Performance Analysis of Solar )
Desalination Systems L

T. V. Arjunan, H. S. Aybar, Jamel Orfi and S. Vijayan

Abstract Rapidly growing population of the world increases the demand for clean
and freshwater. Solar desalination is a simple and environment-friendly process
adopted for the conversion of saline and brackish water into potable drinking water.
The solar desalination process mainly depends on the system design, operational and
climatic conditions and is improved by many methods such as incorporating energy
storage material, wick materials, and reflectors. The simple and widely accepted solar
desalination system is of solar still. The performance of solar still is highly influ-
enced by various factors such as water depth, basin materials, transparent glass angle,
water—glass temperature difference, and absorber area. Moreover, the productivity of
freshwater varies according to system design features and technical competence of
the system. The purpose of this chapter is to explore the basic theoretical method used
for the evaluation of a simple solar desalination system performance. This chapter
also presents a case study to investigate the effect of few design and operational
parameters on the performance.
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1 Introduction

Energy and water demands in India, Saudi Arabia, China, and other countries are
becoming a concern due to their growing rates and to the strong reliance of those
countries on greenhouse gas-producing fossil fuels. Solar energy is identified as one
of the most promising pillars for sustainable energy and water systems. In fact, the use
of solar energy particularly as concentrated solar power and photovoltaic to generate
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electricity and/or produce potable water is expected to take up higher shares in the
world. Solar energy has been used since a long time to produce potable water. Various
combinations of solar energy and desalination systems have been designed, built, and
tested. Such integrated systems can be simple and small such as solar stills where
few liters of freshwater is produced daily or complex with various sub-components
such as large-scale solar power desalination plants with capacities of thousands of
cubic meter per day.

The classification of solar desalination systems can be based on several criteria.
However, one can generally classify them based on their capacity in terms of amount
of produced freshwater, i.e., small-, medium- and large-scale systems, on how the
solar energy is used directly or indirectly and also on the type of the energy used.
Solar still is a simple device, which converts saline water into potable water for a
small-scale level and it can be developed using readily available low-cost materials.
No skilled labor is required to maintain the system. In spite of many advantages, the
uses of this application are very limited due to low production of freshwater.

The researchers all over the world have implemented various techniques in opera-
tion and design parameters of solar desalination system to improve the performance.
The productivity can be improved by improving radiation absorption capacity in the
solar still by providing different absorption materials such as charcoal pieces [1] and
dye materials [2]. The materials such as charcoal, black ink, and bitumen improved
the productivity by 18.42, 6.87, and 25.35%, respectively [3]. To improve the per-
formance of the system during night hours and cloudy weather conditions, different
types of energy storage mediums are placed in the basin to store the excessive energy
available during peak sunshine hours [4—11]. Increasing the surface area of the basin
by using wick materials [12—14] also improves the performance of the system. Solar
still performance can be improved by the use of phase-change materials [15-19]. Al-
harahsheh et al. [20] developed a solar still incorporated with phase-change material
(PCM), coupled with a solar flat plate collector, which produced 40% of the total
yield after sunset. Adding nanofluid with the basin water also influences the per-
formance of the solar still [21-26]. Sharshir et al. [27] improved the output of the
still with the addition of copper oxide and graphite nanoparticles for various basin
water depths. The results show that the output is improved by 53.95 and 44.91%
using graphite and the copper oxide micro-flakes, respectively. Integrating vacuum
pump, additional condenser, solar flat plate, solar ETC collector, solar pond, etc.
with solar desalination system are performing better than the conventional system
[28-32]. Rahimi-Ahar et al. [33] developed a vacuum humidification dehumidifica-
tion desalination system, comprised of a humidifying unit, solar air and water heaters,
a liquid vacuum pump, and a condenser. The system produced the desalinated water
at the rate of 1.07 1/h m? with the optimum operating parameters.

The performance analysis of the solar desalination system can also be studied
using the theoretical analysis by solving the energy balance equations of the elements
of the system. When integrating or modifying solar desalination system with different
materials or devices, the theoretical analysis for such systems may differ from the
conventional one. Many researchers are developing a theoretical model for various
design parameters such as inlet water temperature, single and double slope, glass
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Fig. 1 Solar still with water
film cooling [35]

angle, stepped basin. It is interesting to see from the literature that various theoretical
models developed for different materials and devices (flat plate and ETC collector,
internal external condenser) are integrated with solar stills. The analyses are also
extended by the investigators for various design modifications with internal and
external reflectors integrated into solar still to redirect the radiation available in and
around to the basin.

