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• Performance of different solar stills (passive/active) has been studied theroretically and experimently.
• Passive double slope solar stills perform better than passive single slope solar stills on the basis of productivity.
• Active single slope solar still (N PVT-FPC/N-PVT-CPC) performs better than the active double slope solar still (N PVT-FPC/N-PVT-CPC) above critical water depth
on the basis of productivity and vice versa. At critical water depth, yield is approximately same.

• Use of water based nanofluids having better thermo-physical and optical properties improve the solar still productivity.
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Water is one of the prime elements responsible for life on the Earth. The demandof potablewater is growing con-
tinuously due to its rapid use in agriculture, industry, and population. To overcome the challenge of water short-
age, it is essential tominimize the gap among the demand and supply of potable water by developing alternative
technologies of water purification. It is becoming a challenge to avail of low cost potable water tomankind. Solar
distillation is one of themost promising, simple, and economicmethodology for salt and brackish water purifica-
tion by utilizing solar energy (renewable energy source). Worldwide, various researchers experimentally ana-
lyzed the performance of different types of solar stills and numerous research works has also been performed
to develop the theoretical models based on energy balances. In present paper, experimentally and theoretically
detailed work done in recent past on passive and active solar stills has been highlighted. System performance;
exergoeconomic and enviroeconomic analysis; different solar still designs; and recent techniques in solar stills
have been discussed in detail. Furthermore, a discussion on future scope of the work on solar stills for sustainable
potable water production is given with some recommendations.

© 2016 Published by Elsevier B.V.
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1. Introduction

Potable water is essential for all living organisms to survive on the
Earth. The availability of potablewater from the naturalwater resources
is shrinking day by day due to rapid growth of population, poor water
management andwater pollution. Due to geography, climate, engineer-
ing, regulation, and competition for resources, most regions face
drought of potable water supply. The inflation of water crisis would be
controlled if we can effectively conserve, manage, and carefully distrib-
ute the available fresh water.

Today, it is themain challenge to fulfill the gap betweendemand and
supply of potable water to make it available for all the creatures on the
planet earth. Contaminated water usually contains bacteria, viruses,
ta, Review on the energy and
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parasitical organisms, dissolved and undisclosed materials, chemical
and physical contaminants which causes serious damage of health on
consumption. Consequently, it is essential to find an alternate methods
or techniques to purify the contaminated or filthy water (rain water,
boring wells, rivers, lakes, oceans etc.) to avail low cost potable/fresh
water. There are various high and medium technologies available for
water purification viz. Multiple Effect Distillation (MED), Multi Stage
Flash (MSF) desalination, Thermal Vapor Compression (TVC), Mechan-
ical Vapor Compression (MVC), Reverse Osmosis (RO) and others. All
these technologies depend on conventional source of energy (electrici-
ty) and require high-tech parts i.e. batteries, filters or membranes etc.
On the other hand, solar distillation is the simplest, cost effective, and
environment friendly technology for water purification. The classifica-
tion of solar desalination methods has been illustrated in Fig. 1(a).

Solar desalination is one of the popular treatment solutions through-
out theworld. Solar distiller or simply solar stills produce pure water by
economic efficiencies of passive and active solar distillation systems,
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using non-conventional source or renewable energy resource (solar en-
ergy). Solar stills are classified into two categories viz. passive and active
solar stills as shown in Fig. 1(b). Among all solar stills, the most simple
and least expensive are the conventional single slope and double slope
systems. Solar stills can to purify contaminated water containing salt
concentration up to 104 ppm (part per million).

In the historical review on desalination of water, Nebbia and
Menozzi [1] mention the historical background of solar distillation.
Later, Malik et al. [2] reveals the historical background of solar distilla-
tion systems in their book and investigated the work on passive solar
distillation. Garg andMann [3] studied the effect of climatic, operational,
and design parameters on annual performance of single and double
slope solar still for Indian arid zone conditions. The performance of
Fig. 1. (a) Classification of solar desalination process. (b
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basin type solar still integrated with flat plate collector was first time
studied by Soliman [4]. Later Rai and Tiwari [5] studied the performance
of single basin solar still integrated with flat plate collector. They per-
ceived good enhancement in the system yield in comparison to the con-
versional single slope solar still. Sodha et al. [6] presented the design of a
multiplewick solar still and analyzed its performance. The high temper-
ature on account of minimum thermal capacity has been attained
through the blackened wet jute cloth (liquid surface) and the system
has been oriented to retrieve the maximum solar radiation. The system
performance further can be improved by incorporatingdouble condens-
ing cover [7]. Tiwari and Garg [8] studied various designs of solar distil-
lation systems. Long term performance of various designs has also been
analyzed by Tiwari and Yadav [9]. They conclude that the performance
) Various designs of active and passive solar stills.

economic efficiencies of passive and active solar distillation systems,
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of a single slope solar still is better than a double slope solar still for cold
climatic conditions, and a double slope solar still gives better perfor-
mance than a single slope solar still for summer climatic conditions.
Lawrence andTiwari [10] theoretically analyzed the performance of sin-
gle slope solar distillation system integrated with panel of collectors
under natural circulation mode with heat exchanger. They conclude
that natural circulation mode has many advantages over the forced cir-
culation mode in terms of reliability, cost effectiveness, and simplicity.
Tayeb [11] analyzed the performance of four different designs of basin
type solar stills having same basin area.

Basically, the performance solar distillation system depends on cli-
matic conditions and various other parameters such as inclination
angle of the glass cover, water depth in the basin, orientation, vapor
tightness, dimensions and body of the still etc. The system can be im-
proved further by enhancing the internal heat transfer modes, temper-
ature difference among the basin water and the inner surface of the
condensing cover [12–16].

The internal heat andmass transfermechanism of passive solar stills
is critically presented by Tsilingiris [17–20]. He critically analyzed im-
pact of binary mixture thermo-physical properties in processes of heat
and mass transfer. He developed a model for heat and mass transfer
processes for the distillation systems functioning at high temperature
range. Later, he investigated the accuracy and validity range of earlier
developed theories of heat andmass transfer within the still cavity. Fur-
thermore, he examined expressions of a group of mass transfer coeffi-
cients on the basis of Bowen's ratio as applied on properly modified
diffusive interface model under specific assumptions. Dwivedi and
Tiwari [21] investigated the experimental validation of internal heat
transfer coefficients in single and double slope passive solar stills for dif-
ferent water depths using different thermal models.

Furthermore, it is essential to analyze the solar distillation systems
from the economic aspects. Use of solar stills in place of conventional
energy (electricity) dependent distillation systems reduces the effect
of inflation on unit costs of conventional sources. In literature, various
researchers studied the economic analysis of solar distillation systems.
Govind and Tiwari [22] presented the cost analysis of solar dryers,
solar water heating systems and solar distillation units by considering
various factors. Later, Mukherjee and Tiwari [23] investigated the eco-
nomic analysis of various designs of conventional solar stills. They
have presented the cost analysis of a single slope fibre reinforced plastic
(FRP) still, a double-slope FRP still and a double slope concrete still. On
the basis of annual performance, the life cycle cost analysis of single
slope hybrid photovoltaic thermal active solar still is studied by
Kumar and Tiwari [24]. Further, Liu et al. [25] studied the thermal and
economic analyses of solar desalination system coupled with evacuated
tubular collectors. El-Baily et al. [26] studied the cost analysis of several
active and passive solar distillation systems in detail. From the litera-
ture, it has been concluded that the passive solar distillation systems
are more economic in comparison to the active. Single slope passive
solar stills perform better than double slope passive solar stills on the
basis of annual yield, annual energy, annual exergy and exergoeconomic
parameter.

In present decade, various researchers studied different new designs
of passive (step-basin, multi-basin, hemispherical, spherical, V-shape,
concave, tubular, triangular pyramid, inclined wick type, stand alone, tu-
bular etc.) and active solar stills to enhance the system performance
[27–46]. Kumar et al. [47] presented the review on different designs of
passive and active solar stills. Thermal models of various designs of solar
stills are presented by Elango et al. [48] in their comprehensive review.

In present paper, the detailed experimental and theoretical work
carried out on passive and active solar stills in past few years has been
emphasized. The performance of different solar stills on the basis
of heat transfer coefficients; cost analysis; exergoeconomic and enviro-
economic analysis; characteristic curves havebeendiscussed. Thepresent
paper also highlighted in details the other different designs and recent
techniques to improve the solar still performance.
Please cite this article as: G.N. Tiwari, L. Sahota, Review on the energy and
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2. Passive solar stills

Schematic view and experimental setup of passive single slope solar
still (SSSS) and double slope solar still (DSSS) are shown in Fig. 2 and
Fig. 3. Body of the still is fabricated with fibre reinforce plastic (FRP)
with a top transparent glass (3−4 mm) cover. Passive single slope
solar still is facing due south and double slope is kept in east-west direc-
tion to retrievemaximum solar radiation (northern-hemisphere). Inner
surface of the still basin is painted mat black (blackened surface/basin
liner) to absorb maximum solar radiation.

Fraction of solar radiation has been reflected from the outer surface
of the top cover andwater surface, maximum solar radiation penetrates
into the still and gets absorbed in water and basin liner. Various compo-
nents of energy balance and thermal energy losses in passive SSSS and
DSSS systems are shown in Fig. 2(a) and (b) respectively. The attenua-
tion of solarflux through thewatermass depends critically on the quan-
tity of basin water and its absorptivity. Most of the solar radiation
reaches the basin liner and get absorbed there. Further, stored thermal
energy in the basin liner is convected to the water mass and raises the
water temperature. Consequently, the temperature difference among
the evaporative surface and inner surface of the glass cover increases
which acts as a driving force for the enhanced system yield. Heat trans-
fer mechanism takes place in the still cavity and evaporated water
reaches on the inner surface of the glass cover. It condensed there
after releasing its latent heat to the glass cover. The condensed water
trickles into the channels provided at the lower ends of the glass cover
under gravity [49].

2.1. Heat transfer coefficients (HTCs) in passive single slope solar still (SSSS)
and double slope solar still (DSSS) [21]

Dwivedi and Tiwari [21] estimated the internal heat transfer coeffi-
cients of passive single slope and double slope solar still for 15-
0 inclination of the glass cover and three different water depths
(0.01,0.02 and 0.03 m) for summer and winter climatic conditions.

Different thermal models (Table 1) reported in literature have been
validatedwith the experimental results of the system yield for the com-
posite climate of NewDelhi(28°35 ′N). The hourly variation of evapora-
tive HTCs of the passive single slope and double slope (east and west
side) solar still is shown in Fig. 4. It has been perceived that Kumar
and Tiwari; Dunkle; and Chen et al. models give better correlation
among the theoretical and experimental results of the hourly yield.
Clark's model predicts lower values as compared with the experimental
results whereas the yield obtained using Adhikari and Zheng et al.
model is very high. Furthermore, the overall annual yield of the passive
SSSS is found to be higher (499.41 l/y) as compared to the DSSS
(464.68 l/y).They have conclude that Dunkle's model can be used for
lower water depth (0.01–0.03 m) to determine the internal HTCs. Basi-
cally, the productivity represents the relationship between output and
the factors used in achieving the output. Its objective is to get output
as high as possible with less and less input of resources. It is the ratio
of effectiveness and efficiency as defined by ILO [107]. Singh et al.
[106] studied the life cycle cost analysis of conventional single slope
and double slope passive solar stills with energy matrices. They con-
cluded that passive double slope solar stills perform better than passive
single slope solar stills on the basis of productivity because annual yield
for double slope is lower than single slope by 11.78% and uniform end-
of-year annual cost is lower for the same by16.52%. The equation of pro-
ductivity of the solar distillation system is given below as;

Productivity 105½ � ¼ Mew � SPð Þw
UAC

� 100

where, Mew represents the annual yield, (SP)w represent the selling
price of water and UAC represents the uniform end-of-year annual cost.
economic efficiencies of passive and active solar distillation systems,
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Fig. 2. Systematic view of (a) passive single slope and (b) double slope solar still.
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It means that the percentage decrease in denominator is more than
numerator of the productivity equation and hence ratio is higher for
double slope than single slope passive solar still. The variation annual
productivity (ηp) and of exergoeconomic parameter (Rgex) with rate of
interest for 30 year life time for single slope and double slope passive
solar still is shown in Fig. 5. The value of Mew depends on the product
of evaporative heat transfer coefficient and temperature difference be-
tween evaporative surface and inner surface of the glass cover (Tgi). If
ambient temperature is lower, then Tgi will be lower due to increase in
the rate of heat transfer among the glass surface and ambient which re-
sults in the increase in the temperature difference of Tw and Tgi. Hence,
yield will increase with the decrease in ambient temperature and
vice-versa. Further, if solar intensity increases then evaporative heat
transfer coefficient increases which is clear from Fig. 6(a) and (b).
Hence, yield increases with the increase in solar intensity.

