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ABSTRACT   

In the present work, theoretical performance comparison of stepped solar still using different nanofluids is 

performed. Four nano fluids are used in this study. The used nano- particles are aluminium oxide, Copper oxide, 

Titanmum dioxide, and Silicon oxide. The effect of nano-particles volume fraction on the still daily productivity 

and efficiency are studied. The estimated cost to produce  one distalled liter for conventional and stepped solar 

stills with and without nano-particles is obtained. It is found that using a nano-fluid may slightly increase the still 

productivity. Finally a good agreement between the present theoretical work and previous experimental results 

has been obtained. 

Keywords: stepped solar still, distillation; nano-fluid;nano-particle,  theoretical 

 ملخص عربى

 موائع نانو.أربعة مت الدراسة على . وتباستخدام موائع نانو مختلفهدرجى ال الشمسيمقطر اداء الة ألنظري في العمل الحالي، تم إجراء مقارنة

تم ادراسة تأثير و وأكسيد السيليكون.التيتانيوم  هي أكسيد األلومنيوم، وأكسيد النحاس وثاني أكسيد ه فى الدراسةستخدمالمنانو الجزيئات و

مياه مقطره من المقطر  واحدلتر تكلفة إنتاج كما تم تقدير . للمقطر الشمسىنانو جزء على اإلنتاجية والكفاءة اليومية الجزيئات النسبة الحجمية ل

. أخيرا تم الحصول ةقليلبنسبة  نانو تزيد اإلنتاجيةموائع الام جدت أن استخدو. وباستخدام وبدون استخدام موائع النانودرجى ال التقليدى والمقطر

 والنتائج التجريبية السابقة ةالحالي ةالنظري على اتفاق جيد بين النتائج

 
1. INTRODUCTION 

Water is essential to life. As the available fresh water 

is fixed on the earth and its demand is increasing day 

by day due to increasing population and rapidly 

increasing of industry, hence there is an essential and 

an earnest need to get fresh water from the 

saline/brackish water present on or inside the earth. 

This process of getting fresh water from saline/ 

brackish water can be done easily and economically 

by desalination [1]. The solar stills are simple and 

have no moving parts and it can be used anywhere 

with lesser number of problems. The operation of a 

solar still is very simple and no special skill is 

required for its operation and maintenance [2]. The 

distilled water production rate can be increased by 

varying design of the solar still, depths of water, salt 

concentration, location and different absorbing 

materials, evaporative techniques and use of 

nanofluids [3]. A solar still output might be affected 

by many factors, including brine depth, vapor 

leakage, thermal insulation, cover slope, material 

shape, and climate [4,5]. The latent heat is normally 

wasted on the cover, therefore the system efficiency 

is relatively low with a daily production of about 3-4 

l/m
2
 [6]. Solar stills have been extensively studied 

[7]. Later, researchers developed different kinds of 

solar still systems, such as: solar stills coupled with 

solar collectors, solar stills with condensers, solar 

stills under low pressure [8], solar stills with heat 

recycling [9], multi-stage/multi-effect solar stills, 

solar stills with heat storage [10], and hybrid solar 

still/PV systems [11]. Two modifications of solar 

water distillers using cement and aluminum 

absorbers were presented experimentally [12]. The 

first modification used separated condenser to purge 

vapor from the cement absorber distiller, while 

second modification used a plate thermosyphon. The 

daily productivity of the cement and aluminum 

absorber distiller was 2.08 and 2.96 l/ (m
2
day). 

Other studies have considered the use of phase 

change material (PCM) as storage media in stepped 

solar stills. The transient performance of a stepped 

solar still with built-in latent heat thermal energy 

storage was studied [13]. The results showed that the 

basin still integrated with heat storage system is 

efficient for water provision during the lack of 

sunlight, especially at night. In addition, a new 

mathematical model developed under the simplifying 

assumptions to study the thermal performance of a 

single basin solar still with phase change material 

(PCM) [14]. A weir-type cascade stepped solar still 

constructed with built-in latent heat as a thermal 

energy storage system to improve the still 

productivity was investigated [15]. The results 

showed that the still with PCM was superior in 

productivity (31% improvement) compared with still 

without PCM by considering a limited set of data in a 

typical day.  

