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A B S T R AC T

A HPVT double slope active solar still was designed and fabricated to study their performance. 
In this paper thermal modeling of HPVT double slope active solar still with two fl at plate col-
lectors connected to the basin of solar still has been carried out. Analytical expressions for 
yield, water temperature and condensing cover temperature have been derived as a function of 
climatic and design parameters on the basis of energy balance equations. The thermal model of 
distillation system has been validated with experimental data. It has been established that there 
are close agreement between theoretical and experimental results with coeffi cient of correlation 
varying from 0.872 to 0.965.
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1. Introduction

The world population is increasing rapidly. The 
population growth coupled with industrialization and 
urbanization will result in an increasing demand for 
water and will have serious consequences on the envi-
ronment. In order to cater the demand of water puri-
fi cation rigorous researches have been carried out by 
scientists on design, fabrication and development of 
solar stills. Dwivedi and Tiwari [1] have carried out 
mathematical modeling of double slope passive and 
active type of solar still. Kumar and Tiwari [2] carried 
out life cycle cost analysis of single slope hybrid (PV/T) 

active solar still. Rubio et al. [3] proposed a new math-
ematical model to study the performance of a double 
slope passive solar still by considering the effect of heat 
capacity of condensing covers and bottom insulation. 
Tiwari and Tiwari [4] have conducted experiment for 
performance analysis and thermal modeling of single 
slope passive solar still for different inclination of con-
densing covers. Tanaka et al. [5] developed a highly pro-
ductive basin type-multiple effects coupled solar still 
generally known as active solar still. Tripathi and Tiwari 
[6] conducted outdoor experiments to study the effect of 
water depth on internal heat and mass transfer for active 
solar distillation systems. Recently, Tiwari et al. [7] have 
studied the comparative performance evaluation of an 
active solar distillation system and tried to evaluate 
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theoretical yield from the active solar stills integrated 
with FPC, concentrating collector, evacuated tube collec-
tor with and without heat pipe. The passive solar distil-
lation system is a slow process for purifi cation of saline/
brackish water. When fl at plate collector is integrated 
with solar still, extra thermal energy is supplied to the 
basin water and hence rise in water temperature is more 
as compared to passive solar still as reported by Dwivedi 
and Tiwari [8]. Hayek and Badran [9] studied the effect of 
using different designs of solar stills on water distillation. 
OO and Al-Tahaineh [10] studied the effect of coupling 
fl at plate collector on the solar still productivity. Rubio 
et al. [11] studied Cavity geometry infl uence on mass 
fl ow rate for single and double slope solar stills. Kumar 
and Tiwari [12] evaluated the Life cycle cost analysis of 
single slope hybrid (PV/T) active solar still. Comparison 
of internal heat transfer coeffi cients in passive solar stills 
by different thermal models were carried out by Dwivedi 
and Tiwari [13]. Dev and Tiwari [14] derived characteris-
tic equation of a hybrid (PV-T) active solar still whereas 
characteristic equation for double slope passive solar still 
were derived by Dev et al. [15]. A detailed review of solar 
stills has been done by Dev and Tiwari [16].

In this paper, thermal model for a new design of 
hybrid photovoltaic thermal (HPVT) double slope active 
solar still have been derived on the basis of energy bal-
ance for different components of solar still and two fl at 
plate collectors. Thermal validation is carried out from 
the experimental data obtained under fi eld conditions.

2. Design description of experimental setup 
and its working principle

The schematic diagram and photograph of fabricated 
HPVT double slope active solar still are shown in Figs. 1a 
and 1b respectively. To increase the temperature of feed 
water in the solar still, the double slope solar still is 

connected to the two fl at plate collectors with one of 
them is photovoltaic (PV) integrated. The fl at plate col-
lectors make an angle of 30° with horizontal, optimized 
for 28.45° N latitude of Ghaziabad (India). The fabricated 
system consists of four components namely double slope 
still, PV integrated fl at plate collectors, DC water pump 
and connecting insulated pipe. Single basin double slope 
solar still of basin area 2.0 m × 1.0 m was fabricated using 
fi ber reinforced plastic (FRP) of low thermal conductivity. 
The thickness of FRP to prepare the walls and basin 
of solar still was 0.005 m. The lower wall height facing 
East and West (E-W) directions has been kept 0.22 m.