2.2. Characteristic equation of passive solar stills

Efficiency is an essential parameter to understand the performance
of the solar stills. The optimal distillate from the designed still needs
to investigate the different parametric studies i.e. inclination of glass
cover, ambient temperature, wind velocity, feed water temperature, sa-
linity, water depth and other effects like heat transfer coefficients, influ-
ence of binary mixture thermo-physical properties, effect of thermal
storage, solar intensity and symmetry-asymmetry of design of passive
solar still. Therefore, the concept of efficiency is vital for designing and
improving the solar still performance. These characteristic equations
can be used for further modifications in the existing design in terms of
design (i.e. size, angle of inclinations of condensing glass covers, and
material), operating (i.e. water depth, mode of operation, shading on
condensing covers and use of dye) and climatic factors (i.e. location of
the place, input amount of solar radiation, ambient temperature, and
wind velocity) etc.
(a)

Fig. 3. Experimental setup of (a) single slope
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2.2.1. Characteristic equation of passive single slope solar still (SSSS) [55]
Schematic diagram of passive single slope solar still (SSSS) is shown

in Fig. 2 (a). To generate the linear and non-linear characteristic equa-
tion for of three different inclination angles (15°, 30°, and 45°) of the
glass cover, Dev and Tiwari [55] used the characteristic equation differ-
ent climatic conditions (summer and winter) of New Delhi. For better
understanding of the solar still performance, the instantaneous gain
and loss efficiency curves have been simultaneously analyzed by Dev
and Tiwari.

Following Dev and Tiwari [55], the temperature of basin water can
be expressed as

Tw ¼ f 0 tð Þ
a

1−e−aΔt� �þ Tw0 e−aΔt ð1Þ

The rate of evaporative heat transfer can be expressed as

_qew ¼ hew Tw−Tgi
� � ¼ hewUcg−a

h1w þ Ucg−a
Tw−Tað Þ ð2Þ

Substituting Eq. (1) in Eq. (2), and simplifying,

_qew ¼ 1
UL

hewUcg−a

h1w þ Ucg−a

� �
αe 1−e−aΔt� �

I tð Þ þ ULe−aΔt Tw0−Tað Þ� � ð3Þ

Instantaneous thermal efficiency can be expressed as

ηi ¼
_qew
I tð Þ ¼ F 0 ατð Þeff þ F 00 Uð Þeff

Tw0−Tað Þ
I tð Þ ð4Þ

It clearly express that the upward rate should be maximum for bet-
ter performance of solar still (positive slope of the curve).
(b)

and (b) double slope passive solar still.

economic efficiencies of passive and active solar distillation systems,
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Further, the instantaneous loss efficiency can be expressed as

ηiL ¼
MwCw Tw−Twoð Þ

I tð Þ ¼ F00 αe−UL
Tw−Tað Þ
I tð Þ

� 	
ð5Þ

For higher instantaneous gain efficiency of the still, the instanta-
neous loss efficiency should be lower in Eq. (4).

The unknowns in Eq. (4) and Eq. (5) are given in Appendix A [55].
Dev and Tiwari observed that the system gives better performance

for 45° inclination of the glass cover for summer conditions (Fig. 7).
There is enhancement in instantaneous efficiency for 30° and 45° incli-
nation of the glass cover but reduced for 15° inclination angle.

Linear characteristic equations indicate that the coefficient F′Ue−aΔt

is higher for a solar still for 45° inclination angle of the glass cover in
comparison to the other inclination angles. Therefore, it results in
more heat input in the solar still. Linear characteristic equations imply
that the coefficient F′Ue−aΔt is lowest at higher basin water depths
due to heat storage effect. The instantaneous gain efficiency at lower
basin water depths has been found higher. It has been concluded that
the optimized inclination angle of the glass cover of the solar still is
45° from the design point of view.

2.2.2. Characteristic equation of passive double slope solar still (DSSS) [56]
Illustrative view of passive double slope solar still is shown in

Fig. 2(b). On the basis of experimental observation Dev et al. [56] eval-
uated the characteristic equation of passive DSSS system for the com-
posite climatic condition of New Delhi, India. Following Tiwari and
Noor [57], the instantaneous gain can be expressed as

ηi ¼
hew Tw−Tgi

� �
I tð Þ ¼ ατð Þeff þ U0 Tw0−Tað Þ=I tð Þf g

Tw0−Tað Þ=I tð Þf gmax
ð6Þ

Instantaneous loss efficiency can be expressed as

ηiL ¼ ατð ÞEFF−UL
Tw0−Tað Þ

I tð Þ
� 	

Or ηiL

¼ ατð ÞEFF−U00 Tw0−Tað Þ=I tð Þf g
Tw0−Tað Þ=I tð Þf gmax

� 	
ð7Þ

The unknowns in Eq. (6) and Eq. (7) are given in Appendix A [56].
It has been perceived that non-linear characteristic curves give bet-

ter results in comparison to the linear characteristic curves on analyzing
the performance, thermal testing and further designmodification of the
system. Furthermore, under quasi-steady state condition, the coefficient
of correlations is higher for non-linear characteristic curves in compar-
ison to the linear characteristic curves. The characteristic equations of
both sides of the top transparent glass cover are different which can
Table 1
Thermal models of internal heat transfer coefficients (HTCs).

Thermal models Relations

Kumar and Tiwari
[51]

ðNuÞw ¼ hX
k ¼ CðGrPrÞn

Grashof number ðGrÞw ¼ ½gβρ2L3ΔT
μ2 �

w

Prandtl number ð ; PrÞw ¼ ðμCp

k Þw
Rayleigh number ðRaÞw ¼ ðGrPrÞw ¼ ½gβρ2CpL3ΔT

μk �
w

C = 0.54 and n = ¼ horizontal plate facing upward
Chen et al. [52] hcw ¼ 0:2Ra0:26 Kv

Xv

Remarks: For a wide range of Rayleigh number
(3.5×103bRab106)

Adhikari et al. [53] Yield; _m ¼ αðΔTÞnðPw−PgiÞ

n ¼ 1=3 for 2:51� 105bGrb107

1=4 for 104bGrb2:51� 105


 �
Zheng at al. [54] hcw ¼ 0:2Ra0:26 Kv

Xv

ΔT ¼ ðTw−TgiÞ þ ½ðPw−PgiÞðTwþ273Þ
ð MaPt
Ma−Mw

Þ−Pw

�
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be used to determine or optimize the inclination angle of the transpar-
ent glass cover for better performance of the passive DSSS.

2.2.3. Characteristic equation of the inverted absorber solar still (IASS) [58]
Experimental setup and systematic view of inverted absorber solar

still (IASS) are shown in Fig. 8(a) and (b) respectively. In IASS system,
reflector has been kept underneath the solar still to heat up the basin
from the bottom side in addition to direct heating of the basin. Conse-
quently, higher water temperature is achieved in comparison to the
conventional single slope solar still. An experimental setup of the IASS
system has been installed at Solar Energy Laboratory, Sultan Qaboos
University, Muscat, Oman (latitude 23° 37′ N, longitude 58° 35′ E).
The characteristic equation of the IASS and SSSS system has been devel-
oped for three different water depths (0.01 m,0.02 m,and 0.003 m) on
the basis of experimental data.

Following Dev and Tiwari [58], energy balances of different compo-
nents of the IASS system are expressed as

(i) Absorber basin plate

τgτw
� �

αbI tð Þ þ rNinv
� �

αbI tð Þ ¼ hcpw Tbu−Twð Þ þ Ur Tbu−Tað Þ ð8Þ

(ii) Water mass

hcpw Tbu−Twð Þ ¼ MwCw
dTw

dt
þ h1w Tw−Tgi

� � ð9Þ

(iii) Condensing glass cover

h1w Tw−Tgi
� �þ Kg

Lg
Tgi−Tgo
� � ¼ h0 Tgo−Ta

� � ¼ hgo Tgi−Ta
� � ð10Þ

On solving Eqs. (8)–(10), one can get

Tw ¼ f 0 tð Þ
a

1−e−aΔt� �þ Tw0 e−aΔt ð11Þ

Instantaneous thermal efficiency can be expressed as

ηi ¼
hew Tw−Tgi

� �
2� I tð Þ ¼ F 0 ατð ÞEFF 1−e−aΔt� �þ F 0ULe−aΔt Tw0−Tað Þ

I tð Þ ð12Þ

Similarly, instantaneous loss efficiency can be expressed as

ηiL ¼
MwCw Tw−Twoð Þ

2� I tð Þ ¼ F 00 ατð ÞEFF−UL
Tw0−Tað Þ

I tð Þ
� 	

ð13Þ

The unknowns in Eq. (12) and Eq. (13) are given in Appendix A [58].
The variation of instantaneous gain and loss efficiency curves of the

IASS system with reduced mass at different water depths under quasi
steady condition is shown in Fig. 9. It clearly shows that the behavior
of the IASS and SSSS system has been expressed better by the non-
linear characteristic curves. It is credited to the non-linearity in the cli-
matic parameters. The instantaneous thermal efficiency of SSSS system
found to be higher in comparison to the IASS system for the same pa-
rameters. It decreases with increase in basin water depth whereas the
instantaneous loss efficiency decreases due to thewater thermal storage
effect.

2.3. Instantaneous exergy efficiency of a shallow basin passive solar still
[59]

It has been reported that the maximum annual yield from the solar
still strongly depends on latitude and glass cover tilt angle. Furthermore,
deterioration of absorber liner decreases the effective absorptivity of
basin liner. Therefore, it is necessary to investigate instantaneous exergy
efficiency of the passive solar still in terms of design and climatic param-
eters; and to analyze the relative influence of basin water temperature
economic efficiencies of passive and active solar distillation systems,
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Fig. 4. Hourly variation of evaporative HTC of passive (a) single slope, (b) east side of double slope and (c) west side of double slope solar still using different thermal models.
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on the fractional exergies. Also, it is important to find the effect of vari-
ous parameters viz. effective absorptivity, glass cover tilt, water depths,
and wind velocity on instantaneous energy and exergy efficiency.

Kumar and Tiwari [59] analyzed the instantaneous exergy efficiency
of passive solar still. The effect of various parameters viz. absorptivity of
the basin liner (0.6−0.9), inclination (15°−45°) the glass cover, and
wind velocity (0−10 m/s) on instantaneous energy and exergy effi-
ciency has been analyzed. Following Kumar and Tiwari, instantaneous
exergy efficiency can be expressed as

ϵi ¼
_Eχ;evap

_Eχ;sun
¼ ηi

Tw−Tað Þ

Tw 1−
4
3

Ta

Ts

� �
þ 1
3

Ta

Ts

� �3
" #

¼ 1:017 ηi
� �

1þ heff Ta

Is tð Þηi

� �−1

ð14Þ

Above equation represents the instantaneous exergy efficiency of
passive solar still. The unknowns are given in Appendix [59].

The rate of exergy transfer (evaporation, convection, and radiation)
within the still cavity can be expressed as

_Eχ;evap ¼ hew Tw−Tgi
� �

Ab 1−
Ta

Tw

� �
ð15Þ

_Eχ;cw ¼ hcw Tw−Tgi
� �

Ab 1−
Ta

Tw

� �
ð16Þ

_Eχ;rw ¼ hrw Tw−Tgi
� �

Ab 1−
4
3

Ta

Ts

� �
þ 1
3

Ta

Ts

� �3
" #

ð17Þ

The dominant mode of rate of exergy transfer can be understood
from the fraction of total exergy. The fraction of rate of exergy transfer
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of all three modes in the still cavity can be expressed as

Feχ ¼
_Eχ;evap

_Eχ;t
; Fcχ ¼

_Eχ;cw

_Eχ;t
; Frχ ¼

_Eχ;rw

_Eχ;t
ð18Þ

From the analysis, it has been perceived that the enhancement in ab-
sorptivity raises the energetic and exergetic efficiencies of the system.
The variation of instantaneous energy and exergy efficiency with incli-
nation of the glass cover and wind speed is shown in Fig. 10(a) and
Fig. 10(b) respectively. It has been observed that the instantaneous en-
ergy and exergy efficiency varies between 5.4–54.8% and 0.4–10.7% re-
spectively. The effect of inclination angle of the glass cover has been
found insignificant on the energy and exergy efficiencies whereas it en-
hances significantly on increasing thewind speed. The variation of frac-
tion exergy with water mass [59] reveals that the evaporative exergy
fraction and efficiency increases significantly with increase in the
water temperature (Fig. 10(c)). Furthermore, evaporative exergy frac-
tion found to be higher than the radiative and convective exergy frac-
tions above 300 (N50%) which have been found to be the more
suitable conditions to operate the solar still.

3. Active solar still

The efficiency of solar still can be improved with force circulation
mode of operation. In force circulation mode, the temperature of
water in the still can be elevated. Consequently, the temperature differ-
ence among the evaporative surface (water) and inner surface of the
glass cover can be increased which acts as a driving force for distillation
process.

Either conventional or non-conventional external source of energy is
required to raise the water temperature. Force mode of operation is
achieved by using pump which can further run either by conventional
source of energy (electricity) or non-conventional source of energy
(Photovoltaic, PV). Therefore, integration of solar still with solar thermal
technology (flat plat collator (FPC), evacuated tubular collector (ETC),
compound parabolic concentrator (CPC)) and photovoltaic technology
to fulfill the external energy requirementmakes it photovoltaic thermal
(PVT) active solar still.

The PVmodules generates the electrical energy and supplied it to the
DC motor water pump which circulates the basin water under the
forced mode of operation and thus overcomes the pressure drop in col-
lectors and flow channels. The fluid passing through the pipe in the col-
lector gets heated after receiving the thermal energy from the
blackened surface of the collector (absorbs the incident solar radiation),
the thermal energy convected from the back surface of the PV module
and solar radiation being transmitted through non packing area ofmod-
ule. Hence, force mode of operation is achieved by using pump which
can further run either by conventional source of energy (electricity) or
non-conventional source of energy (Photovoltaic, PV).