Itis well known that the desalinated water production of a simple solar still mainly
depends on the temperature difference between the condensing surface (glass cover)
and the basin water temperature. Several investigators have attempted to increase the
temperature difference through various techniques such as reducing the temperature
of condensing surface or/and increasing the temperature of basin water. El-Samadony
and Kabeel [34] proposed a theoretical model to analyze the stepped solar still by
writing energy balance for four regions: glass cover, basin, saline water, and water
film cooling. The authors have pointed that for film water cooling analysis requires
the inlet and exit temperatures of cooling water. The developed theoretical model
has a very good agreement with their previous experimental work. Mousa [35] have
numerically studied the performance of the solar still with film cooling parameters
and reported that the efficiency was increased by 20% in their numerical study with
the usage of water film cooling (Fig. 1).

A theoretical model was developed by Mazraeh et al. [36] for a solar still com-
bined with PV-PCM module and the model was derived from the fundamental
energy/exergy balance equations. They have also investigated the electrical and ther-
mal performance of still for various design and operating parameters such as PV-PCM
module, number of ETC, and water depth. They found that theoretical results were
almost close to their experimental results. Dumbka and Mishra [37] carried out a
numerical study of a still, which is suitable for coastal areas with different models
such as Clark, Dunkle, Tsilingiris, Kumar and Tiwari, and modified Spalding’s mass
transfer theory. Muftah et al. [38] developed a theoretical model to predict the perfor-
mance of the stepped solar still (Fig. 2) before and after modification. They derived
the model from the fundamental energy balance equations written for each of the still
elements such as glass cover, basin water, and absorber plate. The results revealed
the considerable variation in the mean values of each evaluation parameters. Also,
they highlighted that the modified stepped solar still yields 29% higher yield than
the simple stepped solar still.
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Xie et al. [39] developed a new type of dynamic model to predict the performance
of the tubular solar still (TSS) (Fig. 3) working under vacuum condition. The result
shows that the new system was more efficient than the still works under normal
operating conditions.

Naroei et al. [40] designed and developed stepped solar still coupled with a
PVT (photovoltaic thermal water collector and also they derived a transient ther-
mal model. The numerical results indicated the average error percentage in the range
of 5.76-6.66% for the temperature values of the elements. They have also reported
that the PVT collector has enhanced the freshwater production by 20% and the energy
efficiency by more than 2 times (Fig. 4).

Rahbar et al. [41] performed computational simulation on triangular and tubular
solar stills (Fig. 5) to analyze the flow behavior of air inside the enclosures. They
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Fig. 5 Cross-sectional view of tubular and triangular stills [41]

found that that there is a formation of recirculation zone in both solar stills and which
influences the output of the stills. The freshwater production in tubular solar still was
higher than the triangular still about 20% due to the reason of greater strength of
the recirculation zone in tubular still. The fabrication cost of the triangular still was
lower than the tubular solar still which leads to low water purification cost.

A theoretical model was formulated by Kalbasi et al. [42] for the solar still with
single and double effect. The theoretical results were validated through the experi-
mental study. The distilled water production depends on the basin water temperature
as well as the temperature difference between the condensing surface and the basin
water. They concluded that the production of the solar still enhanced about 94% when
compared with the conventional still by separating the condensing surface from the
solar radiation falling surface (Fig. 6).

A new type of modified solar still was developed by Malaeb et al. [43] with a
rotating drum to enhance the productivity of the system. A black painted rotating
hollow drum was fabricated with the light-weight material to facilitate the rotation. In
order to evaluate the performance of the system, the theoretical model was developed
with different mathematical correlations to estimate the heat transfer coefficients and
further the model was calibrated and validated with the experimental observations.
The calibrated model was used to analyze the effect of the significant operating



80
hez [T: 2 ‘Te]

second effect

hw2 [Tw! 'Tr2}

he1(Te1-Twz)

—
first effect

hwl [Twl -Tc 1}

Condensing surface in

Condensing surface in

T. V. Arjunan et al.

hez [T( Z -Te]

— *

hw2 [TwZ-T(Z]

Qev.lwraliuu Q(l:nvtﬂmn Qndutmn
hew2(Tw2-Tez) hew2(Tw2-Tez) how2(Tw2-Tez)

(MwCw)z
hwi(Tw1-Te1)

Qc-\upnnlmn anwﬂmn Qradl.ltlun
hewt([Twi=Te1) hewt(Twi-Te1) hewi(Twi-Te1)

(MwCu )1

Fig. 6 Energy balance of double effects solar still Kalbasi et al. [42]

Fig. 7 Energy diagram for
modified solar still with
rotating drum [43]

o 7.1 (t)

Udg =

_[ Location 2

Tdpefore- ;
Location 3

Tdgfrer

Location 4

parameters such as saline water depth, speed of rotating drum, wind speed, solar
insolation, and temperature of the elements (Fig. 7).