Interior of the basin is painted black with dye to 
increase the absorptivity to solar radiations. The top 
of the basin is covered each side with glass of thick-
ness 0.004 m, inclined at 15° and oriented to due E-W 
direction respectively, to receive the maximum possible 
solar radiation. The rubber gasket is placed in between 
glass cover and top of the basin of solar still. Further, 
it is sealed using window putty to prevent vapor leak-
age. The condensed water is collected in a galvanized 
iron channel fi xed at the lower end side of both the glass 
covers. The distillate collected is continuously drained 
through fl exible pipe and stored in a jar placed outside 
on both sides. In an active solar still, the water in the 
basin gets heated directly as well as indirectly through 
fl at plate collectors.

Two fl at plate collectors are connected together and 
integrated to the basin of solar still by using insulated 
pipes (insulated using thick rubber coating). The con-
nections between the two fl at plate collectors are in 
parallel as shown in Fig. 1a. Each collector has an effec-
tive area of 2.0 m2. The whole absorber is encased in an 
aluminum metallic box with 0.1 m glass wool insulation 

Fig. 1a. Schematic diagram of HPVT double slope active 
solar still.

Fig. 1b. Photograph of HPVT double slope active solar still.
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 at base and side to reduce thermal losses. The tough-
ened glasses of 0.004 m thick are fi xed on the top of the 
boxes using aluminum frame and screw. The rubber seal 
is placed between the metallic box and glass cover as 
well as between glass and aluminum frame. A glass to 
glass PV module of 36 cells (40 Wp) has been integrated 
at the bottom of one of the collector. The size of module 
is kept 0.55 × 1.25 m2. The solar radiations pass through 
the non-packing area of the module as well as convected 
energy from back side of the module is utilized to heat 
the water fl owing through the riser tubes below the 
module. The whole system is made vapor tight using sil-
icone rubber sealant, as it remains elastic for long time.

The DC water pump of size 40 W is used to circu-
late the water in forced mode of operation. The pump 
is driven directly by the DC power generated by the PV 
module. The specifi cation of the experimental system 
is given in the Table 1. The pump operates only during 
sunshine hour, to avoid reverse heat fl ow from water 
during off sunshine hours.

3. Instrumentation

The following instruments have been used during the 
experimentation for measuring the various parameters:

1. Copper constantan thermocouples: These thermo-
couples have been used to measure the tempera-
ture of water, vapor and condensing cover using a 
digital temperature indicator having a least count of 
0.1°C and it can measure temperature in the range of 
−10°C–300°C. The thermocouples used in the experi-
mental work have been calibrated with the help of 
standard zeal thermometer. To measure water tem-
perature thermocouples have been submersed inside 
the water whereas for measuring condensing cover 
temperature thermocouples were pasted on inner 
and outer surfaces with the help of araldite. For mea-
suring vapor temperature thermocouples have been 
hanged in between water surface and glass covers.

2. Mercury thermometer: A Calibrated mercury ther-
mometer of least count 1°C has been used to record 
the ambient air temperature. The thermometer has 
been kept to the height of the solar still under shade 
to prevent direct exposure to the radiations. The 
range of thermometer used was 0–100°C.

3. Solarimeter: A calibrated solarimeter (with the help 
of a Pyranometer) has been used to measure the total 
as well as diffuse solar radiations. It has least count of 
2 mW cm−2. The Solarimeter has been manufactured 
by Central Electronics Limited Sahibabad, UP, India. 
It can measure solar radiation up to 1200 W m−2.