Experimental setup and a cross section view of an identical photo-
voltaic thermal flat plate collector (PVT-FPC) integrated with single
economic efficiencies of passive and active solar distillation systems,
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Fig. 6. Hourly variation of heat transfer coefficient and yield for (a) single slope and (b) double slope passive solar still for a typical day in the month of May [106]
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slope solar still is shown in Fig. 11(a) and (b)respectively. The system
mainly consists of three components viz. solar still, DC motor, and par-
tially covered PVT-FPC. The collector is the heart of any solar energy col-
lection system designed for functioning in the low (ambient-60 °C) or
themedium temperature range (ambient-100 °C). The collector absorbs
the maximum solar energy (beam and the diffuse radiation) and gets
heated, which later transfer that heat to a stream of liquid or gas. The
FPC consists of glazing; tubes and fins; absorber plate; heads and man-
ifolds; insulation; and casing. Among all, the absorber plate is the most
essential part of the collector. The liquid or air flowing through the duct
or pipe which is in thermal contact along with the absorber plate trans-
fers heat to it. The surface of the plate is coated to enhance the absorp-
tivity (minimize the emissivity) and ultimately to obtain the required
range of temperature.

The solar still in the system is fabricatedwith fibre reinforced plastic
(FRP) and the inner surface of the still is painted black (blackened sur-
face) to raise the absorptivity of the still as explained earlier. The solar
still and the PVT-FPC are facing due south to retrieve the maximum
solar radiation in northern-hemisphere. The still from the top is covered
with a transparent glass cover of thickness (3−4mm). The basicmech-
anism of distillation in active solar still is similar to the passive case as
discussed earlier in Section 2.
Fig. 7. Polynomial characteristic curves of passive single slope solar still for different
inclination angles of the glass cover at 0.04 m water depth.

Please cite this article as: G.N. Tiwari, L. Sahota, Review on the energy and
Desalination (2016), http://dx.doi.org/10.1016/j.desal.2016.08.023
3.1. Internal heat transfer coefficients (HTCs) of a hybrid (PVT) active solar
still

As discussed earlier, themainmotive o coupling the PVT-FPC system
with the solar still is to raise feed the external thermal energy into the
solar still basin. Ultimately, it will increase the rate of evaporation rom
thewater surfacewithin the still cavity. Kumar and Tiwari [60] estimat-
ed the internal heat transfer coefficients of single slope deep basin solar
still coupled with photovoltaic thermal (PV/T) system (Fig. 11(a) and
(b)) for the composite climate of New Delhi, India. They evaluated the
annual yield and internal HTCs using different thermal models
(Table 1) proposed by various researchers and compares the results
with experimental one. In the model development (Kumar and Tiwari
model), the still cavity size, temperature range of operation and inclina-
tion of the glass cover and its position have been considered. On the
basis of experimental data, the consents C and n has been evaluated
using regression analysis.

The Nusselt number (Nu) for natural convective HTC can be
expressed as

Nuð Þw ¼ hcwXv

Kv
¼ C GrPrð Þn Or hcw ¼ C GrPrð Þn Kv

Xv
ð19Þ

The distillate output from the system can be expressed as

_mw

K
¼ C GrPrð Þn;where K ¼ 0:016273ð ÞKv

Xv

Pw−Pgi

T f−Tgi

� 	
ð20Þ

Taking log on both sides of the above equation and comparing it
with straight line equation, one can get;

y ¼ ln
_mw

K

� �
;C0 ¼ lnC; x ¼ ln Gr: Prð Þ; andm ¼ n ð21Þ

m and C0 can be obtained by using linear regression analysis.
After knowing the values of m and C0 for the N number of observa-

tions, the constants C and n can be evaluated from Eq. (21). The preci-
sion of fitting of the diverse models can be computed by the
correlation coefficients (r) whereas the percentage deviation (e) mea-
sures accuracy of the results. The expressions of correlation coefficients
(r) and percentage deviation (e) are given as

r ¼ N∑XiYi− ∑Xið Þ ∑Yið Þffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
N∑X2

i − ∑Xið Þ2
q ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

N∑Y2
i − ∑Yið Þ2

q ð22Þ

e ¼ Xi−Yi

Xi

� �
� 100 ð23Þ
economic efficiencies of passive and active solar distillation systems,
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(a) (b)

Fig. 8. (a) Experimental setup and (b) schematic view of inverted absorber solar still (IASSS).
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The monthly average variation of convective and evaporative HTCs
of passive and hybrid active system for fixed basin water depth is
shown in Fig. 12. It has been observed that the KTmodel gives better re-
sults of convective HTCs in comparison to the Dunkle's model even for
the water temperature range 24–55 °C. Except extreme cases, under
the least percentage deviation consideration, the KT model is superior
to the others model on the basis of hourly yield. The values of
C and n is different depends on the system design and operating range
of water temperature. For a typical day, the percentage deviation in
total yield using Dunkle's model (22.7%, 35.7%, 27.7% and 59.8%) has
been found to be higher than the KT model (27.2%, 29.6%, 20.2% and
45.5%). Eventually, the KT model gives better results in comparison to
the other thermal models. It is more realistic for extensive water tem-
perature range.
3.2. Development of empirical relation for basin type hybrid (PVT) active
solar still [61]

Kumar et al. [61] developed empirical relation for the hybrid (PV/T)
active solar still. They performed an experimental for a typical day of the
month April 2006 of New Delhi (India) climatic conditions. They
established linear and the non-linear correlation for the external radia-
tive and total internal HTCs respectively. From these correlations, the
semi-empirical equation has been developed to predict the glass cover
temperature. The estimated theoretical results have been validated
with the numerical solutions as well as with the experimental results.

Following Kumar et al. [61], the internal HTCs and temperature of
the glass cover can be obtained as follows:
Fig. 9. Non-linear (a) instantaneous gain and (b) instantan
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The radiative and convective HTCs can be expressed as

hrg ¼ εgσ
T4
go−T4

a

 �
Tgo−Tsky
� �þ εg

ΔR
Tgo−Tsky
� � ð24Þ

hcg ¼ hw
Tgo−Ta
� �
Tgo−Tsky
� � ð25Þ

Therefore, total external HTC among the glass cover and sky (atmo-
sphere) can be expressed as

hgo ¼ εgσ
T4
go−T4

a

 �
Tgo−Tsky
� �þ εg

ΔR
Tgo−Tsky
� �þ hw

Tgo−Ta
� �
Tgo−Tsky
� � ð26Þ

Total internal HTC among the water and inner glass surface inside
the still cavity is

h1w ¼ hew þ hcw þ hrw ð27Þ

where, hew ¼ ð0:016273Þhcw ½Pw−Pgi
Tw−Tgi

� ; hcw ¼ ð0:844Þ

½ðTw−TgiÞ þ ððPw−PgiÞðTwþ273Þ
2:689�105−Pw

Þ�1=3; and hrw=εeffσ(Tw2 +Tgi
2 )(Tw+Tgi);

The evaporative, convective, and radiative energy fractions can be
expressed as

Few ¼ _qew
_q1w

; Fcw ¼ _qcw
_q1w

; and Frw ¼ _qrw
_q1w

ð28Þ
eous loss efficiency of IASS at different water depths.

economic efficiencies of passive and active solar distillation systems,
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Fig. 10. (a) The variation of instantaneous energy and exergy efficiency of the still with glass cover inclination angle, (b) the variation of instantaneous energy and exergy efficiency and
effective heat loss coefficient with wind speed, (c) the variation of exergy fraction with water mass in the still.
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The higher value of the evaporation energy fraction means that the
evaporation rate is higher from the water surface. On the other hand,
higher convective energy fraction implies the faster the transfer of
water vapors from the water surface. Therefore, for better efficiency of
the system, both these fractions need to be higher. The energy balance
equation of the glass cover can be expressed as

εgσ T4
w−T4

g

 �
þ 0:844ð Þ Tw−Tgi

� �þ Pw−Pgi
� �

Tw þ 273ð Þ
2:689� 105−Pw

� �� 	1=3
Tw−Tgi
� �

� 0:016273ð Þhcw Pw−Pg
� �

¼ Arεgσ T4
g−T4

sky

 �
þ hw Tg−Ta

� � ð29Þ

Kumar et al. developed a simplified form of empirical equation for
hybrid (PV/T) active solar still to estimate the glass temperature. The
linear and non-linear equation for internal HTCs external HTCs respec-
tively has been developed on the basis of experimental performance
for 0.05 m water depth to obtain the more close results (Eq. (29). The
developed equations are expressed as

h1w ¼ 2991:684−19:8 Tw þ 0:033T2
w ð30Þ

hrg ¼ 0:141 Ta−36:026 ð31Þ
(a)

Fig. 11. (a) Experimental setup [60] and (b) schematic v
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Hence, the glass cover temperature of the still can be written as

Tg ¼
2991:684−19:8 Tw þ 0:033T2

w

 �
Tw þ ArhwTw þ Ar 0:141 Ta−36:026ð ÞTs

2991:684−19:8 Tw þ 0:033T2
w

 �
þ Arhw þ Ar 0:141 Ta−36:026ð Þ

ð32Þ

It has been observed that the enhancement in wind HTC decreases
the glass temperature and it increases with enhancement in tempera-
ture of water (Fig. 13(a)). The estimated value of glass temperature
has been used further to evaluate the various heat transfer coefficients.
The difference among the internal and external HTCs differs with water
temperature enhancement (Fig. 13(b)). The effect of wind HTC is mini-
mal at lower water temperature (~30 °C) which is due to low tempera-
ture difference between glass surface and ambient. These evaluated
internal HTCs are further used to estimate the energy fractions in the
still cavity. The relative influence of convective, radiative and evapora-
tive energy fractions are shown in Fig. 14. It has been observed that
evaporative heat transfer mode dominates over the convective and ra-
diative heat transfer modes. The distillate output and system efficiency
is higher for higher evaporative energy fraction. The obtained experi-
mental results are close to the developed model and numerical solu-
tions (Fig. 14(b)).

3.3. Characteristic equation of a hybrid (PV/T) active solar still [62]

As explained earlier (Section 2.2), the concept of efficiency is real im-
portant for the design and improvement in the solar still performance.
Characteristic equation can be used for further modifications in the
existing design in terms of design, operating and climatic factors etc.
(b)

iew of an integrated hybrid (PV/T) active solar still.

economic efficiencies of passive and active solar distillation systems,
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Fig. 12. Comparative monthly variation of average (a) convective (b) evaporative heat transfer coefficient in passive and hybrid active solar still at 0.05 m water depth [60].
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Dev and Tiwari [62] established the characteristic equation of hybrid
(PVT) active solar still on the basis of annual experimental observations.
The experimental setup was installed at the Solar Energy Park, Indian
Institute of Technology, New Delhi (Fig. 11(a)). Analytical expression
has been derived for instantaneous gain and loss efficiency of the
system.

The energy balances for different components of the system are
given as

(i) Glass cover

αg IS tð Þ þ h1w Tw−Tgi
� � ¼ h1g Tgi−Ta

� � ð33Þ

(ii) Water mass

MwCw
dTw

dt
þ h1w Tw−Tgi

� � ¼ αwIS tð Þ þ hba Tb−Twð Þ þ _qu ð34Þ

where, _qu ¼ ½AmFRmhp2ðατÞm;eff ð1− Ac FRcUL;c
_m f C f Þ þ Ac FRcðατÞc;eff �IcðtÞ−

½AmFRmUL;mð1− Ac FRcUL;c
_mf C f

Þ þ AmFRcUL;c�ðTfi−TaÞ
The unknowns in above equation are given in Appendix A [62].
(iii) Basin liner

αbIS tð Þ ¼ hba Tb−Twð Þ þ hb Tb−Tað Þ ð35Þ

Solving above equations, temperature of basin water can be
expressed as

Tw ¼ f 0 tð Þ
a

1−e−aΔt� �þ Tw0 e−aΔt ð36Þ
Fig. 13. Variation of (a) glass temperature and (b) total internal (h1w) and ext
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Instantaneous thermal efficiency (gain) can be expressed as

ηi ¼
_qew

A:I tð Þð Þeff
¼ hewh1g

h1w þ h1g

� �
Tw−Tað Þ

Is tð Þ þ ηcA
0
cIc tð Þ

� �
ð37Þ

Case 1. : (Is(t)= Ic(t))

ηi ¼ F0 ατð Þeff1 1−e−aΔt� �þ Uð Þeff1e−aΔt Tw−Ta

Is tð Þ
� �� 	

ð38Þ

Case 2. : (Is(t)≠ Ic(t))

ηi ¼ F00 ατð Þeff2 1−e−aΔt� �þ Uð Þeff2e−aΔt Tw−Ta

Is tð Þ
� �� 	

ð39Þ

ηi ¼ m1
Tw−Ta

I tð Þ
� �

þ C1 linear characteristic equationð Þ ð40Þ

where, m1=F ′ ′(U)eff2e−aΔt; and C1=F ′ ′(ατ)eff2(1−e−aΔt) are the
regression coefficients. Similarly, the instantaneous thermal loss effi-
ciency can be expressed as

ηiL ¼ ατð ÞEFF−U00
L
Tw−Tað Þ
I tð Þ

� 	
Or ηiL

¼ m2
Tw−Ta

I tð Þ
� �

þ C2 linear characteristic equationð Þ ð41Þ

where, m2=−UL′′; and C2=(ατ)EFF.
The unknowns in Eq. (39) and Eq. (41) are given in Appendix A [62].
ernal (h2g) HTCs of hybrid active solar still with basin water temperature.

economic efficiencies of passive and active solar distillation systems,
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Fig. 14. (a) Relative influence of energy fractions (evaporative, convective and radiative) using proposed models and numerical solutions and (b) experimental validation.
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Quantitatively, the constants m1 and m2 (method-1) represent the
overall HTCs. The higher input radiation has been retrieved by the sys-
tem during the months of April, September and March which gives
the higher value of m1. On the other hand, m1 remains low for the
months June and July irrespective of higher solar intensity and ambient
temperature. Furthermore, it has been observed that the extremevalues
of the gain and loss efficiencies are similar for the linear characteristic
equations while these are different in case of non-liner characteristic
equations (Fig. 15(a) and (b)).