It is understood from the literature survey that numerous research work are going
on simple-, medium-, and large-scale solar desalination system all over the world for
improving its performance. The thermal performance of solar desalination systems
is influenced by various operational and design parameters such as water depth,
temperature of inlet water, tilt angle and thickness of glass, additional condensers,
reflectors, phase-change materials, flat plate and ETC collectors, and nanofluids. To
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develop or understand a small- or large-scale solar desalination system, it is very much
essential to learn the basic concept and theory behind the system. In order to meet
this requirement, the proposed chapter deals about theoretical approach to predict
the performance of a simple solar desalination system. The same procedure may be
followed to the medium and large-scale solar desalination system with consideration
of all parameters. The objective of this chapter is to discuss the theoretical approach
which has been used to assess the thermal performance of simple solar desalination
system. This chapter also presents the performance analysis of simple solar still along
with a case study with various influencing parameters.

2 Theoretical Modeling of Simple Solar Desalination
System

Numerous research findings were reported on superior design for solar desalina-
tion devices through the experimental study methods. In general, the experimental
investigations with solar desalination systems are pricey, protracted, and prolonged.
Developing a mathematical model for solar desalination systems is an attractive alter-
native solution to develop and investigate enhanced designs under different opera-
tional and climatically conditions. It can be established by energy balance equations
for each element in the system. The theoretical model helps the researcher to design
for a required capacity with minimum time and cost. Presently available advanced
computing tools also make the theoretical analysis more accurate with least time
and faster rate. The accuracy of the mathematical model is highly depending on its
energy balance equations formulation of the system.

The performance of the still can be predicted with the use of energy balance
equations written based on the heat and mass transfer operation. The following
section presents the development of the theoretical model for describing the transient
behavior of the still. The energy balance equations are written for all the functional
elements of the simple still, such as glass cover, basin liner provided on the sidewalls,
water in the basin. Figure 8 shows the various heat transfer quantities and temperature
elements involved in the operation of the still.

The energy balance equations for the simple still shown in Fig. 8 have been written
with the following assumptions [44]

Basin water depth is constant.

Film condensation occurs at the glass cover.

The heat capacities of the material are negligible.

The still is completely sealed (i.e., No leak).

The temperature gradient across the thickness of glass cover and water depth is
negligible.

e Still works under quasi-steady-state condition.
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Fig. 8 Energy components of conventional solar still [44]

2.1 Energy Balance for the Water Mass in the Still

The energy balance equation for the water mass present in the still basin is written
as follows by referring Fig. 8

dTy,
11+Qb+CW_:QCW+QrW+Q6W+I2 (1)

dt

where Qp—convective heat transfer from basin to water, Cy,—heat capacity of water
in the basin, T,—basin water temperature, Q.,—evaporative heat transfer from
water to glass, Q.,—radiative heat transfer from water to glass, Q.,—convective
heat transfer from water to glass, /;—solar irradiation received by the water in the
still after passing through the glass cover, and /,—solar irradiation falling on the
basin liner after passing through glass and water in the still, can be determined as
follows:

h=(-apl @
L= —a)(l -yl 3)

where / is the global solar radiation in W/m?, a, is the radiation absorptivity of glass
cover, and «y, is the radiation absorptivity of the water.

The heat transfer from the water surface in the basin to the glass cover of the
still occurs in two modes, i.e., convection and radiation. The convective heat transfer
from the water surface to glass cover is happening through the humid air, which can
be expressed as

ch = hewAw(Tyw — Tg) 4
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where A, is the convective heat transfer coefficient of water surface to the glass cover,
Ay, is the cross-sectional area of the water basin, and T’ is the glass cover temperature.
The difference in temperature of water in basin and the glass cover results in radiation
heat transfer, which can be estimated using the Stefan—Boltzman’s law as mentioned
below:

Ory = hew Au(Ty — Ty) = &eitAwo (Ty — T,) (5)

hew = £etio (T + T(To + Ty)) (6)

where h., is the radiative heat transfer coefficient from water to glass cover, o,

Stefan-Boltzman’s constant, 5.67 x 1078 K4, s.¢ is the effective emittance of water
surface to the glass cover.