4. Measuring cylinder: The collected distillate yield has 
been measured using graduated cylinder with least 
count of 1 ml.

Table 1
Specifi cations of fabricated HPVT double slope active solar 
still

Component Specifi cations

Flat plate collectors

Collector type Tube in plate type

No of collectors 2

Area of each collector 
(effective)

2.00 m2

Tube material Copper tubes

Plate thickness 0.002 m

Riser – outer diameter 0.0127 m

Riser thickness 0.56 × 10−3 m

Spacing between 
two risers

0.112 m

Thickness of insulation 0.1 m

Weight of the collector 48 kg

Angle of collectors 30°

Thickness of top glass 0.004 m

PV Module

Size of PV module 1.25 m × 0.55 m

No of solar cells 36

Area of solar cell 0.008 m2

Packing factor 0.44

Max power rating Pmax 40 W

Motor used for water pump DC shunt motor 
(18 V, 40 W and 2800 rpm)

Solar still

Length 2 m

Width 1 m

Lower height 0.22 m

Higher height 0.48 m

Thickness of glass cover 0.004 m

4. Experimental procedure

Experiments have been performed to evaluate the 
performance of the solar still under the fi eld conditions. 
24 h before the commencement of test, the basin was 
fi lled with brackish water to a desired level (0.025 m) 
to bring the water in steady state. All the glass cov-
ers were cleaned for the dust/dirt particles before 
the experimentation. The tests started at 7:00 a.m. 
and continued till 7:00 a.m. on the next day. During 
experiment the following parameters were measured 
hourly.

(a) Solar intensities on E-W glass covers (b) solar 
intensities on collector panels (c) ambient air temperature
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(d) basin liner temperature (e) water temperature inside 
still (f) vapor temperature inside still (g) inner surface 
temperature of glass covers (h) outer surface tempera-
ture of glass covers (i) hourly yields from E-W cover 
sides.

5. Thermal modeling

Following assumptions have been considered for 
writing energy balance equations for different compo-
nents of a HPVT double slope active solar still:

1. The system is under quasi-steady state condition.
2. Thermal capacity of condensing covers and insulat-

ing material of wall of solar still has been neglected.
3. The connecting pipes between the solar still and fl at 

plate collector are perfectly insulated.
4. There is no temperature gradient in the water inside 

the basin.
5. The average temperature of water column in the 

basin is equal to the average temperature of water in 
upper and lower header of fl at plate collector.

5.1. Energy balance equation on inner surface of east 
condensing cover

αg s E gE 1wE b EW gE

kg gE

’ I ts A hgE AbA U gEA

h Akg

( ) 1wEh Ab ( )w giEwT TgiE−wTw EWU E ( )giE giWgT Tg−iET

= Eh Ak ( )giETg −iET TTgoTT E   
 (1)

where, hkg = kg / lg.

5.2. Energy balance equation on outer surface of east 
condensing cover

h Akg gE o gA E( )T TgiTT E gTT oE = h A E ( )T TgTT oE aTTTT  (2)

5.3. Energy balance equation on inner surface of west 
condensing cover

αg s W gW 1wW b

EW gW kg gW

’ I ts A hgW AbA

U AEWU AW h Akg

( ) 1wWh Ab ( )w giWwT Tg−wTw

W−U AEW ( )giE giWT TgiE gT iE = Wh Ak ( )giWTg −iWT TTgoTT W  (3)

5.4. Energy balance equation on outer surface of west 
condensing cover

h A h Akg gW o gA W( )T TgiTT W gTT oW = h A W ( )T TgTT oW aTTTT  (4)

5.5. Energy balance equation for basin Liner

αb b bw b

ba b

’ A hb bA

h Abah A
{ }s E s WI ts I ts( ) + ( ) bh Ab ( )b wTbT TwbTb

b+ h Aba ( )b aT Tb aTb  (5)

5.6. Energy balance equation for water mass

αw b bw b u

w
w

1wE b

’