In similar manner to the characteristic equation of FPC, Dev and
Tiwari further made an attempt to develop the characteristic equation
using matrix method (method-2) for the solar still. Consequently, due
to lower root mean square (RMS) percentage error, it is recommended
to use the nonlinear characteristic equation obtained by method-1 for
the thermal testing of a hybrid (PV-T) active solar still. On the annual
basis, it has been found that the non-linear characteristic equations es-
timated by method-1 are considered to be used for the thermal testing
instead of non-linear characteristic equations evaluated frommethod-2.

3.4. Active double slope solar still (DSSS) under natural circulation mode
[63]

Dwivedi and Tiwari [63] developed thermal modeling of active dou-
ble slope solar still (DSSS) under the natural circulation mode
(Fig. 16(a) and (b)). They experimentally validated the developed ther-
mal model and furthermore evaluated the energy and exergy efficiency
of the system for fixed (0.03 m)water depth. The analysis has been car-
ried out for a typical day of the month March for the composite climate
of Ghaziabad (28°40′N, 77°25′E), U.P., India.

Following Dwivedi and Tiwari [63], the energy balance of different
components of the system are given as

(i) Glass cover (East side)

αg IE þ h1wE Tw−TgiE
� �

−UEW TgiE−TgiW
� � ¼ haE TgoE−Ta

� � ð43Þ

(ii) Glass cover (West side)

αg IW þ h1wW Tw−TciWð Þ−UEW TgiE−TgiW
� � ¼ haW TgoW−Ta

� � ð44Þ

(iii) Water mass

MwCw
dTw
dt

¼ αw IE þ IWð Þ
þ 2hbw Tb−Twð Þ−h1wE Tw−TgiE

� �
−h1wW Tw−TgiW

� �
þ _Qu

ð45Þ

where, _Qu ¼ Ac F
0½ðατÞIcðtÞ�−ULðTw−TaÞ
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(iv) Basin liner

αb IE þ IWð Þ ¼ 2hbw Tb−Twð Þ þ 2hba Tb−Tað Þ ð46Þ

Solving above equations, temperature of basin water can be
expressed as

Tw ¼ f 0 tð Þ
a

1−e−aΔt� �þ Tw0 e−aΔt ð47Þ

The outer and inner glass temperatures; and yield for the east and
west side can be expressed as

TgiE ¼ A1 þ A2Tw

p
; TgiW ¼ B1 þ B2Tw

p
; TgoE

¼
Kg

Lg

� �
TgiE þ haETa

Kg

Lg
þ haE

; TcoW ¼
Kg

Lg

� �
TgiW þ haWTa

Kg

Lg
þ haW

; ð48Þ

The unknowns in above equations are given in Appendix A [63].
The overall thermal energy (ηEN) and exergy (ηEX) efficiency of DSSS

system can be written as

að Þ Passive : ηEN ¼ ∑ _mew � L
∑ I tð Þð Þt�As � 3600

; and ηEX

¼
Ag � hew � Tw−TgiE

� �� 1−
Ta þ 273
Tw þ 273

� �� 	

Ag � I tð Þ � 1−
4
3

Ta þ 273
Ts

� �
þ 1
3

Ta þ 273
Ts

� �4
" # ð49Þ

bð Þ Active : ηEN ¼ ∑ _mew � L
∑ I tð Þð Þs�Ag � 3600

� �þ∑ I tð Þð Þc�Ac � 3600
� � ð50Þ

ηEX ¼
Ag � hew � Tw−TgiE

� �� 1−
Ta þ 273
Tw þ 273

� �� 	

Ag � I tð Þ � 1−
4
3

Ta þ 273
Ts

� �
þ 1
3

Ta þ 273
Ts

� �4

þ _Qu 1−
Ta þ 273
Tw þ 273

� �" #

ð51Þ

It has been perceived that the water temperature of active DSSS is
significantly higher around 10 °C than the passive solar still
(Fig. 17(a)) which happens due to additional thermal energy trans-
ferred by the FPC to the still basin. Fig. 17(b) and (c) shows that the
maxima of east side is lagging with the maxima of west side of the
glass cover which happens due to maximum solar intensity at east
and west side of the glass cover at 1 pm and 2 pm respectively. The
hourly yield obtained from the west side is higher in comparison to
the east side during the morning hours (Fig. 17(d)). It occurs due to
the cooler west side cover in the morning hours in comparison to the
economic efficiencies of passive and active solar distillation systems,
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Fig. 15. (a) Linear and (b) non-linear characteristic curves of hybrid (PVT) active solar still for water depth 0.05 m on annual average basis.
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east condensing cover. The daily yield of active DSSS under natural
mode (2.79 kg/m2) for a typical day of the month March is found to
be higher than the passive DSSS (1.838 kg/m2). The thermal energy ef-
ficiency of passive solar still (0–23.9%) is always found to be higher than
the thermal efficiency of active solar still (0–17.9%). The overall average
thermal energy and exergy efficiencies of FPC coupled with DSSS are
10.34% and 1.16%, respectively.

In case of N-PVT-CPC coupledwith solar distillation system reported
by Singh et al. [105], the double slope performs better than single slope
PVT-CPC active solar distillation system on the basis of yield if the basin
water depth is lower than 0.19m and vice-versa. It is credited to the fact
that the water temperature is higher at its lower depth in basin; and
moderate solar intensity exists for a longer period in the case of double
slope PVT-CPC active solar distillation system. Consequently, a moder-
ate temperature difference of basin water and glass exists for a longer
period in the case of double slope PVT-CPC active solar distillation sys-
tem. However, in the case of single slope PVT-CPC active solar distilla-
tion system, this difference is higher but it exists for a shorter period.
Hence, higher daily yield is obtained for double slope PVT-CPC active
solar distillation system at lower basin water depth. In the day time,
the rise in basin water temperature is lesser at higher water depth,
while the sensible heat of basin water mass will be higher for single
slope PVT-CPC active solar distillation system. Therefore, daily yield
for single slope is higher than double slope PVT-CPC active solar
(a) (

Fig. 16. (a) Experimental setup and (b) schem
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distillation system at higher depth of water. The daily yield increases
with the increase in number of collectors due to higher heat gain as
expected.

The outlet temperature of Nth PVT-CPC collector becomesmore than
100 °C on increasing the number of collectors greater than seven for the
proposed system. In such cases, another fluid having higher boiling
point (salts) can be used along with heat exchanger so that heat gain
can be transferred to the water in basin.
3.5. Optimization of number of collectors of hybrid (PVT) active solar still
[64]

Gaur and Tiwari [64] made efforts to optimize the number of series
connected collectors of photovoltaic thermal (PVT) hybrid active solar
still (Fig. 18). The analysis has been carried out on the basis of energy
and exergy for the month May of New Delhi climatic conditions. The
present system consists of hybrid FPC and a conventional solar
still (Area 1 m2;glass angle 30°). The hybrid FPC is partially covered
by the semi-transparent PV module (37 WP) to run the D.C. pump. The
outlet of Nth PVT partially covered flat plate collector is connected to
the conventional SSSS system and the rate of useful thermal energy
_Quth;N is added to the thermal energy of water mass in the still. The
losses have been minimized by insulating the connecting pipes. Energy
b)

atic view of active double slope solar still.

economic efficiencies of passive and active solar distillation systems,

http://dx.doi.org/10.1016/j.desal.2016.08.023


Fig. 17. Hourly variation of (a) water temperature, (b) temperature of inner surface of glass cover (east and west side), (c) temperature of outer surface of the glass cover (east and west
side), and (d) yield for atypical day of the month March for 0.03 m water depth of active double slope solar still.
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balance equation of different components of N-PVT partially covered
FPC connected in series integrated to SSSS are given as follows;

(i) Inner glass cover

αgI tð ÞAg þ h1w Tw−Tgi
� �

Ag ¼ Kg

Lg
Tgi−Tgo
� �

Ag ð52Þ

(ii) Outer glass cover

Kg

Lg
Tgi−Tgo
� �

Ag ¼ h1g Tgo−Ta
� �

Ag ð53Þ

(iii) Water mass

αwI tð ÞAb þ hbw Tb−Twð ÞAb þ _Quth;N ¼ MwCw
dTw

dt
þ h1w Tw−Tgi

� �
Ab ð54Þ

(iv) Basin liner

αbI tð ÞAb ¼ hbw Tb−Twð ÞAb ¼ hba Tb−Tað Þ Ab þ Asdð Þ ð55Þ

Following Dubey and Tiwari [65], the rate of useful thermal energy
from partially covered N-photovoltaic thermal flat plate collectors
Fig. 18. Illustrative view of photovoltaic therm
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(PVT-FPC) connected in series is

_Quth;N ¼ N Ac þ Amð Þ ατð Þeff ;NIc tð Þ−UL;N Tfi−Ta
� �h i

ð56Þ

Therefore, solving Eq. (54), one can get;

dTw
dt

þ Uþ N Ac þ Amð ÞUL;N

MwCw

� 	
Tw

¼
αeff I tð Þ þN Ac þ Amð Þ ατð Þeff;NIc tð Þ þ UþN Ac þ Amð ÞUL;N

� �h i
MwCw

dTw

dt
þ aTw ¼ f tð Þ ð57Þ

All the unknowns in above equation are given in Appendix A [64].
Solving Eq. (57), the temperature of water can expressed as

Tw ¼ f tð Þ
a

1−e−aΔt� �þ Tw0 e−aΔt ð58Þ

Exergy of the active system can be expressed as

∑ _EX;in−∑ _EX;out ¼ ∑ _EX;dest ð59Þ
al (PVT) N-collectors connected in series.

economic efficiencies of passive and active solar distillation systems,
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where, ∑ _EX;out ¼ �Ab _qewð1− Taþ273
Twþ273Þ ; and

∑ _EX;in ¼ _EX;inðsolarstillÞ þ _EX;inðPVT=FPCÞ

_EX;in PV=Tð ÞFPCð Þ½ � ¼ I tð Þ Ac þ Amð Þ∑ 1−
4
3

Ta þ 273
Ts

� �
þ 1
3

Ta þ 273
Ts

� �4
" #

ð60Þ

_EX;in Solarstillð Þ½ � ¼ Is tð ÞAb∑ 1−
4
3

Ta þ 273
Ts

� �
þ 1
3

Ta þ 273
Ts

� �4
" #

ð61Þ

The overall thermal energy ( ηEN) and exergy efficiency (ηEX) of the
system can be expressed as

ηEN ¼ ∑ _mew � L
Ab∑Is tð Þð Þ þ þ N � A�∑I0 tð Þ� �� �� Δt

ð62Þ

ηEX ¼ 1−
MwCw � Ab þ Ag

� �� Tw−Tgi
� �� 1−

Ta þ 273
Tw þ 273

� �� 	
_EX;in solarstillð Þ þ _EX;in PVT=FPCð Þ ð63Þ

The daily efficiency decreases gradually on increasing the number of
PVT collectors while the daily exergy efficiency first increases up to two
collectors then starts decreasing after the two number of PVT collectors
(Fig. 19(a)). The daily yield and daily exergy efficiency of the system re-
duces approximately by 46% on increasing the basin water mass from
50 kg to 200 kg (Fig. 19(b)). Furthermore, the increase in number of
PVT collectors' (upto N=2) enhances the basin water temperature
which intern increases the daily exergy (Fig. 19(c)). The variation of
daily exergy efficiency with number of PVT collectors for different
basin water masses has been depicted in Fig. 19(d). It is found that the
daily exergy efficiency is maximum (69%) for two PVT collectors and
lower basin water mass (50 kg) and it decreases on increasing the
water mass from 50 kg to 200 kg. On the basis of exergy efficiency, the
combination of four PVT collectors (N=4 ) and 50 kg basin water
mass gives the maximum yield.

3.6. Study of a hybrid (PVT) double slope active solar still [66]

Singh et al. [66] designed a modified photovoltaic thermal active
double slope solar still (DSSS) and fabricated for remote locations. The
experiment was performed under the natural and forced circulation
mode (series and parallel) for the climatic conditions of Ghaziabad,
India in the month of October. They made an attempt to study the sys-
tem performance (experimentally) to get the best configuration
(Fig. 20(a)) in natural and forced circulation modes (series
(Fig. 20(b)) and parallel (Fig. 20(c)).

The constructed system mainly comprises of three components viz.
DSSS (2×1 m2,glass inclination 15° ), PVT-FPCs and DC water pump.
The still is kept in east-west orientation to retrieve the maximum
solar radiation as explained earlier. The FPCs (N=2) each of area
2m2 are coupled to the still basin via insulated pipes (minimum losses).
A glass to glass photovoltaic (PV)module (0.55×1.25m2) of 36 cells has
been integrated at the collector's bottom side. The working mechanism
has been explained earlier in Section 3.