Apart from the above, a portion of heat is utilized for evaporating the water from
the basin (Q.yw), which can be given as

Qew = hewAw(Ty — Tg) @)

2.2 Energy Balance for the Glass Cover

The energy balance equation for the glass cover of the still can be written as

Qrg+ch+11:I+Qew+Qrw+ch ®)

where [ is the solar irradiation falling on the glass cover of the still, O, is the radiative
heat transfer from glass cover to atmosphere, and Q. is the convective heat transfer
from glass cover to atmosphere.

Qrp = £,A,0 (T} — T) = hey Ay (T, — To) ©)
where A, is the aperture area of glass cover, A, is the radiation heat transfer coefficient
between glass and atmosphere, T, denotes the atmosphere temperature, and 7' is the
sky temperature and is taken as 6 °C less than ambient temperature [45].

The convective heat transfer from glass cover of the still to the atmosphere can
be determined using the following expression

ch = hchg(Tg -T) (10)

where A, is the convective heat transfer coefficient between glass and atmosphere.
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2.3 Energy Balance for the Basin Liner

The basin liner is the material, glued on to the basin area to improve the productivity
of the still and the energy balance equation for the basin liner of the still can be
written as

I = Oy + Qo (11)

The heat from the liner is transferred to the water and a small quantity of heat
lost to the atmosphere through the bottom side of the basin. The quantity of heat
transferred to the water from the basin liner (Qy) is expressed as

Ob = hpAp(Ty, — Ty) (12)

where hy, is the convective heat transfer coefficient between basin liner and water.
The heat loss to the atmosphere (Qpo) from the basin can be determined using
the following equation

Ovot = UpotAp(Ty, — T3) (13)

where Uy denotes the overall heat transfer coefficient between water basin liner to
atmosphere.

In order to determine the temperature values of the components, Egs. (2)—(4), (6),
and (7) are substituted in Eq. (1)

dT,, T, (htw + hy

1
? + CW > = —(O[WI(I —Olg)+/’l[WTg+l’leb) (14)

Cw

It is similar to the differential equation format of ddT,W +aTy = fi; then, the
solution of Eq. (14) is

Ty = 5—1(1 —e ) + Tye ™ (15)
1
where
hw+h
a = ( o ") (16)
1
fi= C—(awl(l — ay) + hiy Ty + hyTp) (17)

where hyy = hpw + hew + By
In order to solve Eq. (15), certain assumptions have been made, which are listed
below:
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(i) Initial water temperature 7'y, =0 = T wi:
(ii)) The coefficient a; is constant.

Rearranging Eq. (8) by substituting (9), (10), (2)—(6), and (7)
O[g11 + thTW + hthll

T, = 18
& oy + hig (18)

where hy = heg + hyg.
Rearranging Eq. (11) by substituting (12) and (13),

iR aply + hy Ty + Upot T
b =
htw + Ubot

19)

The theoretical values of the system can be determined by adopting suitable
numerical simulation methods and the initial temperature values of the still elements
are assumed to be equal to ambient temperature. Various internal and external heat
transfer coefficients can be estimated from the known initial temperatures. Using
these values along with climatic parameters, T, Ty, and Ty are calculated from
Egs. (15), (18), and (19), respectively, for required time intervals. After determining
the new temperature values of glass cover, water and basin, the procedure is repeated
with the new values of T, T'y,, and T}, for additional time intervals. After finding out
the values of Ty, and T, the theoretical hourly yield can be evaluated from equation.

Ay 0ey3600

20
e (20)

My

2.4 External Heat Transfer

The heat transfer in a solar desalination system is classified as internal and external
heat transfer depending on energy transfer in or out the solar still [46—50]. The internal
heat transfer is responsible for converting saline or brackish water into freshwater
and the transport it in vapor form leaving impurities behind in the basin itself, while
the external heat transfer occurs across the surrounded space and is responsible for
the condensing pure vapor as pure water. Also the external heat transfer describes the
clear picture of the energy balance of the system. The discussions about the internal
heat transfer have been given in the previous section, and the external heat transfer
is discussed in this section.