( )

A hb Ab q
dTw

dt
h A1wE

{ }s E s WI ts I ts( ) + ( ) bwh Ab ( )bTb TwbTb

= +w
w( )

•

h A h A1wW bA s sA

( )wTw − TTgiTT E

+ h AbA ( )T Tw gT TT T iWTTT + h AsA ( )T Tw aT TT TTTT  (6)

where

q A FCA
•

’A FCA [ ]I UC LU( )( ) ( )T TW aTT TT−IC

From above equations, one can get the following fi rst 
order differential equation:

dT
dt

aT f twTT
wTT+ =aTwTT )t  (7)

where

a

h h A
h h
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p
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The expressions for p, A1, A2, B1, B2, R1. R2, U1, U2 etc. 
have been given in Appendix-1 whereas the heat trans-
fer relationship used in thermal modeling are given in 
given in the Appendix-2.

In order to obtain an approximate solution of Eq. (7) 
the following assumptions have been made:

1. The time interval Δt (0 < t < Δt) is small.
2. The function f(t) is constant, that is, f t f t)t )t=  for the 

time interval Δt.
3. ‘a’ is constant during the time interval Δt.
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 4. The internal convective (hcw), evaporative (hew) and 
radiative (hrw) heat transfer coeffi cients for E-W con-
densing cover have been evaluated at initial (t = 0) 
water (Tw0) and inner condensing cover (Tgi0) tem-
perature and assumed to be constant over 0–t time 
interval. Hence, htE and htW have been considered con-
stant over 0–t time interval.

After making above assumptions, Eq. (7) becomes 
fi rst order simple differential equation. The solution of 
Eq. (7) with initial condition, Tw = Tw0 at t = 0, becomes:

Tw
f t
a

= f [ ]a t− −)t
eT] T] p( )a tt T] + T aTTTT  (10)

The hourly yield can be found from equations as 
given below:

m
q

LE
ewE

•
•

=
× 3600

 (11a)

m
q

LW
ewW•

•

=
× 3600

 (11b)

6. Results and discussion

The double slope solar still was tested during the 
month of October 2010 in the fi eld conditions of Ghazi-
abad (28° 40′ N, 77° 25′ E), India. The typical experimen-
tal parameters recorded are illustrated in Table 2.

These values contain hourly data of solar intensity, 
temperatures namely ambient, water, inner and outer 
surface of glass cover, vapor temperature, distillate 
yield etc. The thermal model of double slope active 
solar still has been developed on the basis of energy 
balance of E-W condensing covers, water mass and 
basin liner. The climatic parameters such as ambient 
air temperature used in the modeling have been shown 
in Fig. 2a.

It increases from morning till afternoon hours and 
then starts decreasing. Fig. 2b shows the variation of 
solar intensity on condensing covers and at collector 
panels. The solar intensity incident on the east con-
densing cover is higher before 1:00 p.m. and lower in 
the after noon hours in comparison to the solar inten-
sity on west condensing cover. The highest value of 
solar intensity at the east condensing cover was found 
to be 680 W m−2 at 12:00 noon whereas highest value of 
solar intensity at west condensing cover was 700 W m−2 

observed at 1:00 p.m. The standard values of design 
parameters used in the thermal modeling are given in 
Table 3.

By using the climatic, design parameters and heat 
transfer coeffi cient, the hourly variation of water, inner 
and outer condensing cover temperature and hourly 
yield have been evaluated. The various data obtained 
from thermal model are validated with experimental 
data. The closeness between theoretical and experimen-
tal data has been mentioned in terms of coeffi cient of 
correlation.

The expression for coeffi cient of correlation and root 
mean square percent deviation given by Chapra and 
Canale [17] are as follows:

r
N X Y

N
=

( )Y

∑∑∑
Y∑ X NN YYN− (∑

i iYY ∑
− YYYYYY (

( )Xi ( )YiYY

XX∑ XX∑∑ X∑ 2
 (12)

The values of coeffi cient of correlation between theo-
retical and experimental results vary from 0.872 to 0.965.