The energy matrices have been evaluated for the present system as
given below;

(a) Energy analysis: The daily energy efficiency the system can be
expressed as

ηEN ¼ ∑ _mew � L
∑ Is tð Þð ÞE�AgE þ Is tð Þð ÞW�AgW

� �� 3600þ∑ I tð Þð Þc � Ac þ Amð Þ � 3600
� �� 100

ð64Þ
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(b) Exergy analysis: The general exergetic analysis for solar still can
be given as

∑ _EX;in−∑ _EX;out ¼ ∑ _EX;dest Or ∑ _EX;sun−ð∑ _EX;evp−∑ _EX;workÞ
¼ ∑ _EX;destwhere,

_EX;sun ¼ Is tð Þð ÞE�AgE þ Is tð Þð ÞW�AgW
� �þ I tð Þð Þc � Ac þ Amð Þ� �� �

� 1−
4
3

Ta þ 273
Ts

� �
þ 1
3

Ta þ 273
Ts

� �4
" #

¼ Is tð Þð ÞE�AgE þ Is tð Þð ÞW�AgW
� �þ I tð Þð Þc � Ac þ Amð Þ� �
� 0:933 ð65Þ

The daily exergy output from the solar still is given as

_EX;evap ¼ ∑ 1−
Ta þ 273
Tw þ 273

� �
mewL ð66Þ

The exergetic efficiency can be evaluated as;

ηEX ¼
_EX;evap
_EX;in

¼
_EX;evap

_EX;sun solarstillð Þ þ _EX;sun FPCð Þ þ _EX;sun PVð Þ ð67Þ

(c) Energy payback time (EPBT) [66]:

EPBT ¼ Emboidedenergy
Annualoutputenergyfromthesystem

ð68Þ

It has been observed that the parallel forced mode configuration
gives enhanced values of the energy (maximum32%) and exergy (max-
imum2.3%) efficiencies formost of the time (Fig. 21(a)). The daily ener-
gy efficiency obtained with parallel forced mode configuration (17.4%)
is found to be higher in comparison to the series (16.4%) and natural cir-
culation modes (16.3%). It has been concluded that the parallel forced
mode gives the better results such that it can be opted to operate
among the others. The annual yield obtained from the system is
1616 kg, 1777 kg and 1939 kg for 250, 275 and 300 number of days re-
spectively (Fig. 21(b)). The estimated EPBT is found to be three years for
the passive SSSS which is significantly lower (30%) than the hybrid
(PVT) SSSS system.

3.7. Economic analyses of partially covered PVT-FPC active solar still [67]

Enviroeconomic analysis is based upon the cost of CO2 emission and
propels to utilize the non-conventional sources of energy such that re-
newable technology which does not emit carbon to the environment.
On the other hand, an exergoeconomic method is a combination of
exergy analysis with the cost analysis to improve the performance of re-
newable energy systems. It enables the designers to find an alternative
ways or techniques to improve the system performance from the cost
point of view. Tiwari et al. [67] presented an exergoeconomic and
enviroeconomic analyses of partially covered photovoltaic thermal
(PVT) flat plate collector (FPC) coupled with conventional solar still
(Fig. 11) for the composite climate of NewDelhi, India. They experimen-
tally estimated the hourly thermal, exergy, electrical, overall exergy and
overall thermal efficiency and compared the obtained results with the
results proposed by earlier researchers.

The hourly overall exergy efficiency of hybrid (PV/T) active solar still
can be expressed as

ηhourly;overall EX ¼
hew Tw−Tgi

� �
− Ta þ 273ð Þ � Tw þ 273

Tgi þ 273

� �� 	
þ FF � Voc � Isc−VL � IL½ �

Ac þ Amð Þ � Ic tð Þ þ Astill�Is tð Þ½ � � 0:99
� 100

ð69Þ
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Fig. 19. Variation of (a) daily efficiency and daily exergy efficiency with number of collectors for 0.055 kg/s mass flow rate and 50 kg basin water mass, (b) daily yield and daily efficiency
withwatermass in the still for 0.055 kg/smass flow rate andN=2 collectors, (c) daily exergy and daily exergy efficiencywith number of collectors for 0.055 kg/smass flow rate and 50 kg
basin water mass, and (d) daily exergy efficiency with number of collectors at different basin water masses.
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Hourly overall thermal energy efficiency of the system can be
expressed as

ηhourly;overall EN ¼ _mew � L� 100
I tð Þð Þs�Astil þ I tð Þð Þc�Ac

� �� 3600

þ FF � Voc � Isc
0:38� Am � Ic

� 100 ð70Þ

This analysis has been performed on the basis of price of emitted
CO2. The amount of CO2 emitted per kWh is approximately 0.960 kg
[68]. The amount of CO2 emitted per annum [68] is given by,

φCO2
¼ ψCO2

�overallexergy
1000 (71)

Here, φCO2
= CO2 emitted per annum from hybrid PVT array in ton/

annum and ψCO2
= average CO2 equivalent intensity for electricity gen-

eration from coal (2.0 kg CO2/kWh. The net CO2 emission evaluated for
(a)

Fig. 20. (a) experimental setupof active double slope solar still (DSSS) in forced circulationmode
FPCs connected in (b) series and (c) parallel.
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the life span of 30 years is found to be 13.02 tons. The international car-
bon price (z CO2) is 14.5 dollar per ton of CO2 [69]. The environmental
cost Z CO2 is given by Rajoria et al. [70] as

Z CO2 ¼ z CO2 � φCO2
ð72Þ

Hence, environmental cost which is also called enviroeconomic pa-
rameter comes out to be 6.29$ per annum and for the life span of
10 years, it is estimated as 60.29$.

Further, the exergoeconomic analysis of the system has been also
carried out by Tiwari et al. The exeroeconomic parameter is given as

Rex ¼
Lex;annual
UAC

ð73Þ
(b) (c)

coupledwith FPCs. Schematic viewof active DSSS in forced circulationmode coupledwith

economic efficiencies of passive and active solar distillation systems,
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Fig. 21. (a)Hourly variation of thermal energy and exergy efficiency of hybrid double slope active solar still in different operationalmodes, and (b) comparative estimated annual yield and
electric energy obtained from present design (parallel forced mode) for different numbers of clear days in a year.
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where, the exergoeconomic loss rate (Lex) can be expressed as [71],

Lex ¼ hcw þ hrwð Þ Tw−Tgi
� �

− Ta þ 273ð Þ � Tw þ 273
Tgi þ 273

� �� 	

þ MwCwð Þ Twf−Twi
� �

− Ta þ 273ð Þ � Twf þ 273
Tgwi þ 273

� �� 	
ð74Þ

Following Tiwari and Ghosh [72],

UAC ¼ Ps FCR;i;n 1þMsð Þ þ Rr;5 FCR;i;n þ Rr;10 FCR;i;n
þ Rr;15 FCR;i;n…………:::−Ss FSR;i;n ð75Þ

where, Ps, Ss and Ms are the net present value, salvage value and main-
tenance cost of the system. The capital recovery factor (FCR,i ,n) and sink-
ing fund factor (FSR,i ,n) are given as

FCR;i;n ¼ i 1þ ið Þn
1þ ið Þ−1

; and FSR;i;n ¼ i

1þ ið Þn−1

Considering the replacement time of DC pump as 10 years, the net
present cost (Ps) for 30 years life span of the active solar still is given
by Tiwari [73],

Ps ¼ P þ PP þ Pp

1þ ið Þ10
þ Pp

1þ ið Þ20
ð76Þ

where, PP is the pump cost and P is the initial cost of the active
system.

The theoretically estimated results of the system (proposed model)
have been compared with the experimental results of the present
model (model 1) and the earlier results given by Kumar and Tiwari
[74] (model 2). The monthly variation of exergy gain exergy loss has
been also presented in Fig. 22(a) and (b) respectively. The exergy gain
has been found maximum during the month of September and June
due to availability of maximum solar radiation. On the other hand, the
exergy loss has been observed maximum in the month of October and
March. The proposed model gives the higher values of daily electrical
exergy efficiency, the daily overall exergy efficiency and the daily over-
all thermal efficiency in comparison to the other two models. Later,
Singh et al. [75] estimated the thermal, exergy and overall thermal effi-
ciency of the partially covered two hybrid PVT -FPC solar still and com-
pared the consequences with the theoretical results. In case of hybrid
active N-PVT-FPC, single slope performs better than double slope active
solar still integrated with N-PVT-FPC on the basis of yield if depth is
N0.15 m and vice versa if depth is less than 0.15 m. Whereas, double
slope active solar still performs better than single slope active solar
still integrated with N-PVT-FPC on the basis of exergoeconomic param-
eter, enviroeconomic parameter, energy matrices and productivity at
0.14 m water depth for same basin area (N=11, _mf ¼ 0:03 kg=s).
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3.8. Life cycle cost analysis of single slope hybrid (PVT) active solar still [76]

The energymatrices (EPBT, EPF, and LCCE) are important for renew-
able technologies as their usemakes no sense if the energy used in their
manufacture is more than they can produce in their life-time. The ener-
gy payback time (EPBT) is always be one of the criteria used for compar-
ing the viability of one renewable technology against another. It defines
the time period needed to recuperate the total energy exhausted in the
material preparation for the system fabrication. It depends on the em-
bodied energy and the annual energy output obtained from the system.
The life cycle cost of the system help the designers to fabricate the sys-
tem in cost effective manner.

On the basis of annual performance, Kumar and Tiwari [76] studied
the life cycle cost analysis of the passive single slope and hybrid photo-
voltaic (PVT) active solar stills. Experiments on both the systems have
been performed in the solar energy park of I.I.T New Delhi (India) for
three different basin water depths (0.05 m,0.10 m,and 0.15 m) for a
typical day. They estimated the effect of various parameters viz. interest
rate, system's life span, maintenance cost, PBT and EPBT considering the
initial investment and salvage value of the system. Kumar and Tiwari
performed the economic analysis of the systems as follow:

The net present cost (Ps) for 30 year life span of hybrid (PVT) active
solar still can be expressed as;

Ps ¼ P þ Pp

1þ ið Þ10
þ Pp

1þ ið Þ20
þ PFPCð Þtotal

1þ ið Þ15
ð77Þ

Uniform annual cost can be obtained from Eq. (74).
The net effective annualized cost of the active system can be

expressed as

UAð ÞNet ¼ UAþ Sp;elect Pm−Puð Þ ð78Þ

The cost of distilled water per kg,

CPK ¼ UAð ÞNet
Myield

ð79Þ

Cost payback period (np) can be expressed as;

np ¼ ln
CF

CF−i Ps

� 	

ln 1þið Þ¼ ln
CF

CF−i� Cash flow� FRP;i;n
� �

" #
ln 1þið Þ

ð80Þ

From the analysis, it has been perceived that the hybrid (PVT) active
solar still gives higher yield in comparison to the passive solar still
(Fig. 23(a)). The hybrid active solar still gives around 3.5 times higher
annual yield (1203.46 kg) than the passive solar still (343.36 kg). The
economic efficiencies of passive and active solar distillation systems,
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Fig. 22. Monthly variation of (a) exergy and (b) exergy loss of the system (follow Tiwari et al. [67] for Table 2(a–c)).
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variation of CPK of distilled water with respect to their designed life (n),
at different maintenance cost, capital cost, and for fixed interest rate
(i = 4%) for passive and hybrid (PV/T) active solar still are shown in
Fig. 23(b) and (c) respectively. It has been found that CPK increases by
10% on raising the maintenance cost up 15%. In general, at 4% interest
rate, the production cost of distillate reduces to 33% if life of the passive
solar still raises by 100%, irrespective of themaintenance cost. From fig-
ure, it has been observed that theminimum costs estimated for the pro-
posed passive and hybrid active solar stills are respectively Rs .0.70/kg
and Rs .1.94/kg.

The payback period reduces significantly on increasing the selling
price from Rs .2.0/kg to Rs . 6.0/kg (Fig. 23(d)). It is found to be
6.2 years and 23.9 years for the passive and hybrid (PV/T) solar still re-
spectively for Rs .2.0/kg marketing selling rate and 4% interest rate. The
clear number of days in a year, high solar radiation, and larger sunshine
hours period significantly reduces the production cost and pay back pe-
riods. The EPBT of the proposed passive and hybrid (PV/T) active solar
stills are found to be 2.9 years and 4.7 years, respectively.
Fig. 23. (a) Monthly yield obtained from passive and hybrid (PV/T) active solar still for 0.05mw
water with respect to their designed life (n), at different maintenance cost, capital cost, an
(d) Variation of payback periods with selling price for proposed passive and hybrid (PV/T) acti
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3.9. Evacuated tubular collector (ETC) coupled solar still in natural mode
[77]

Systematic diagramofwater-in-glass evacuated tubular solar collec-
tor is presented in Fig. 24(a). The system comprises of single slope solar
still (area 1 m2and glass cover angle 30°) and water-in-tube evacuated
tubular collector (ETC). The solar still of is made of fibre reinforced plas-
tic (FRP) and mounted on iron stand. The basin surface from the inner
side is painted mat black to enhance the absorptivity of the surface to
absorb the maximum solar radiation as explained earlier. An evacuated
tubular collector (ETC) comprises of a number of concentric borosilicate
tubes (length 1.4 m;diameter 0.044 m) are mounted over a diffuse re-
flector with center-line spacing of 0.07m inclined at an angle of 45°
from horizontal. The inner surface of the tubes is blackened and the se-
lective coating is used on the outer surface to enhance the absorptivity.
The tubes transfer the heat to the water flowing inside it through the
contact peripheral surface. The hot water rises up due to low density
whereas the cold water takes its place due to gravity and high density
ater depths and power generated by PVmodule. Variation of cost per kg (CPK) of distilled
d for fixed interest rate (i=4%) for (b) passive and (c) hybrid (PV/T) active solar still.
ve solar stills for designed life span of 30 years.
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from solar still as shown in Fig. 24(b). The instantaneous solar energy
input, fluid temperature, and collector configuration affects the circula-
tion flow rate inside the collector loop. The orientation of the water-in-
tube evacuated tubular collector coupled with single slope solar still
(ETC-SSSS) system is placed in due south to retrieve the maximum
solar radiation throughout the year. The external thermal energy (hot
water) from the outlet of the evacuated tubular collector is fed into
the basin of the still. Hence, it improves the rate of evaporative heat
transfer from the surface of basin water. The yield of the hybrid active
system can be further improved by lowering the temperature of the
condensing cover.