In solar distillation system, the energy transfer that occurs within the system or
between the system and surrounding are by any one of the basic modes of heat transfer
like conduction, convection, and radiation or combinations. It is necessary to study
the energy flow between the system and surrounding to analyze the performance
of the solar distillation system. The detailed step-by-step procedure to analyze the
external heat transfer is given in this section.
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The energy balance equations for the complete still shown in Fig. 8 is written as
follows:

I=0Qq+ Qrg + ch + Obw + Osw + Ovot + Osww 2D

where [ is the available solar energy and the energy is being transferred to the other
components of the system. For the production of distilled water, a portion of energy
is used, which can be estimated using the following equation

Qq = myhg, (22)

where m, is the quantity of water produced in kg and g, is the latent heat of water.
A small quantity of heat loss occurs from the glass cover to the atmosphere through
radiation and also convection. The radiative and convective heat loss can be estimated
from the following equations,

Radiation heat loss  Qy, = sgaAg<Tg4 — Tay) (23)
Convection heat loss  Qcg = hegAg (T, — To) (24)

where &, is the emissivity of the glass, o denotes Stefan-Boltzmann constant (5.67
x 1078, W/K*), A, denotes surface area of the glass in m?, T, Ty, and T, are the
temperatures of glass cover, sky, and ambient, respectively, and A, is the convective
heat transfer coefficient in W/m? K.

The amount of heat lost from the back and front walls of the still through con-
duction can be determined from Eq. (25),

Towi — Tq
wa — bw! bwo (25)
Row

The conductive heat resistance of the back wall surface is given as

1 Ly L
Row = — | =L+ 22 26
b |:K1+K2] (26)

where Ay, is the area of front and back wall surface.
In a similar way, the side and bottom wall conductive heat losses can be determined

Tswi - Tswo
Osw = st_ 27
Ty, — T
Qb = ———= (28)

Rbol
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Apart from above-mentioned losses, there is a possibility of heat loss due to
leakages in the joints, fittings, etc. which is termed as unaccountable heat loss and
determined using the following equation

Qun =1I- [Qd + Qrg + ch + wa + st + Qbot + stw] (29)

where [ is the solar intensity falling on the surface, W/m?.
The overall efficiency of the solar still is

_ Qa
o=~ (30)

3 Case Study

This case study explores the applicability of theoretical modeling of simple solar
still for the prediction of performance of the system and also compared with the
experimental results to test the accuracy. Moreover, the effect of various parameters
such as water depth, sponge liner thickness, sponge liner color, and energy storage
materials are also discussed.

For this case study, the experimental results of Arjunan et al. [44, 51-53] were
considered. They have developed two identical single slope simple stills for con-
ducting the experimental studies for analyzing the effect of various parameters. The
schematic and pictorial views of the developed experimental setup are shown in
Figs. 9 and 10, respectively. The experimental setups were fabricated with the effec-
tive basin area of 1000 mm x 500 mm using 1.4-mm-thick galvanized iron sheets.
The lower and higher vertical side heights of the basin were of 200 and 280 mm,
respectively. The top of the still was covered with a 4-mm-thick glass to conden-
sate the vapor from the basin. All the sidewalls and bottom sides were insulated to
avoid heat loss to the surroundings and also the glass cover was fixed on the top
with a wooden frame along with the gaskets to facilitate the better operation through
the reduction of leakages. The specifications of the experimental setup are given in
Table 1.

In order to evaluate the productivity of the still, the temperature values of the basic
components of the simple still are to be determined by solving the nonlinear equations
arrived from the energy balance equations with the help of any computational solution
methods. The input parameters considered for the theoretical model are given in
Table 2.

The experimental results of simple solar still were reported for the effect of various
parameters such as water depth, sponge liner thickness, sponge liner color, and energy
storage materials. The following section compares the experimental results with the
theoretical results predicted using the theoretical model.
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Fig. 9 Schematic diagram of experimental setup

Fig. 10 Pictorial view of experimental setup [44]

3.1 Effect of Water Depth in the Basin

The effect of water depth in the basin of the still is considered as one of the important
parameters, so they have carried out the experimental studies for different water
depths from 10 to 60 mm in the basin. Based on the experimental study, they reported
that the maximum productivity of the still was 1.72 kg/day was attained at the depth
of 20 mm. The theoretical value for the typical water depth of 20 mm was determined
using the mathematical model, and the results were compared with the experimental
values. Figures 11 and 12 illustrate the comparison of the experimental and theoretical
values. It is observed that the theoretical results are having good agreement with the

experimental values.
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Table 1 Specification of the
experimental setup [44]

Table 2 Design parameters
of solar still for theoretical
simulation

89

Specification Values
Basin area (Ayp) 0.5 m?

