PCM. The energy equation for absorber 

plate as follow: 

D. Absorber Plate: 

The energy equation is represent as, 

I(t) αp τg τw = h1 (Tp - Tw) + (kPCM / xPCM) (Tp - TPCM) + (mp cp 

/ Ap ) (dTp / dt)            

(9) 

where the kPCM and xPcm are thermal conductivity 

and thickness of the PCM respectively. 

E. Phase Change Material (PCM): 

Thermal equation of PCM is as, 

( KPCM / xPCM ) ( Tp - TPCM ) = (kins / xins ) ( TPCM - Ta) + ( Mequ 

/ Ap) ( dTPCM / dt )         (10) 

Where kins is the thermal conductivity of insulating 

material and xins is the thickness of insulating material. Mequ 

is equivalent heat capacity of PCM and it is represented at 

different phase as follow: 

Mequ = mPCM × cs,PCM for TPCM < Tm 

Mequ = mPCM × Ls,PCM for Tm ≤ TPCM ≤ Tm +  

Mequ = mPCM × cs,PCM for TPCM  Tm +  

Where LPCM is latent heat of PCM 

The productivity of distilled water form still is calculated as 

m′ew =
qewg.Aw.3600

Lw
=  hewg. Aw. (Tw − Tg). 3600/Lw   

(11) 

Lw = 3.1615 × 106 [1 – (7.616 × 10-4. Ti)], Ti > 70 oC 

Lw = 2.4935 × 106 [1 - 9.4779×10-4.Ti + 1.3132×10-7.Ti2 - 

4.7974×10-9.Ti3], Ti   < 70 oC 

Where Ti = (Tw + Tg) / 2                                   (12) 

The efficiency of still is ratio of evaporation to the 

incident solar energy given as 

η
passive

=  
∑ m′ew .Lw

Ap ∫ I(t)dt
× 100       (13) 

Where dt is small interval for measuring the solar radiation 

IV. RESULT AND DISCUSSION 

With the help of experimental data on stepped solar still and 

by applying Dunkle’s model, thermal efficiency and heat 

transfer coefficients (convective, evaporative and radiative ) 

of solar still with and without PCM were calculated. The 

variation of the different parameters, i.e., outer glass 

temperature, inner glass temperature, water temperature, 

solar intensity and ambient temperature during 
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experimentation is shown in the Fig. 5-9. Basin water 

temperature increases with increase in solar intensity and 

reaches at peak around 1:00 PM and then decreases as day 

progress. Variation of different heat transfer coefficients 

calculated for stepped solar still with and without PCM are 

shown in figures 10-13. Table 3 shows the mean values of 

different heat transfer coefficients for stepped solar still with 

and without PCM. The phase changed process take placed at 

a constant temperature. As the temperature, start decreasing 

at 14:00 the latent heat of PCM released gradually until the 

solidification take placed of the phase change material. Figure 

14 shows the distillate output collected from solar still with 

and without PCM.  

 
Fig. 5: Outer glass surface temperature during experiments 

 
Fig. 6: Inner glass temp. (oC) during experimentation 

 
                          Fig. 7: Basin water temperature 

 
Fig. 8: Solar intensity during experimentation 

 
Fig. 9: Ambient temperature during experiment 

 
Fig. 10: heat transfer coefficients of still with Bee wax 

 
Fig. 11: heat transfer coefficients of still with Palmitic acid 

 

Coefficient 

Palmitic 

acid 

PCM 

Stearic 

acid 

PCM 

Without 

PCM 

Bee wax 

PCM hcwg 

(W/m2oC) 
1.3723 1.3612 1.2516 1.5904 

hewg 

(W/m2oC) 
15.3073 15.7168 11.3939 21.75254 

hrwg 

(W/m2oC) 
7.2819 7.4322 7.0599 7.4496 

h3,g-a 

(W/m2oC) 
11.05 6.3 10.3 8.4916 
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η% 24.906 28.606 21.4057 22.7733 

h2 23.9615 24.5102 19.7054 30.79254 
Table 3: Mean value of various coefficients and thermal 

efficiency of stills 

 
Fig. 12: Heat Transfer Coefficients Of Still With Stearic 

Acid 

 
Fig. 13: Heat Transfer Coefficients Of Solar Still Without 

PCM 

 
Fig. 14: Distillate output of stepped solar stills 

V. CONCLUSION 

From the present work following conclusions have been 

drawn 

 Less variation in productivity was observed per hour 

with the use of PCM in stepped solar still. 

 Values of evaporative heat transfer coefficient are 

observed more in comparison to other heat transfer 

coefficients. 

 The steps on still basin increase evaporative area, which 

helps in more heat absorption and better efficiency. 

 The maximum daily productivity and efficiency of solar 

still observed as 606 ml and 28.606% respectively in case 

of stearic acid. 

 There was maximum increase in productivity about 

16.67% with the use of PCM with stepped solar still. 
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