Singh et al. [77] theoretically presented the thermal analysis of the
system discussed and they optimized it for the integrated evacuated
tubes, basin water temperature, and the basin water depth. The perfor-
mance (yield; energy and exergy efficiencies; glass cover and basin
water temperatures) has been analyzed for a typical summer day of
New Delhi climatic conditions.

Following Singh et al. [77], the energy balances for different compo-
nents of ETC-SSSS system can be written as

(i) Glass cover

αg IS tð ÞAg þ h1w Tsw−Tgi
� �

Ab ¼ h1g Tgo−Ta
� �

Ag ð81Þ

(ii) Bain liner

αb IS tð ÞAb ¼ hbw Tsw−Tgi
� �

Ab þ hba Tb−Tað ÞAb ð82Þ

(iii) Water mass in solar still
The rate of thermal energy available at the outlet of water-in-tube

ETC is fed into solar conventional still. The energy balance of the water
Fig. 24. (a) Schematic diagram of evacuated tubular collector integrated with single slope
solar still (ETC-SSSS) in naturalmode, (b) Schematic diagramof thermo syphon process in
single tube.
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mass inside the still can be expressed as;

Nc _mCwð Þ Tcw−Tswð Þ þ αwAbIs tð Þ þ hbw Tb−Tswð ÞAb

¼ h1w Tsw−Tgi
� �

Ab þ MswCwð Þ dTsw

dt
ð83Þ

(iv) Water mass in evacuated tubes

NcAtIs tð Þη0 þ αwNcAt Tcw−Tað Þ ¼ Nc _mCwð Þ Tcw−Tswð Þ
þ McwCwð ÞdTcw

dt
ð84Þ

Solving above equations, one can get

dTcw

dt
þ a1Tcw þ b1Tsw ¼ g1 tð Þ ð85Þ

dTsw

dt
þ a2Tcw þ b2Tsw ¼ g2 tð Þ ð86Þ

The values of Tcw and Tsw can be obtained by solving Eq. (85) and
Eq. (86) respectively.

All the unknowns in above equations are given in Appendix A [77].
The circumferential heat flow rate in the tube water can be

expressed as

_m ¼ πdtμ Reð Þ
4

¼ 0:048 πdtμð Þ Nu:Gr
Pr

cos θð Þ 1
dt

� �1:2
" #0:4084

ð87Þ

The instantaneous exergy efficiency of the system can be expressed
as

ηis ¼
hsw Tsw−Tgi

� �
Ab

Is tð ÞAb þ Ic tð ÞAa
ð88Þ

The exergy output of the solar still can be expressed as

_EX;evap ¼ hew Ab Tsw−Tgi
� �

1−
Ta

Tsw

� �
ð89Þ

The energy efficiency has been found higher for the lower water
depths and it found to be maximum (119.4%) around 16:00 h. Energy
efficiency of the solar still slows its enhancement rate during the early
hours of the day due to an increase in the heat flow to brackish water
as compared to the heat of evaporation. The maximum value of instan-
taneous exergy efficiency has been found to be 18.2% for 0.03 m water
depth. A part of incoming solar exergy is being destroyed due to irre-
versibility in different components. The increase in irreversibility lowers
the exergy efficiency. It has been found that the evaporative exergy frac-
tion dominates over the convective and radiative exergy fractions
(Fig. 25(a)) and it is found to be N50% most of the times in 24hs. For a
combination of 10 ETCs and 0.03 m basin water depth, the maximum
daily energy (33.0%) and exergy (2.5%) efficiencies are found
(Fig. 25(b)). Daily energy and exergy efficiencies decrease significantly
on increasing the water depth as shown in figure. The combination
among the ETC size and basin water depth needs adjustment to make
the system efficient. Smaller size of ETCwith 10 number of tubes is pref-
erable than a single unit of the larger size of integrated ETC.

3.10. Evacuated tubular collector (ETC) coupled solar still in forced mode
[78]

The system description is similar to that of ETC-SSSS system operat-
ed in natural mode (Section 3.9) except the incorporated DC water
pump to circulatewater in the present system. A check valve is provided
in the pipe line to avoid the reverse flow during nighttime.
economic efficiencies of passive and active solar distillation systems,
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Fig. 26. Schematic view of tube-in-water evacuated tubular collector integrated with
single slope solar still (ETC-SSSS) in forced mode condition.
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Kumar et al. [78] presented the thermal modeling of tube-in-water
evacuated tubular collector integrated with single slope solar still
(ETC-SSSS) in forced mode operation (Fig. 26). The analysis has been
carried out for climatic conditions of the New Delhi. They optimized
the coupled system for the mass flow rate and basin water depth. The
daily yield, energy and exergy efficiency, and the economic analysis of
the system have been investigated by Kumar et al. [78].

Kumar et al. [78], energy balances of different components of the
coupled system are given as

(i) Glass cover

αg IS tð ÞAg þ h1w Tsw−Tgi
� �

Ab ¼ h1g Tgo−Ta
� �

Ag ð90Þ

(ii) Bain liner

αb IS tð ÞAb ¼ hbw Tsw−Tgi
� �

Ab þ hba Tb−Tað ÞAb ð91Þ

(iii) Water mass in solar still

_mCwð Þ Tcw−Tswð Þ þ αwAbIs tð Þ þ hbw Tb−Tswð ÞAb

¼ h1w Tsw−Tgi
� �

Ab þ MswCwð Þ dTsw

dt
ð92Þ

(iv) Water mass in evacuated tubes

htwAt Tt−Tcwð ÞNc ¼ _mCwð Þ Tcw−Tswð Þ þ McwCwð ÞdTcw

dt
ð93Þ

(v) Water-in-glass evacuated tubes

αt
At

2

� �
Ic tð ÞNc 1þ ρrð Þ ¼ htw Tt−Tcwð Þ þ htaAt Tt−Tað ÞNc ð94Þ

Solving above equations, one can get

dTcw

dt
þ a1Tcw þ b1Tsw ¼ g1 tð Þ ð95Þ

dTsw

dt
þ a2Tcw þ b2Tsw ¼ g2 tð Þ ð96Þ

All the unknowns in above equations are given in Appendix A [78].
The instantaneous exergy efficiency of the ETC-SSSS system (ηis) op-

erated in forced mode condition can be expressed as

ηis ¼
hsw Tsw−Tgi

� �
Ab

Is tð ÞAb þ Ic tð ÞAa
¼ MeL

Is tð ÞAb þ Ic tð ÞAa½ � � 3600
ð97Þ

The exergy output of the solar still can be expressed as

_EX;evap ¼ hew Ab Tsw−Tgi
� �

1−
Ta

Tsw

� �
ð98Þ
Fig. 25. (a) Variation of fraction exergy with basin water temperature, and
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The maximum water temperature (83.0–92.6 °C) and daily yield
(2.57–3.47 kg ) obtained from the system varies significantly on chang-
ing mass flow rate from 0.001 kg/s to 0.006 kg/s. It has been observed
that both energy and exergy efficiencies increases with increase in
mass flow rate and found to be maximum (energy 30.02%; exergy
1.75%) at 0.006 kg/s mass flow rate (Fig. 27(a)). On the other hand,
the hourly variation (during sunshine hours) of instantaneous energy
and exergy output is found to be higher at lower water
depth (0.03 m). Eventually, the optimum mass flow rate of 0.06 kg/s
has been evaluated at 0.03 m basin water depth and this combination
produces daily yield of 3.9 kg/m2 which is significantly higher than
the yield predicted for the same configuration of the system operating
in natural mode.

The annual average yield (567.3 kg/m2) of ETC-SSSS in forced mode
condition has been found to bemarginally higher than the ETC-SSSS op-
erated in naturalmode (Fig. 27(b)). The annual average yield (263.6 kg/
m2) obtained from the hybrid (PV-T) active solar still is significantly
lower than the yield obtained from the ETC-SSSS system due to higher
losses of convection in FPCs. On the other hand, the average annual
values of evaporative HTC of ETC-SSSS (forced mode) are also found to
be approximately 1.5 times higher in comparison to the hybrid (PV/T)
active solar still. The cost payback period is also found to be lower
than the hybrid (PV-T) active solar still for Rs. 6.0/kg selling price of
the distillated water in the market.

4. Solar stills: a review of the latest developments in numerical sim-
ulations [79]

Edalatpour et al. [79] reported a review on the latest developments
in latest simulations of solar stills. Complexity, time consumption, and
(b) energy and exergy efficiency of with different set of combinations.
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cost processes to establish the solar desalination systems forced re-
searchers to study these systems analytically (mathematical and nu-
merical simulations) using computer software viz. FLUENT, MATLAB,
FORTRAN etc. In the review, the multiplicity of new developments in
water purification processes through mathematical and numerical
modeling has been presented. Such developments or improvements
comprises of designing novel, adding additional tools to amplify water
yield as well as altering operating and influential parameters to attain
more fresh water. Summary of recent numerical studies on solar stills
are given in the comprehensive review presented by Edalatpour et al.
[79].

Edalatpour et al. provided the following new, complete and compre-
hensive details of the significant desalination systems;

(i) Mathematical model deployed for a single slope solar still
coupled a compression heat pump.

(ii) Latest developments for the different solar stills:
Single slope solar still
(a) Hybrid (PV/T) active solar still [61]
(b) Active single slope solar still coupled with shallow solar pond

[80]
(c) Solar still coupled with evacuated tubular collector [77]
(d) Modified single slope solar still [81]
(e) Capillary film solar still [82]
Double slope solar still
(a) Active double slope solar still [63]
(b) Double slope double basin solar still [83]
(c) Asymmetric solar still [84]
Stepped solar still [85,86], Tubular solar still [87], Modified solar still

[88–90], Cascade solar still [91,92], and other designs [93–100].
Following conclusions has beenwithdrawn after reviewing different

types of solar stills:
Single slope solar still: (i) The system yield can be enhanced signif-

icantly on coupling the conventional solar still with shallow solar pond,
external reflectors, PV/T tank, evacuated tubular collectors, and com-
pression heat pump. (ii) Inclination of external reflector should back-
ward in summer season and forward in other seasons. (iii) Water
depth and water mass flow rate have a converse effect on system
yield. The insulation thicknessmarginally affects the yield. (iv) Blade in-
stallation inside the still mitigates the yield.

Double slope solar still: (i) Water depth and material used for the
still construction have nasty effect on the system yield. (ii) It is more
economical and sustainable as well as it has higher exergy efficiency
in comparison to the single slope solar still.

Multi-effect solar still: (i) The system yield can be enhanced by in-
cluding the corrugated shape stacked trays, heat pump, and thermal en-
ergy storage tank. (ii) The heat losses and condensation resistance can
be minimized by using vertical ripples.

Cascade solar still: (i) Phase changing material inclusion enhance
the system production rate. (ii) Increase in aspect ratio and water
depth reduces the system yield.
Fig. 27. (a) Variation of energy and exergy efficiency with mass flow rate, (b) an
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Stepped solar still: (i) Depth and width of the tray significantly af-
fects the systemyield. (ii) The systemyield increases on operating inter-
nal reflectors.

5. Solar stills with nanofluids: a recent approach

Nanofluids, a combination of metallic nanoparticles and basefluid,
are the new generation of ultrafast heat transfer fluids due to their ex-
ceptional thermo-physical (thermal conductivity, specific heat, density,
dynamic viscosity etc.) and optical properties. Nanofluids are proficient
for harvesting thermal energy in solar thermal applications.Worldwide,
nanofluids attract an attention of researchers and engineers to utilize
their ultrafast heat transfer abilities for various applications in engineer-
ing science and technology. The most important step is to elect a suit-
able heat transfer nanofluid for the desired application. The working
principle of passive double slope solar (DSSS) still incorporating
nanofluids has been described below;

The schematic diagram of passive DSSS with nanofluid is shown in
Fig. 28. Suspension of metallic nanoparticles in the basefluid of passive
DSSS improves its heat transfer rate and optical properties. The im-
provement in heat transfer ability is credited to the enhanced thermo-
physical properties of nanoparticles. The transmitted solar radiation
through transparent condensing cover inside the solar still gets first at-
tenuated (absorbed) by the nanofluid and then finally absorbed by
blackened surface (basin liner). The plasmon resonance absorption
band ofmetallic nanoparticles arises in the visible and near IR spectrum.
Therefore, the mixedmetallic nanoparticles in the basefluid directly ab-
sorb the solar radiation due to matching between its optical absorption
spectrum and the solar radiation spectrum. By absorbing solar radiation
directly, each individual metallic nanoparticle's temperature enhances
and hence thermal conductivity (dominating property of nanofluids
among others) which intern enhances the fluid temperature. Conse-
quently, themutual effect of transfer of energy frommetallic nanoparti-
cles and basin liner raises the temperature of the nanofluid in passive
DSSS. It leads to the raise the temperature gap among the evaporative
(nanofluid) surface and inner surface of the transparent condensing
cover which acts as a driving force for distillation. Eventually, through
the mechanism of heat transfer, evaporated water reaches on the
inner surface of the condensing cover and gets condensed there after re-
leasing its latent heat to the condensing cover. The condensed water
trickles into the channels provided at the lower ends of the glass cover
under gravity [101].