Glass area (Ag) 0.508 m?
Back wall surface area (Apy) 0.488 m?
Sidewall surface area (Agy) 0.234 m?
Latent heat of vaporization for water (h¢g) 2382.9 kl/kg
Glass emissivity (gg) 0.88

Water emissivity () 0.96
Air-vapor mixture depth (df) 0.144 m
Thickness of insulation layer 1 (thermocol) |25.4 mm
Thermal conductivity of layer 1 0.015 W/mK
Thickness of insulation layer 2 (wood) 12.5 mm
Thermal conductivity of layer 2 0.055 W/mK
Notations Dimensions

A 0.5 m?

m 10 kg

ag 0.0475

ap 0.96

heg 8.8 W/m?

g 7.3 W/m?

Cpw 4186 J/kg K

Oy 0.05

hew 28.5 W/m? K

ha 1.29 W/m*/K

Ubot 7.0 Wim? K

Ta 30°C

3.2 Effect of Sponge Liner Thicknesses

In simple solar still, the solar radiation falling on the basin inner walls is partially
reflected to the other basin components such as glass cover, basin water, vapor,
and the remaining part of energy is stored by the walls, which is usually lost to
the environment through convection. The maximum available energy at the basin
walls can be utilized by covering the entire inner wall surfaces using sponge liners.
Introducing the sponge liner in the basin walls, increases the productivity of the still
through the following ways; (i) by raising the basin saline water through the sponge
liner cavities due to capillary effect, (ii) absorbing the maximum radiation falling on
the inner wall surface, and (iii) reducing the temperature difference between the glass



90 T. V. Arjunan et al.

80

70 . . ; i}
& 60 5 - z = : ~
- = - -
£ %0 4 i
L : *
© 40 * +— Tg -Experimental

L}
3 30 =— Tg - Theoretical
£
& 20 Tw - Experimental
Tw - Theoretical
10
0

9.00- 10.00- 11.00- 12.00- 13.00- 14.00- 1500- 16.00- 17.00-
10,00 1100 1200 1300 1400 1500 1600 17.00 18.00

Time
Fig. 11 Theoretical versus experimental temperatures of water and glass for 20 mm water depth

0.3 +
+— Experimental

o
%]
w
+

* ~— Thearetical model

o
(]

Hourly yield, kg/hr
s B

0.05

. 9.00- 10.00- 11.00- 12.00- 13.00- 14.00- 15.00- 16.00- 17.00-
10,00 11.00 12.00 13.00 1400 15.00 16.00 17.00 18.00

Time

Fig. 12 Theoretical versus experimental output for 20 mm water depth

cover and the basin water by absorbing a portion of vapour inside the still. And also
sponge liner reduces the heat loss from inner wall surfaces to the other components,
which results in a reduction of operating temperatures of the still components when
compared with conventional simple still. Moreover, the sponge liner materials are
easily available at low cost.

The experimental study results for the effect of sponge liner reported by Arjunan
et al. [51] are compared with the theoretical results. The productivity of the solar
still was increased by increasing the temperature difference between basin water and
glass cover through the use of sponge liners inside the basin walls. The pictorial
view of the sponge liner arrangement is shown in Fig. 13. They have conducted the
studies with different liner thicknesses such as 3, 5, 7, 10, and 12 mm, and the water
depth was maintained at 20 mm for all experimental studies. The determined the
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Sponge liner

Fig. 13 Photographic image of sponge liner surfaces [51]
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Fig. 14 Theoretical versus experimental temperatures of water and glass for 5-mm-thick sponge
liner

optimum thickness of the sponge liner. The maximum output per day (1.54 kg/day)
was observed at 5-mm-thick sponge liner. The experimental and theoretical temper-
ature values of basin water and glass cover are compared in Fig. 14 for 5-mm-thick
sponge liner, and it clearly indicates that the predicted values are matching with the
experimental results. The theoretical output of the still is also compared with the
experimental output for 5-mm-thick sponge liner as shown in Fig. 15. Hence, the
remaining experimental studies such as the effect of sponge liner color and com-
bined effect of sponge liner and energy storage materials have been conducted with
5-mm-thick sponge liner.
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3.3 Effect of Sponge Liner Color