An innovative idea was to suspend ultrafine solid 

particles in the fluid for improving the thermal 

conductivity of the fluid. The fluids with solid-sized 

nanoparticles suspended in them were called 

nanofluids. The suspended metallic or nonmetallic 

nanoparticles change the transport properties, heat 
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transfer characteristics and evaporative rate of the 

base fluid. The carbon nanotube (CNT) -based 

nanofluids are expected to exhibit superior heat 

transfer properties compared with conventional water 

in the solar still and other type of nanofluids and 

hence the increase in the productivity and efficiency 

of the solar still [16]. A single basin vacuum solar 

still made up of copper sheet was fabricated and 

tested for both the conditions with and without 

nanofluids [17]. The modified innovative solar still 

gave a total water consumption of about 7.5 l/day/m
2
. 

Analyze and compare the enhanced performance of a 

single basin solar still using nanofluids with the 

conventional water was presented [18]. The addition 

of nanofluids in the basin surface increases the 

thermal conductivity by 40%, which in turn  

increases water temperature by increasing heat 

transfer rate and thereby increasing the evaporation 

rate and consequently the efficiency by 60%. The 

design modification of a single basin solar still was 

investigated to improve productivity by using 

nanofluids and also by integrating the stilling basin 

with external condenser. [19]. The results show that 

integrating the solar still with external condenser  

increases the distillated water yield by about 53.2%. 

The using nanofluids improves the solar still water 

productivity by about 116%, when the still is 

integrated with an external condenser.  

To the authors' knowledge, theoretical study of 

the performance of single basin stepped solar still 

using nanofluids is not studied. The global effect of 

using both external condenser and AL2O3 nano-

particle at fixed 0.20% volume fraction on the 

productivity of a conventional solar still was studied 

experimentally [20]. In the present study, 

performance evaluation of a single basin stepped 

solar still using different types of nano-particles at 

different volume fraction is obtained theoretically. 

Several objectives are formulated to address the 

overall goal of the present study; these objectives are: 

1. Design a theoretical model for conventional and  

stepped solar still working with and without 

nano-particles. 

2. Study the effect of using different nano-particles 

at different volume fractions of the stepped solar 

still productivity. 

2. MATHEMATICAL MODEL 

The energy balance of the stepped solar still may be 

applied for three regions: basin (absorber plate), 

saline water, and glass cover. The basin plate 

temperature, saline water temperature, and glass 

cover temperature can be evaluated at every instant. 

The following assumptions are considered for the 

solar still energy equations: 

 Steady-state conditions throughout the stepped 

solar still. 

 The glass cover is assumed to be thin, therefore 

no incident radiation will be absorbed by the 

glass. 

 The solar still is vapor leakage proof. 

Energy balance for the basin plate [21], 

𝑚𝑏𝐶𝑝𝑏
𝑑𝑡𝑏

𝑑𝜏
= (𝛼𝑏)𝐴𝑏𝐼 − 𝑄𝑏𝑛𝑓 − 𝑄𝑙𝑜𝑠𝑠   (1) 

The convective heat transfer rate between basin and 

water [22, 23] 

𝑄𝑏𝑛𝑓 = ℎ𝑏𝑛𝑓 𝐴𝑏(𝑡𝑏 − 𝑡𝑛𝑓)      (2) 

The convective heat transfer coefficient between 

basin and water, hbnf is given by [22]: 

ℎ𝑏𝑛𝑓 =  0.54 
𝐾𝑛𝑓

𝑋′
[𝐺𝑟 𝑃𝑟]0.25     (3) 

𝐺𝑟 =  [
𝜌𝑛𝑓

2 𝑔 𝛽𝑛𝑓 (𝑇𝑝−𝑇𝑛𝑓)[𝑋′]
3

𝜇𝑛𝑓
2 ]     (4) 