5.1. Passive double slope solar still (DSSS) with Al2O3 nanoparticles [102]

Sahota and Tiwari [102] studied the performance of passive double
slope solar still (DSSS) by incorporating Al2O3 metallic nanoparticles
for two different water depths (35 kg and 80 kg) for the climatic condi-
tions of NewDelhi for themonthMarch 2015. The analysis has been car-
ried out for the basefluid (water only) as well as for the nanofluid with
nual yield and annual average heat transfer coefficient for different systems.
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Fig. 28. Passive double slope solar still with nanofluid.
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three different concentrations (0.04%, 0.08% and 0.12%). Effect of differ-
ent concentrations of Al2O3 nanoparticle on fluid temperature, thermal
conductivity, internal heat transfer coefficients (HTC), and yield of the
fluid (BF/NF) has been studied by Sahota and Tiwari.

Following Sahota and Tiwari [102];

Tbf ¼
f 0 tð Þ
a

1−e−aΔt� �þ Tbf0 e
−aΔt ð99Þ

The unknowns in above equation are given in Appendix A [102].
The peak value of the maximum temperature difference originates

around 35 kg basefluid mass available in the still and it increases with
increase in concentration of Al2O3 metallic nanoparticles (Fig. 29(a)).
The same variation has also been observed on reducing the solar inten-
sity by 30% but themaxima for all three different concentrations of me-
tallic nanoparticles has been shifted towards the lower end (around
20 kg) of the basefluid mass (kg) available in the still (Fig. 29(b)). The
daily yield obtained from nanofluid increases on increasing themetallic
nanoparticle concentration for both east and west side of the system.
The yield obtained from the east condensing glass cover wasmarginally
higher compared to the west condensing glass cover. Significant
Fig. 29. Variation maximum temperature difference among the basefluid (water) and nan
nanoparticles of passive DSSS for (a) solar intensity of month March 2015 and (b) 30% lower s
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enhancement in the daily yield from 35 kg (12.2%) and 80 kg (8.4%)
basefluid mass has been found at 0.12% concentration of Al2O3 metallic
nanoparticles in comparison to the basefluid (water).

5.2. Passive double slope solar still (DSSS) with different nanofluids: a com-
parative study using characteristic curve [103]

Working of the passive double slope solar still with nanofluids has
been explained earlier in Section 5. Sahota and Tiwari [103] presented
an analytical expression of the characteristic equation of passive double
slope solar still (DSSS) for Al2O3, TiO2, and CuO-water based nanofluids
for New Delhi climatic conditions for the month March 2015. The anal-
ysis has been carried out for the optimized concentration (0.25%) ofme-
tallic nanoparticles and fluid (NF/NF) mass. Furthermore, they
estimated the system yield for different weather conditions of the
month March using the proposed model.

Following Sahota and Tiwari [103], hourly thermal energy and
exergy of the system are given as

Ehourly;en ¼ hebf ;E Tbf−TgiE
� �þ hebf ;W Tbf−TgiW

� �� �
Ab ð100Þ
ofluid with fluid mass for different concentrations (0.04%,0.08%,and 0.12%) of Al2O3

olar intensity.
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Ehourly;ex ¼ fhebf ;E Tbf−TgiE
� �

− Ta þ 273ð Þ ln Tbf þ 273
TgiE þ 273

� �� 	

þhebf ;W Tbf−TgiW
� �

− Ta þ 273ð Þ ln Tbf þ 273
TgiW þ 273

� �� 	g Ab

ð101Þ

Instantaneous gain thermal energy efficiency (ηth) can be written as

ηth ¼ F 0 ατð Þeff þ
Tbf0−Ta
� �

I tð Þ Ueff

� 	
ð102Þ

The lost thermal energy efficiency of passive DSSS is obtained as

ηL;th ¼ F 0L ατð Þeff−U0
eff

Tbfo−Ta
� �

I tð Þ
� 	

ð103Þ

where, the unknowns in Eq. (102) and Eq. (103) are given in appendix A
[103].

For given parameters of the system, the variation ηth and ηL ,th with
reduced temperature ((Tbf0−Ta)/I(t)) gives the instantaneous thermal
gain energy efficiency and thermal loss energy efficiency respectively.
The analysis of energy and exergy are carried out on the basis of first
and second law of thermodynamics respectively.

The hourly thermal exergy efficiency of passive DSSS is obtained
from the following modified equation;

ηhourly;ex ¼
1

0:933� As � Is tð Þ
� �fhebf ;E Tbf−TgiE

� �
− Ta þ 273ð Þ ln Tbf þ 273

TgiE þ 273

� �� 	

þhebf ;W Tbf−TgiW
� �

− Ta þ 273ð Þ ln Tbf þ 273
TgiW þ 273

� �� 	gAb ð104Þ

It has been observed value of maximum temperature difference in-
creaseswith an increase in the concentration of all three different nano-
particles only up to 0.25% (concentration) and then it starts decreasing.
The optimized concentration 0.25% of Al2O3, TiO2, and CuO nanoparti-
cles has been found at 35 kg fluid (BF/NF) mass. The maximum values
of instantaneous thermal energy efficiency (ηth) for all three water
based nanofluids has been found significantly higher than the thermal
energy efficiency of the system obtained with basefluid only
(Fig. 30(a)). It is due to the enhanced thermo-physical properties of
nanofluid. Again the thermal losses are also higher for the nanofluids
compared to basefluid (Fig. 30(b)). The maximum value of
(a) instantaneous thermal energy efficiency (ηth) observed is 50.34%,
46.10%, and 43.81% and (b) thermal exergy efficiency is 14.10%,
Fig. 30. (a) Variation of instantaneous thermal efficiency (ηth) and loss thermal energy effi
instantaneous thermal exergy efficiency for basefluid (water) and nanofluid (Al2O3,TiO2, and C
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12.38%, and 9.75% for Al2O3, TiO2, and CuO-water based nanofluid re-
spectively for passive DSSS system. The thermal exergy has also been
found higher for nanofluids (Al2O3 14.10%; TiO2 12.38%; and CuO
9.75%) as compared to basefluid (4.92%). The yield of passive DSSS is ob-
tained higher for Al2O3-water based nanofluid from the east and west
side. It is also found to be higher for c-type of weather conditions (mar-
ginally higher than the d-type) for both east andwest side of the system.

5.3. Internal heat transfer coefficients (HTCs) in passive double slope solar
still (DSSS) with different nanofluids [104]

Sahota and Tiwari [104] studied the internal heat transfer coeffi-
cients (evaporative, convective, and radiative), Nusselt number, and en-
ergy fractions of passive DSSS for the optimized concentration (0.25%)
of metallic nanoparticles (Al2O3, TiO2 and CuO) and fluid (BF/NF) mass
(35 kg). Different heat transfer coefficients (Table 4) can be evaluated
using the thermo-physical properties of the basefluid (Table 2) and
water based nanofluid (Table 3).

Radiative HTC of east and west side of condensing cover is given as

hrgE ¼
∈gσ TgiE þ 273

� �4− Tsky þ 273
� �4h i

Tg−Ta
� � ; hrgW

¼
∈gσ TgiW þ 273

� �4− Tsky þ 273
� �4h i

Tg−Ta
� � ð105Þ

where; Tsky ¼ Ta−6

FromCooper and Dunklemodel, the generalized expression of inter-
nal evaporative and convective heat transfer coefficients are given
below as

hef ¼ 0:016273ð Þhcf
P f−Pgi

T f−Tgi

� 	
; and hcf ¼ 0:844ð Þ ΔTð Þ1=3 ð106Þ

where; Px ¼ exp½25:317−ð 5144
Txþ273Þ�;ΔT ¼ ðT f−TgiÞ þ ½ðP f−PgiÞðT fþ273Þ

2:689�105−P f
�.

The fluid temperature (Tf) is given in Eq. (99).
Internal radiative heat transfer coefficient is given as

hrf ¼ ∈effσ T f þ 273
� �4 þ Tgi þ 273

� �4h i
T f þ Tgi þ 546
� � ð107Þ

The natural convective heat transfer coefficient (hnc) from basin to
fluid surface has been obtained from the following relation of Nusselt
ciency (ηL ,th) with reduced temperature ((Tbf0−Ta)/I(t)), and (b) hourly variation of
uO nanoparticles) for 0.25% concentration of nanoparticles and 35 kg fluid (BF/NF) mass.
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Table 2
Thermo-physical properties of basefluid [108].

Quantity Symbol Expression

Density ρbf 999.79+0.0683×Tbf−0.0107×Tbf
2 +0.00082×Tbf

2.5−2.303×10−5×Tbf
3

Specific heat Cbf 4.217−0.00561×Tbf+0.00129×Tbf
1.5−0.000115×Tbf

2 +4.149×10−6×Tbf
2.5

Viscosity μbf 1
ð557:82−19:408�Tbf þ0:136�T2

bf −3:116�10−4�T3
bf Þ

Thermal conductivity kbf 0.565+0.00263×Tbf−0.000125×Tbf
1.5−1.515×10−6×Tbf

2 −0.000941×Tbf
0.5

Table 3
Thermo-physical properties of Al2O3-water based nanofluid.

Model/correlation Quantity Expression

Pak and Cho [109] Specific heat Cnf ¼ ½ð φp ρpCpþð 1−φpÞ ρbf Cbf Þ�
ρbf

; φp ¼ Vp

V f þVp
; Here, ‘V’ is the volume.

Pak and Cho [109] Density ρnf=φpρp+(1−φp)ρbf
Khanafer and Vafai [110] Thermal conductivity knf ¼ kbf ½1þ ð1:0112Þφp þ ð2:4375Þφpð 47

dpðnmÞÞ−ð0:0248Þφpð kp
0:613Þ�

Khanafer and Vafai [110] Viscosity μnf ¼ −0:4491þ ð28:837Tnf
Þ þ 0:547φp−0:163φ2

p þ ð23:653Þðφp

Tnf
Þ2 þ ð0:0132Þ φ3

p−ð2354:7Þðφp

T3
nf
Þ þ ð23:498Þðφp

d Þ
2
−ð3:018Þðφ3

p

d2p
Þ

11≤φp≤9;13≤dp≤130nm ;20≤T≤70 °C
Wang et al. [111] and Ho
et al. [112]

Thermal expansion
coefficient

βnf=(1−φp)βbf+φpβp
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number (Nu);

Nuð Þ f ¼
hncX
K

¼ C GrPrð Þn ð108Þ

For horizontal plate facing upward, C=0.54 and n=¼.
The generalized expression of convection, radiation, and evapora-

tion energy fractions of fluid (BF/NF) are given as

Fcf ¼
_Qcf

_Q1
; Frf ¼

_Qrf

_Q1
; Fef ¼

_Qef

_Q1
ð109Þ

The hourly variation of natural convective heat transfer coefficient of
passive DSSS system for basefluid and Al2O3, TiO2 and CuO-water based
nanofluids have been presented in Fig. 31(a). It improves around 2–3
times for all three nanofluids in comparison to the basefluid. TheNusselt
number (Nu) has been also found to be 2–3 times higher for Al2O3, TiO2

and CuO-water based nanofluids in comparison to the basefluid (water)
(Fig. 31(b)). The variation of Nusselt numberwithfluid (BF/NF) temper-
ature for the basefluid and all three different nanofluids is also
Table 4
Generalized formulas of different heat transfer coefficients used in thermal modeling of passiv

Relations Heat

Nusselt number ðNuÞ f ¼ hX
k ¼ CðGrPrÞn

Grashof number ðGrÞ f ¼ ½gβρ2L3ΔT
μ2 �

f

Prandtl number ð ; PrÞ f ¼ ðμCp

k Þ f
Rayleigh number ðRaÞ f ¼ ðGrPrÞ f ¼ ½gβρ2CpL3ΔT

μk �
f

C = 0.54 and n = ¼ horizontal plate facing
upward

It pro
direc

Cooper and Dunkle model
[50]

hef ¼ ð0:016273Þhcf ½P f −Pgi

T f −Tgi
�

hcf=(0.844)(ΔT)1/3

Here; PðxÞ ¼ ; exp½25:317−ð 5144
TðxÞþ273Þ�

ΔT ¼ ðT f−TgiÞ þ ½ðP f −Pgi ÞðT f þ273Þ
2:689�105−P f

�

Inter

Radiative HTC hrf=∈effσ[(Tf+273)4+(Tgi+273)4][Tf+Tgi+546]
Here; 1

∈eff
¼ 1

∈w
þ 1

∈g
−1

Inter

Total external HTC h0=5.7+3.8V
hi=2.8+3V
Where V is wind velocity

Exter
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presented in Fig. 32. It has been perceived that the Nusselt number in-
creases with increase in fluid (BF/NF) temperature and found to be
higher for all three nanofluids in comparison to the basefluid. It is
credited to the fact that Nusselt number directly depends on the natural
convective heat transfer coefficient which further depends on the basin
geometry (Constants C and n), absorptivity of the basin, and thermal
conductivity. Therefore, higher values of Nusselt number implies the
higher convective heat transfer coefficient form the basin/blackened
surface to the basin fluid (BF/NF).