The sponge liner inside the basin wall increases the productivity of the still and the
color of the sponge liner also affects the output of the still. The experimental study
was conducted using basic colors such as blue, black, green, white, and red. Based
on the previous results as discussed in Sect. 3.2, the 5-mm-thick sponge liner is
found to provide higher yield. Therefore, in this experimental study, the sponge liner
thickness is considered as 5 mm. It is observed from the experimental observation
that the black colored sponge liner provides an output yield higher than the other
colored sponge liners. Hence, the black colored sponge liner has been selected for
use in the combined energy storage medium still. The experimental and theoretical
temperatures of basin water and glass cover are compared for black colored sponge
liner is in Fig. 16.

3.4 Effect of Energy Storage Medium

The solar radiation is usually higher during the noon periods, which leads to higher
temperature of glass cover and water in basin. The higher glass cover temperature
results in poor condensation rate of air-water vapor mixture at exposed glass surface.
For an efficient solar desalination system, it is necessary to have an improved pro-
duction rate. Many researchers have attempted to enhance the production rate of the
conventional solar still through the modifications such as increasing temperature of
the basin water, decreasing the temperature of glass cover, maximizing the utilization
of available energy through the reduction of heat losses and storing it for later use.
Among these methods, usage of energy storage materials in the basin is identified as
an easy and less expensive method of maximizing the available energy. The simple
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Table 3 Properties of energy storage materials

S. No. Energy storage material | Size (mm) | Quantity Specific heat capacity
(kg) (kI/kg K)

1 Blue metal stone 10-15 5 770

2 Black granite gravels 10-15 5 740

3 Pebbles 10-15 5 840

4 Paraffin wax - 2 2140

method of incorporating the energy storage materials inside the conventional solar
still is shown in Fig. 18.

In the case study considered, the authors have used different energy storage mate-
rials to store the excessive energy available in the water basin. The materials used
were of blue metal stones, granites, pebbles, and paraffin wax. Eight numbers of
12-mm-diameter tubes were used to fill paraffin wax, and the tubes were placed
inside the water basin. These materials were selected for the study as they are easily
available at low cost. The properties of the materials are listed in Table 3.

The purpose of this study is to find the effect of energy storage materials on the
performance of the simple solar still, and the materials selected were having lower
heat capacity when compared with the saline water.

It is also included to find the efficient low-cost energy storage material for typical
solar still among black granite gravel, pebbles, blue metal stones, and paraffin wax.
The higher yield in the solar still was observed when the black granite gravels are
used as energy storage medium (Table 4). It is understood that black granite gravels
are efficient than other energy storage materials which are used for this experimen-
tal study. Hence, black granite gravels are used as energy storage material in the
combination of black sponge liner still which is discussed in the next section.
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Table 4 Comparative performance study of simple solar still with different parameters

S. No. Parameters Distilled output Highest output Average
(kg) (kg) improvement

from the
conventional still
(%)

Effect of water depth (mm)

1 10 1.64 1.72 (20 mm 17.0

2 20 1.72 water depth)

3 30 1.59

4 40 1.56

5 50 1.49

6 60 1.47

Effect of sponge liner thickness (mm)

1 No sponge 1.14 1.54 (5-mm thick |35.2

(conventional) sponge liner)

2 3 1.31

3 5 1.54

4 7 1.33

5 10 1.32

6 12 1.21

Effect of sponge liner color

1 Green 1.55 1.63 (Black 434

2 Red 1.47 colored sponge

liner)

3 Blue 1.45

4 Black 1.63

5 White 1.54

Effect of energy storage materials

1 Pebbles 1.17 1.29 (black 10.3

2 Blue metal stones | 1.19 granite gravels)

3 Black granite 1.29

gravels

4 Paraffin wax 1.27

Combined effect of sponge liner and energy storage materials

1 Black granite 1.71 1.71 50.6

gravels and black
sponge liner
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3.5 Combined Effect of Sponge Liner and Energy Storage
Materials

Based on higher yield, from the previous experimental studies, the following param-
eters are used for this study:

(i) Water depth is 20 mm

(i) Thickness of sponge liner is 5 mm
(iii) Black colored sponge liner
(iv) The black granite gravel

The schematic arrangement of this combination is given in Fig. 22.

This experimental study is carried with the combined effect of all the parameters
which are mentioned above. It is observed that the output is increased by more than
50% when the combination of the above-said parameters is used in the still, which
is evident in Table 4.