𝑃𝑟 =  [
𝐶𝑝 𝜇

𝐾
]

𝑛𝑓
         (5) 

Thermal conductivity, thermal coefficient and 

dynamic viscosity of nanofluids is given by [24,25] 

and the thermophysical properties of nanoparticales 

are shown in Table (1) [26]: 

𝐾𝑛𝑓 = 𝐾𝑏𝑓
(𝐾𝑛𝑝+2𝐾𝑏𝑓)−2𝜑(𝐾𝑏𝑓−𝐾𝑛𝑝)

(𝐾𝑛𝑝+2𝐾𝑏𝑓)+𝜑(𝐾𝑏𝑓−𝐾𝑛𝑝)
    (6) 

𝛽𝑛𝑓 = (1 − 𝜑)𝛽𝑏𝑓 + 𝜑𝛽𝑛𝑝      (7) 

𝛍𝐧𝐟 = 𝛍𝐛𝐟(𝟏 + 𝛗)𝟏𝟏.𝟑 (𝟏 +
𝐭𝐧𝐟

𝟕𝟎
)

−𝟎.𝟎𝟑𝟖

(𝟏 +
𝐝𝐧𝐩

𝟏𝟕𝟎
)

−𝟎.𝟎𝟔𝟏

 (8) 

The heat losses by convection through the basin base 

and sides to the ground and surrounding, is given as 

[27]. 

𝑄𝑙𝑜𝑠𝑠 = 𝑈𝑏 𝐴𝑏(𝑡𝑏 − 𝑡𝑎)       (9) 

Where Ub is taken [28] as, 14 W/m
2
 K  

The energy balance of the saline water [21], 

𝑚𝑛𝑓𝐶𝑝𝑛𝑓
𝑑𝑡𝑛𝑓

𝑑𝜏
= (𝛼𝑛𝑓)𝐴𝑛𝑓𝐼 + 𝑄𝑏𝑛𝑓 − 𝑄𝑟𝑛𝑓 −

𝑄𝑐𝑛𝑓 − 𝑄𝑒 − 𝑄𝑚𝑤          (10) 

Heat capacity and density of nanofluids is given 

by [24]: 

𝐶𝑝𝑛𝑓 =
(1−𝜑)𝐶𝑝𝑤𝜌𝑤+𝜑𝐶𝑝𝑛𝑝𝜌𝑛𝑝

𝜌𝑛𝑓
     (11) 

𝜌𝑛𝑓 = (1 − 𝜑)𝜌𝑤 + 𝜑𝜌𝑛𝑝      (12) 

The radiation heat transfer from the basin to glass 

cover is given by [28] 

𝑄𝑟𝑛𝑓 = [
1

𝜀𝑛𝑓
+

1

𝜀𝑔
− 1]

−1

𝐴𝑛𝑓𝜎 [(𝑡𝑛𝑓 + 273)
4

−

(𝑡𝑔 + 273)
4

]           (13) 

Due to solar still geometry, the thickness of 

insulation in the conventional solar still is smaller 

than that of the stepped solar still. Therefore, stepped 

solar still has smaller overall heat transfer coefficient 

than that conventional solar still. 

The convective heat transfer rate between saline 

water and the glass cover is given by [22, 23], 

𝑄𝑐𝑛𝑓 = ℎ𝑐𝑛𝑓 𝐴𝑛𝑓(𝑡𝑛𝑓 − 𝑡𝑔)       (14) 

The convective heat transfer coefficient between 

saline water and glass cover, ℎ𝑐𝑛𝑓 , is given by [29] 
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hcnf = 0.884 [tnf − tg +
(pnf−pg)(tnf+273)

268900−pnf
]

1/3

 (15) 

Where  

𝐩𝐧𝐟 = 𝐞
(𝟐𝟓.𝟑𝟏𝟕−

𝟓𝟏𝟒𝟒

𝐭𝐧𝐟+𝟐𝟕𝟑
)
 and 𝐩𝐠 = 𝐞

(𝟐𝟓.𝟑𝟏𝟕−
𝟓𝟏𝟒𝟒

𝐭𝐠+𝟐𝟕𝟑
)
 (16) 