The Nusselt number obtained for basefluid of the DSSS system in-
creases rapidly in the range of 60 °C−70 °C. At higher temperature
range, it has been found that the Nusselt number for basefluied of the
system starts approaching the values of the Nusselt number obtained
for the water based all three different nanofluids. The hourly variation
of internal evaporative, convective, and radiative heat transfer coeffi-
cients (HTCs) obtained with basefluid and Al2O3, TiO2 and CuO-water
based nanofluids from the east andwest side of the passive DSSS system
is presented in Fig. 33. The peak or maxima of all the curves of HTCs ob-
tained with basefluid and nanofluids originates during sunshine hours.
It has been observed that the HTCs obtained from the west side of the
e DSSS.

transfer coefficient

vides the convective HTC from the horizontal basefluid surface in the upward
tion

nal evaporative and HTC from fluid to glass surface

nal radiative HTC from fluid to glass surface

nal HTC from condensing surface to ambient
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Fig. 31. (a) Hourly variation of natural convective heat transfer coefficient (basin liner to fluid) for basefluid (water) and Al2O3, TiO2, and CuO-water based nanofluids at 0.25%
concentration, and (b) variation of Nusselt number with concentration of metallic nanoparticles (Al2O3, TiO2, and CuO).

Fig. 32. Variation of Nusselt number with fluid temperature (BF/NF) for basefluid and
Al2O3, TiO2, and CuO-water based nanofluids.
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still are marginally higher than the east side. The significant enhance-
ment in the evaporative HTC is observed for both east and west side
of the system for all three nanofluids in comparison to the basefluid.
This is due to the enhanced surface area for heat transfer from metallic
nanoparticles to assisting fluid at higher concentration of the assisting
metallic nanoparticles. Consequently, the temperature of the nanofluid
increases and hence the internal HTCs as explained earlier. Significant
enhancement of 46.97%, 31.22%, and 12.9% from the east side and
51.80%, 37.35%, and 20.6% from the west side has been observed in the
evaporative HTC with the Al2O3, TiO2 and CuO-water based nanofluids
respectively. On the other hand, the radiative and convective energy
fraction dominates at lower temperature while the evaporative energy
fraction dominates at higher temperature (Fig. 34). The evaporative en-
ergy fraction is effective at marginally higher temperature for the west
side as compared to east side of the system. It is effective around 25 °C
for Al2O3-water based nanofluid while for TiO2 and CuO-water based
nanofluid, it is effective at marginally higher temperature range
(30 °C−35 °C). The higher value of the evaporation energy fraction
means that the evaporation rate is higher from the water surface.
Whereas, higher the convective fraction energy, faster the transfer of
evaporated water vapor (due to free convective currents) on the inner
surface of the glass cover. Therefore, both these fractions need to be
higher to increase the distillate yield and hence energy efficiency.

6. Conclusions

Following conclusions has been withdrawn from the present
review:

(a) On the basis of hourly yield, Kumar and Tiwari model (KTM) is
superior to the others

model under consideration with least percentage deviation except
in extreme cases. It is recommended that before predicting the perfor-
mance theoretically, the values of C and n must be carried out experi-
ments for given climatic conditions and for a particular design of the
solar still.

(b) The non-linear characteristic equations are found more suit-
able for the thermal testing of passive and hybrid (PV-T) active solar
still.

(c) Passive single slope solar stills perform better than passive
double slop solar stills on the basis of annual yield, annual energy, annu-
al exergy and exergoeconomic parameters.

(d) Passive double slope solar stills perform better than passive
single slope solar stills on the basis of yield.

(e) On the basis of yield, single slope active solar still integrated
with N PVT-FPC performs better than the double slope active solar still
Please cite this article as: G.N. Tiwari, L. Sahota, Review on the energy and
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integrated with N PVT-FPC if the basin water depth is more than
0.15 m and vice versa if the depth is less than 0.15 m.

(f) Double slope active solar still integrated with N PVT-FPC per-
forms better than single slope active solar still integrated with N PVT-
FPC on the basis of exergoeconomic parameter, enviroeconomic param-
eter, energy matrices and yield at 0.14 m water depth for same basin
area ðN ¼ 11; _mf ¼ 0:03 kg=sÞ:

(g) Single slope active solar still integrated with N-PVT-CPC per-
forms better than double slope active solar still integrated with N-
PVT-CPC on the basis of yield if depth is more than 0.19 m and vice
versa if depth is less than 0.19 m.

(h) It is necessary to adjust the combination between the size of
ETC and basinwater depth tomake the active ETC-SSSS systemmore ef-
ficient. Smaller size of ETCwith ten number of tubes is preferable than a
single unit the larger size ETC integrated. Optimum mass flow rate of
0.06 kg/s is obtained with water depth of 0.03 m in the basin.

(i) The passive double slope solar stillswithAl2O3, TiO3, CuO-water
based nanofluids performs better than the passive double slope solar
stills without nanofluids on the basis of yield, instantaneous energy
and exergy efficiencies.
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Fig. 33.Hourly variation of internal heat transfer coefficients (evaporative, convective, and radiative) of basefluid (water) and Al2O3, TiO2, and CuO-water based nanofluid for (a) east side
and (b) west side of passive DSSS.
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7. Scope of future work

Following future work has been recommended on the basis of pres-
ent review:

(a) The performance of passive and active solar stills with rain
water harvesting for a large scale can be studied.

(b) The performance of solar still with different types of PV
technology, and with different types of collector assembly can be
analyzed.
Please cite this article as: G.N. Tiwari, L. Sahota, Review on the energy and
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(c) The effect of different condensing chambers for fast condensa-
tion should be analyzed for PVT active slope solar still due to high oper-
ating temperature.

(d) The active and passive solar distillation systems can be studied
for higher temperature water based nanofluids (metallic nanoparticles
having better thermo-physical properties) with heat exchanger.

(e) The design and size of the heat exchanger as per the solar still
design and fluid quality (basefluid/nanofluid) can be optimized for a
given output.
economic efficiencies of passive and active solar distillation systems,
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Fig. 34. Variation of Convection, radiation, and evaporation energy fraction of basefluid(water) and Al2O3, TiO2, and CuO-water based nanofluid with temperature of the fluid (BF/NF) for
east side of passive DSSS.
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(f) Long term performance, life cycle cost analysis,
Exergoeconomic and enviroeconomic analysis for all the above cited
system can be studied for different climatic conditions.

Nomenclature
Ta
Ag=area of the glass cover (m2)
A

A

A

A

A

A

A

d

Tw

Tw

Tg

Tg

Please cite this article as: G.N.
Desalination (2016), http://dx
ISE(t)= solar intensity on the east side
(W/m2)
Ts
gE=area of the east side glass
cover (m2)
ISW(t)= solar intensity on the west side
(W/m2)
gW=area of the west side glass
cover (m2)
hew= evaporative heat transfer coefficient
from water to glass surface (W/m2 °C)
Tt
b=area of the basin (m2)
 hrw= radiative heat transfer coefficient from
water to glass surface (W/m2 °C)
c=area of the collector (m2)
Tc
hcw= convective heat transfer coefficient
from water to glass surface (W/m2 °C)
m=area of the module (m2)
 h1w= total internal heat transfer coefficient
from water to glass surface (W/m2 °C)
Ts
t=circumferential area of each
tubular absorber (m2)
hbw= natural convective heat transfer
coefficient from basin to water (W/m2 °C)
Tg
a=aperture area of solar
collector(m2)
hb= heat transfer coefficient from basin to
ambient (W/m2 °C)
Tg
t=diameter of evacuated tube
(m)
hw= wind heat transfer coefficient (W/m2

°C)

= water temperature (°C)
Tg
hrg= radiative heat transfer coefficient from
glass to ambient (W/m2 °C)
o= water temperature at time
t=0 (°C)
hcg= convective heat transfer coefficient
from glass to ambient (W/m2 °C)
Tg
i= temperature of inner surface
of the glass cover (°C)
h1g= total heat transfer coefficient from
glass to ambient (W/m2 °C)
Tb
o= temperature of outer surface
of the glass cover (°C)
hrgE= radiative heat transfer coefficient
from the east side glass to ambient (W/m2

°C)
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continued)
Ag=area of the glass cover (m2)
conomic efficiencies of passive
ISE(t)= solar intensity on the east side
(W/m2)
= temperature of basin surface
(°C)
hrgW= radiative heat transfer coefficient
from the west side glass to ambient (W/m2

°C)

= ambient temperature (°C)
 h1wE= total heat transfer coefficient from

the water surface to east side glass cover
(W/m2 °C)
= Sun. temperature (°C), Tsky=
sky temperature (°C)
h1wW= total heat transfer coefficient from
the water surface to west side glass cover
(W/m2 °C)
= collector tube temperature
(°C)
h1bf ,E= total heat transfer coefficient from
the bsefluid surface to east side glass cover
(W/m2 °C)
w= water temperature in
evacuated tubular collector (°C)
h1bf ,W= total heat transfer coefficient from
the bsefluid surface to west side glass cover
(W/m2 °C)
w= water temperature in still
(°C)
hb ,bf= heat transfer coefficient from basin to
basefluid (W/m2 °C)
iE= temperature of inner surface
of the east side glass cover (°C)
hb ,bf= heat transfer coefficient from basin to
basefluid (W/m2 °C)
iW= temperature of inner surface
of the west side glass cover (°C)
hebf ,E= evaporative heat transfer coefficient
from basefluid to east side glass cover
(W/m2 °C)
oE= temperature of outer surface
of the east side glass cover (°C)
hebf ,W= evaporative heat transfer coefficient
from basefluid to west side glass cover
(W/m2 °C)
oW= temperature of outer
surface of the west side glass
cover (°C)
hnc= natural convective heat transfer
coefficient from basin to basefluid (W/m2

°C)
f= basefluid temperature (°C)
 htw= heat transfer coefficient between tube
and water (W/m2 °C)
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ISE(t)= solar intensity on the east side
(W/m2)
t)= solar intensity (W/m2)
 hta= heat transfer coefficient between
collector tube and ambient (W/m2 °C)
(t)= solar intensity on the still
(W/m2)
Ucg−a= overall heat transfer coefficient
from inner surface of glass to ambient
(W/m2 °C)
(t)= solar intensity on the
collector (W/m2)
Ur= total heat transfer coefficient from
basin to
bient (W/m2 °C)
 _Qu ¼ usefull thermal energy gain from
collector (W/m2)
L= overall heat transfer
coefficient through the still
(W/m 2°C)
_Quth;N ¼ usefull thermal energy gain from
N-collectors (W/m2)
g= thermal conductivity of glass
(W/m °C)
_qeE ¼rate of evaporative heat transfer from
the east side (W/m2)
g= thickness of glass cover (m)
 _qeW ¼rate of evaporative heat transfer from
the west side (W/m2))
sw=Mw= water mass in still

(kg), _Mw ¼ yield (kg)
_q1w ¼rate of total heat transfer fromwater to
glass cover (W/m2)
bf= basefluid mass in the still
(kg)
_q1w ¼rate of total heat transfer from
basefluid to glass cover (W/m2)
cw= water mass in evacuated
tubular collector (kg)
_qeW ¼rate of evaporative heat transfer
(W/m2)
c= number of tubes in collector
 f ðtÞ ¼ average value of f(t) for time interval
Δt
bf= specific heat capacity of
basefluid (J/kg K)
∈i=instantaneous thermal exergy efficiency
= latent heat of vaporization
(J/kg)
_EX;evap ¼evaporative exergy flow rate (W)
r= Grashof number, Pr= Prandtl
number
_EX;Sun ¼rate of exergy input from the Sun
(W)
e= Reynold's number
 _EX;cw ¼convective exergy flow rate from
water to glass cover (W)
v= thermal conductivity of humid
air (W/m °C)
_EX;rw ¼radiative exergy flow rate from water
to glass cover (W)
v= characteristic length between
water and glass surface (m)
FeX= evaporative fraction exergy
OC= open circuit voltage (V)
 FcX=convective fraction exergy

C= short circuit current (A), FF=
fill factor
FrX= radiative fraction exergy
= load current (A), VL= load
voltage (V)
P=partial vapor pressue (Pa)
¼ natural circulation rate via
discrete tubes (kg/s)
Δt= time interval
nv= reflectivity of reflector under
the still
Greek letters
= transmitivity of the water
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αb= absorptivity of the basin

= transmitivity of the glass
 αt= absorptivity of the tube

= transmitivity of the glass
 ρr= reflectivity of the reflector

plate

w= absorptivity of the water
 ηi=instantaneous thermal

efficiency

= Stefan Boltzmann constant, 5.6697×10−8

(W/m2 K4)

ηiL=instantaneous thermal loss
efficiency
g= absorptivity of the glass
α
Abbreviations
TC
 heat transfer coefficient
 PVT
. Sah
0.10
photovoltaic thermal

SS
 single slope solar still
 FPC
 flat plate collector

SSS
 double slope solar still
 UAC
 uniform annual cost

SS
 inverted absorber solar still
 CPK
 cost of distilled water per kg

PC
 compound parabolic concentrator
 EPBT
 energy payback time

P
 Fibre reinforced plastic
 BF/bf
 basefluid
TC
 evacuated tubular collector
 NF/nf
 nanofluid
E
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