By comparing Figs. 11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 21, 22, 23, and 24, it
is noted that the theoretical values are having good agreement with the experimental
values for all the cases, and the deviations are in the acceptable range. The theoretical
value of hourly output is higher during the morning hours when compared with the
experimental value, due to the heat absorption of still components. During the noon
and afternoon hours, the values of theoretical and experimental hourly yield are very
closely matching. In the evening hours, the hourly yields of experimental values are
higher than the theoretical values. The fact behind the increase in the yield is due to
the reason that the release of excessive energy stored by the components of the still.
The productivity of simple solar still for per day is calculated for all the cases using
the theoretical models and they are compared in Table 5. The table indicates that
the theoretical models are capable of predicting the performance of the system with
negligible error percentage, i.e., less than 5% from the experimental results presented
in case study section. The deviation of theoretical results from the experimental
results may be due the following reasons: (i) the absorption and reflection coefficients
of glass cover and basin water are assumed as constant, but in practical it varies with
respect to time and temperature, (ii) the alteration in transmission coefficients of
glass cover is accounted in theoretical model, (iii) the heat transfer coefficients are
assumed as constant but they are varying with respect to temperature.

A typical cumulative energy balance for different water depth analyses is given
in Table 6. The table clearly indicates the amount of heat transfer lost/utilized during
the conversion process, and further information will be very useful to understand the
system operation very well. The maximum amount of heat lost to the atmosphere
is through convection as well as radiation from the glass cover of the system for
all water depths. The conductive heat losses from side and bottom wall surfaces are
considerably low. Apart from all energy transfer, unaccountable losses are noticed
in the energy balance of the system, which may be due to the vapor leakage through
gaskets, joints, and sensible heat stored by the still elements such as glass cover,
water, basin liner, absorber plate, etc. The unaccounted losses are found quite high in
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Table 5 Theoretical versus experimental output for different parameters

S. No. Parameters Distilled output (kg) Deviation
Exp Theo (%)
Effect of water depth (mm)
1 10 1.64 1.72 4.8
2 20 1.72 1.80 4.6
3 30 1.59 1.56 1.9
4 40 1.56 1.58 13
5 50 1.49 1.51 1.5
6 60 1.47 1.53 4.0
Average deviation (%) 3.0
Effect of sponge liner thickness (mm)
1 No sponge 1.14 1.18 35
2 3 1.31 1.43 9.2
3 5 1.54 1.52 14
4 7 1.33 1.38 3.7
5 10 1.32 1.36 3.0
6 12 1.21 1.30 7.4
Average deviation (%) 4.1
Effect of sponge liner color
1 White 1.54 1.52 14
2 Red 1.47 1.48 0.68
3 Green 1.55 1.60 32
4 Black 1.63 1.78 9.2
5 Blue 1.45 1.49 2.8
Average deviation (%) 35
Effect of energy storage materials
1 Pebbles 1.17 1.21 3.4
2 Blue metal stones 1.19 1.24 4.2
3 Black granite gravels 1.29 1.25 3.1
4 Paraffin wax 1.27 1.35 4.7
Combination of sponge liner and energy storage materials
1 Black granite gravels and black sponge liner | 1.71 1.72 0.60
Average deviation (%) 3.1

Overall deviation (%) 3.68
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Fig. 18 Schematic arrangement of energy storage material in the simple solar still [52]

the higher water depths at 40, 50, and 60 mm, due to the higher heat storage capacity.
The cumulative heat balances for the other experimental studies such as effect of
sponge liner and effect of colored sponge liner are found to be closely matched with
the 20-mm water depth study.
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Black granite gravels Paraffin wax container pipes

Fig. 19 Different energy storage materials [52]
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4 Conclusions

This chapter presents an overview of theoretical modeling procedure for simple solar
desalination system and also reports the significant design and operational parameters
of the system which affect the performance are tilt angle, thickness of glass, addi-
tional condensers, reflectors, phase-change materials, flat plate and ETC collectors,
nanofluids, basin water temperature, water depth, etc. An efficient solar desalination
system can be designed with thorough knowledge on the performance and the effect
of various parameters. Developing theoretical model for solar desalination systems is
an attractive alternative solution to develop and investigate enhanced designs under
different operational and climatically conditions. The theoretical models are very
simple and effective tools to design the system with various performance enhance-
ment methods such as usage of energy storage materials and sponge liners. This
chapter also explores the capability of the theoretical models along with the case
study.
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