The evaporative heat transfer between saline water 

and the glass is given by [22, 23] 

𝑄𝑒 = (16.237 × 10−3)ℎ𝑐𝑛𝑓  𝐴𝑛𝑓(𝑝𝑛𝑓 − 𝑝𝑔) (17) 

The energy needed to heat the makeup water, 𝑄𝑚𝑤, 

is given as follows: 

𝑄𝑚𝑤 = 𝑚𝑟𝑒  (𝑐𝑝𝑤𝑡𝑤 − 𝑐𝑝𝑎𝑡𝑎)   (18) 

The energy balance of the glass cover [21], 

mgCpg
dtg

dτ
= (αg)AgI + Qrnf + Qcnf +

Qe-Qcg-Qrg(19) 

For conventional or stepped solar still, the convective 

heat transfer between the glass and the sky is given 

by [29]: 

𝑄𝑐𝑔 = ℎ𝑐𝑎  𝐴𝑔(𝑡𝑔 − 𝑡𝑠𝑘𝑦)      (20) 

The sky temperature is given by [30]  

𝑡𝑠𝑘𝑦 =  𝑡𝑎 − 6.0         (21) 

ℎ𝑐𝑎 = 5.7 + 3.8𝑉𝑎          (22) 

For conventional or stepped solar still, the radiative 

heat transfer between the glass and the sky is given 

by [22, 23], 

𝑄𝑟𝑔 = 𝜀𝑔𝐴𝑔𝜎 [(𝑡𝑔 + 273)
4

− (𝑡𝑠𝑘𝑦 + 273)
4

](23) 

Solar still productivity  

𝑚𝑟𝑒 =
𝑄𝑒

ℎ𝑓𝑔
           (24) 

At the first iteration, saline water temperature, 

glass temperature and basin plate temperature are 

taken as ambient temperature and the increase in 

basin temperature (dtb), saline water temperature 

(dtnf), and glass temperature (dtg) is computed by 

solving Eqs. (1, 10 and 20) for stepped still with 

nanofluids. The equations are evaluated numerically 

using the first order backward difference formula 

[30]. The size of the time step is one second. In the 

next time step, the parameters are redefined as 

follows: 

𝑡𝑛𝑓 = 𝑡𝑛𝑓 + 𝑑𝑡𝑛𝑓         (25) 

𝑡𝑔 = 𝑡𝑔 + 𝑑𝑡𝑔          (26) 

𝑡𝑏 = 𝑡𝑏 + 𝑑𝑡𝑏          (27) 

The daily efficiency of the still, ηd, is obtained by the 

summation of the hourly condensate production m
·
ew, 

multiplied by the latent heat hfg, hence the result is 

divided by the daily average solar radiation I(t) over 

the whole area A of the device: 


𝑑

=
∑ �̇�𝑟𝑒×ℎ𝑓𝑔

∑ 𝐴×𝐼(𝑡)
         (28) 

To be very close to real ambient conditions, 

insolation (I) and ambient temperature (ta) are 

measured at different days from 9 am to 6 pm during 

the period of July to August 2013 at the Faculty of 

Engineering, Tanta University, Egypt, and the 

average values of insolation and ambient temperature 

are used. The physical and operating parameters that 

used in the theoretical calculations are shown in 

Table (2). The physical parameters used are taken as 

that of [31]. 

 

3. RESULTS AND DISCUSSIONS 

A detailed study of the effect of mixing of 

Aluminium oxide (Al2O3), Copper oxide (CuO), 

Titanium dioxide (TiO2), or Silicon dioxide (SiO2) as 

a nano-material on the stepped solar still performance 

are made. 