The predicted values of hourly water temperature as 
have been compared with experimental result and are 
shown in Fig. 3. The coeffi cient of correlation between 
theoretical and experimental water temperature are 
found 0.935.

Hourly variation of theoretical and experimental 
inner glass covers temperature for E-W side of a double 
slope active solar still under forced circulation mode has 
been shown in Fig. 4.

From Fig. 4, it has been observed that the maxima 
of east condensing cover is lagging with the maxima 
of west inner condensing cover due to maximum 
solar intensity at E-W condensing cover at 13:00 and 
14:00 h p.m. respectively. The coefficients of correla-
tion between theoretical and experimental values for 
E-W inner condensing covers are 0.9231 and 0.9564 
respectively. Similar observation can be made for 
outer glass cover temperature for double slope solar 
still.

Experimental and theoretical data for outer glass 
cover have been shown in Fig. 5 with correlation coef-
fi cient for E-W sides are 0.9440 and 0.9583 respectively.

The hourly variations in theoretical and experimental
yield have been shown in Fig. 6.

In the morning the hourly yield for west condens-
ing cover is more than east condensing cover. This may 
be due to cooled west condensing cover in comparison 
with east condensing cover. The same is true for after-
noon hours. The overall results obtained from the pres-
ent studies are quite similar to the results obtained by 
Dwivedi and Tiwari [1], Rubio et al. [3].
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Table 3
The design parameters used in the thermal modeling

Parameters Value

Design parameters for solar still

αb 0.85

αg 0.06

αw 0.7

εw 0.95

εg 0.95

Ag 1 m2

Lb 0.005 m

Lg 0.004 m

Kb 0.035 W m−1 °C

Kg 0.780 W m−1 °C

CW 4188 J kg−1 °C
M 50 kg

σ 5.67 × 10−8 W m−2 °C

Design parameters for fl at plate collector

Ac 4 m2

F′ 0.8

UL 6 W m−2 °C

(ατ)c 0.7

Fig. 2a. Ambient air temperature during experiment.
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Fig. 2b. Hourly variation of solar intensity on the collector 
panel and glass cover of solar still.
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Fig. 4. Hourly variation of theoretical and experimental 
inner condensing cover temperature for east and west side 
of double slope solar still.
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outer condensing cover temperature for east and west side 
of double slope solar still.
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7. Conclusions

In this paper mathematical model has been devel-
oped to study thermal asymmetries in double slope 
solar still. The developed model has been validated with 
experimental results. There are close agreement between 
theoretical and experimental results with coeffi cient of 
correlation varying from 0.872 to 0.965.

Symbols

Ab — area of basin, m2

Ac — area of collector panel, m2

Ag — area of condensing glass cover (m2)
F′ — fl at plat collector effi ciency factor
HPVT — hybrid photovoltaic thermal
h1 —  total internal heat transfer coeffi cient, 

W m−2 °C
hcw —  internal convective heat transfer coeffi cient, 

W m−2 °C
hew —  internal evaporative heat transfer coeffi cient, 

W m−2 °C
hrw —  internal radiative heat transfer coeffi cient, 

W m−2 °C
ho —  heat transfer coeffi cient between outer con-

densing cover and ambient air, W m−2 °C
Is(t) —  solar intensity on still glass covers, W m−2