Figure (2) illustrates the variation of nano-particle 

volume fraction with the stepped solar still daily 

productivity for different nano-fluids. It could be 

seen from this figure that as a nano-particle volume 

fraction increases the stepped solar still daily 

productivity slightly increases. In fact, mixing nano-

particles with saline water inside the solar still 

change the thermophysical properties of the base 

fluid such as specific heat, thermal conductivity, 

thermal diffusivity, and viscosity, which may 

enhance the convective heat transfer coefficients and 

consequently heat transfer and evaporation rate. As 

the base fluid in the solar still is quiescent, then the 

value of the nano-fluid’s specific heat has the major 

effect on evaporation processes. Normally, as the 

added amount of nano-particles increases, nano-fluid 

specific heat decreases. Therefore, for the same solar 

intensity, the temperature of the saline water, which 

mixed with nano-particles is higher than that without, 

as shown in Fig. 3. The results show that as the 

volume fraction of Al2O3, CuO, TiO2, and SiO2 is 

increased from 0 to 4% the value of nano-fluid 

specific heat decreased by 11.6%, 18.3%, 12.6% and 

11.6% respectively. It can be noted from Fig. 2 also 

that the lower nano-particle specific heat, the higher 

still productivity. Final1y, it is found that, the effect 

of adding Al2O3, TiO2, and SiO2, nano-particles with 

volume fraction less than 0.8% on the still 

productivity is nearly negligible. 

Figure (4) illustrates the variation of nano-particle 

volume fraction with the stepped solar still daily 

efficiency for Al2O3, CuO, TiO2, and SiO2 nano-

fluids. It could be seen from this figure that as a 

nano-particle volume fraction increases the stepped 

solar still daily efficiency slightly increases. The 

results show that as the volume fraction of Al2O3, 

CuO, TiO2, and SiO2 is increased from 0 to 4% solar 

still daily efficiency, increased by 0.44%, 0.96%, 

0.43% and 0.36% respectively. 

Figure (5) illustrates the hourly variations of still 

productivity per unit area of the conventional still, 

stepped still without nano-particle and stepped still 

with Al2O3, CuO, TiO2, and SiO2 nano-fluid.  
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Present work validation 

Figure (6) compares between the present work 

and Omara et al [31] output results for hourly 

productivity of stepped solar still and conventional 

still. The present theoretical work is fed with Omara 

et al [31] for the same insolation (I) and ambient 

temperature (ta) working conditions. It could be seen 

from this figure that the present work results are 

nearly close to Omara et al [31] results. 

4. PRODUCTIVITY COST EVALUATION 

The total cost of the solar still, C, can be 

calculated as follows: 

C = F +V           (29) 

Where:   F  The total fixed cost, $ 

V Variable cost which equals 0.3F per year, as 

reported in [32], $ 

The fixed cost of the conventional and setpped 

solar still is about103$ and 132$ respectively. The 

price of the added nano-particles is calculated as 

reported in [33]. The expected solar still lifetime is 

assumed to be about 10 years. Also, it is assumed 

that the solar still operates 340 days in the year, 

which represent sun rise days along the year in 

Egypt. Table (3) shows the estimated cost of one liter 

for conventional and stepped still with and without 

nano-particles. It could be seen from table (3) that the 

estimated cost of one destailed liter is increased as a 

nano-particles are used.   

5. CONCLUSIONS 

Based on the present results, the following 

conclusions can be presented: 

1. The productivity of the basin solar still can be 

slightly increased by mixing nan-particles with 

saline water inside the still and the highest 

performance can be occurs for low specific heat 

nano-particles. 

2. The volume fraction of Al2O3, TiO2, and SiO2, 
should be more than 0.8% to achieve better still 

productivity. 

3. In the present study Cuo achieves better 

productivity than Al2O3, TiO2, or SiO2. 