Ic(t) —  solar intensity on collector panels, W m−2

kg —  thermal conductivity of condensing cover, 
W m−1 °C

Lg — thickness of condensing cover, m
L — latent heat of vaporization, J kg−1

M —  mass of water in the basin of solar still, kg

m
•  — hourly distillate yield, kg m−2

P — partial saturated vapor pressure, N m−2

QU

•  —  useful thermal energy gain from the collec-
tor, W m−2

qew

•  — evaporative heat transfer rate, W m−2

Ta — ambient air temperature, °C
Tb — basin liner temperature, °C
Tw — water temperature inside still, °C
Tv — vapor temperature inside still, °C
Tgi — inner glass covers temperature, °C
Tgo — outer glass cover temperature, °C
UL —  overall heat transfer coeffi cient for fl at plate 

collector, W m−2 °C
UEW —  internal radiative heat transfer coeffi cient 

between east and west condensing cover, 
W m−2 °C

Ubw —  heat transfer coeffi cient between basin liner 
and water, W m−2 °C

Uba —  heat transfer coeffi cient between basin liner 
and ambient air, W m−2 °C

Ua —  overall heat transfer coeffi cient between 
outer condensing cover and ambient air, 
W m−2 °C

V — air velocity, m s−1

Subscripts

E — east side
W — west side
C — collector plate
w — water
gi — inner condensing cover
go — outer condensing cover
a — ambient
b — basin liner
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Appendix-1

U U A AU U1 2UU 2 .UU .EW gE gW

A R U R U A1 1R 2 22RR U1R . .U 2RU EW gE

A h A U h A U Ab2 h +h A Uh wE 1hb 2Ub +A U2UA wW b EU W gA EAA Ab

B R U A R U1 1R 2 1U+R U A1R .UUEW gW

B h A U A h A U2 1h U A h Uh A U Ah U A1wE bAA EW gW 1wW bAAAA A hA

R I A h A T1 ′ ( )t +αg sI E gE go gE aTT( tsI .AgE

R I A h A T2 ′ ( )t +αg sI W gW go gW aTT( tsI .AgW

U h A U A h A1 h A1wE bA EW gE go gE.UAA EW .

U h A U A h A2 h A1wW bA EW gW go gW.UAA EW .

Appendix-2

Heat transfer relationship used in thermal modeling: 
Heat transfer equations used in the thermal modeling 
are as given below:

1. External heat transfer coeffi cient

Heat transfer from glass cover to ambient air takes 
place by convection and radiation. The total heat trans-
fer coeffi cient from glass cover to ambient is given by:

h h VaE aW =h W +5 7 3 8+7 3  

The overall heat transfer coeffi cient from basin to 
ambient is given by the equation:

U
L
K h

ba
b

b bh

=
+

1
1

 

2. Internal heat transfer coeffi cient

The convection, evaporation and radiation are the 
mode of heat transfer from water mass to inner glass 
cover. Dunkle’s equation for convective heat transfer 
coeffi cient is:

h T T
T

Pcw w gTT TT iE
g wTT

wPP
−T +

−
⎡

⎣
⎢
⎣⎣

⎤

⎦
⎥
⎤⎤

⎦⎦
0 88

268 9 1× 03

1
3( )P Pw gP PP P iE

.
 

and, evaporative heat transfer coeffi cient is given by:

h h
P P

T Tew cwE
w gP PP P iE

w gT TT T iE
6 6 0 3

 

Radiative heat transfer coeffi cient is calculated by:

hrw
g g

w g

=
+ −

σ

ε εw

( )Tw gT TT T iETgTT iE ( )T Tw gT TT T iETTT2 2TT
1 1

1
 

Radiative heat transfer between E-W surface has also 
been considered. The radiative heat transfer coeffi cient 
between two glass surfaces is given by:

U T

T T
EW giTT E gTT iW

giTT E gTT iW

+TgiTT E +TgTT iW⎡⎣ ⎤⎦⎤⎤

TTT× +⎡⎣⎡⎡ ⎤⎦⎤⎤
0 273 273

546

2 2T +T 273. (⎡⎣034 ) +2 + )

 

The evaporative heat transfer rate from E-W side of a 
double slope solar still is also given by:

q heh wE g

•
( )T Tw gT TT T iEhh E(T

 

and

q heh wW g

•
( )T Tw gT TT T iWhh W(T

 