4. More experimental work is recommended for 

more validation 

5. Mixing the present nano-particles with saline 

water increases the estimated cost of one distilled 

liter 
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7. NOMENCLATURE 

A  Area, m
2
 

Cp   Heat capacity, J/kg °C 

d  Width of the glass cover, m 

Gr   Grashof number 

hbnf  Convection heat transfer coefficient between 

the basin and nanofluids, W/m
2
 °C. 

hca  Convection heat transfer coefficient with the 

ambient, W/m
2
 °C 

hcnf  Convection heat transfer coefficient between 

the nanofluids in basin and glass,W/m
2
 °C 

hfg   Latent heat of vaporization, J/kg 

I   Solar insolation normal to glass cover, W/m
2
 

k   Thermal conductivity, W/m°C 

L   Length of glass cover, m 

m   Mass, kg 

mre  Rate of mass evaporation, kg/s  

P  Vapour pressure, Pa 

Pr  Prandtl number 

Qbnf Heat transfer from basin to nanofluids in 

basin, W 

Qcg  Heat transfer from glass to ambient, W 

Qcnf Heat transfer from nanofluids in basin to 

glass, W 

Qe  Heat transfer due to evaporation, W 

Qloss Heat transfer from basin to ambient, W 

Qmw Energy needed to heat makeup water to water 

basin temperature, W 

Qrg Radiation heat transfer from glass to ambient, 

W 

Qrnf Radiation heat transfer from nanofluids in 

basin to glass, W 

t  Temperature, °C 

U Heat loss coefficient from basin and sides to 

ambient,W/m
2
 K 

Va  Wind velocity, m/s 

Greek letters 

α  Absorption coefficient 

ε  Emissivity  

μ  Dynamic viscosity, kg/m s 

τ  Time, s 

ρ   Density, kg/m
3
 

𝑋′       Characteristic, m 

σ   Stefan-Boltzmann constant, W/m
2
 K

4 

ηd   Solar still daily efficiency  

Subscripts 

a   Ambient 

b   Basin 

g   Glass 

nf  Nanofluids 

np  Nanoparticles 

w   Water 

Table 1 

Thermophysical properties of nanoparticales [26]. 

Nano-

particles 

𝑪𝒑𝒏𝒑 

(J/kg. K) 

𝑲𝒏𝒑 

(W/m K) 

𝝆𝒏𝒑 

(kg/m3) 

𝜷𝒏𝒑 

(1/K) 

Al2O3 733 40 3960 24×10-6 

CuO 551 33 6000 51×10-6 

TiO2 692 8.4 4230 24×10-6 

SiO2 765 36 3970 63×10-7 

Table 2 

Physical and operating parameters used in the 

theoretical calculation [31]. 

Item 
mass 

(kg) 

Area 

(m2) 

Cp 

(J/kg K) 
α ε 

Saline water 5.9 1.16 4190 0.05 0.96 

Glass cover 9.0 1.12 840 0.05 0.85 

Besine plate 14.5 1.16 460 0.95 ---- 

http://www.sciencedirect.com/science/article/pii/S0196890413007346
http://www.sciencedirect.com/science/article/pii/S0196890413007346
http://www.sciencedirect.com/science/article/pii/S0196890413007346
http://www.us-nano.com/home
http://www.us-nano.com/home
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Table 3 

Productivity cost evaluation 

φ % 0.6 2 4 
Al2O3, $ 0.09 0.24 0.45 

CuO, $ 0.13 0.36 0.71 

TiO2, $ 0.08 0.23 0.43 

SiO2,  $ 0.085 0.24 0.44 

Stepped Φ=0, $ 0.0329 

Conventional, $ 0.049 

 
(a)     (b) 

Figure (1) Solar still, (a) conventional still; (b) 

Stepped still. 

 
Figure (2) variation of the solar still distillate daily 

productivity with a nano particle volume fraction of 

different nano materials 

 
Figure (3) variation of the saline water temperature 

during the daytime for conventional still and stepped 

still using nano-particle 

 
Figure (4) variation of the solar still daily efficiency 

with nano particle volume fraction of different nano 

materials 

 
Figure (5) variation of the stepped and conventional 

solar still distillate hourly productivity with different 

nano particle materials 

 

Figure (6) Comparison between the present work and 

Omara et al [31] output resultants. 
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