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Foreword I

Desalination is one of the important energy-intensive processes for producing pure
water from saline water. Technologically, a wide range of desalination processes
are being developed; however, most of the methods need intensive thermal or
electrical energy. Considering the cost of energy and environmental factors to
generate heat or energy, the development of solar desalination is being progressed.
Energy experts Dr. Anil Kumar and Dr. Om Prakash edited this important book
encompassing different aspects of desalination technology. These authors have a
strong background in the thermal and solar technologies to compile this book. This
book provides details of different types with designing, performance assessment,
modeling, simulation, and optimization of solar desalination. In addition, discus-
sions on the use of different thermal software to design solar desalination and brine
disposal methods are included. This book would be interesting for the graduate
students and professionals working in the field of solar desalination.

Seeb, Oman
July 2018

Prof. Mohammad Shafiur Rahman
Sultan Qaboos University
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Foreword II

Considering the actual rate of population and continuous economic growth is
obvious that one of the challenges in the future is how to ensure basic needs such as
energy, food, clean air and water. Many regions in worldwide consuming more and
more energy to aliment its growing economy. At the same time, 15% of the world
population have no access to electricity. Of course, the majority is coming from
rural areas in less developed regions. One of the promising solutions is to use
renewable energy resources. Not only to provide the energy security but also to
save our precious environment from several pollutants such as greenhouse gasses.
The second aspect is also very important since we may observe still more and more
agro-environmental problems on the planet caused by climate change in the last
decades. One of them is the scarcity of freshwater, especially the potable water. It is
no confidence that the above-mentioned issues are clearly addressed in the
Sustainable Development Goals (SDGs) of the United Nations.

Solar energy emerges as one of the prominent renewable energy sources. By
proper utilization of solar radiation, various important activities such as water
purification, drying, electricity generation, space heating, and crop cultivation can
be achieved. For the developing nations like India, solar desalination is the newest
and an efficient, advanced technology introduced for addressing different problems
faced by the citizens of this country. The technology which includes desalination
using solar energy can directly aid in removing a shortage of pure water. There are
several aspects of solar science and engineering which the students, teachers,
researchers, and industry personnel have to study such as solar power generation by
PV and solar thermal, solar refrigeration, solar cooking, solar cooling and heating,
solar desalination, and solar architecture. Out of these, solar desalination finds a
special place.

The book Solar Desalination Technology edited by my friends Dr. Anil Kumar
and Dr. Om Prakash will fulfill the long-felt need of the book in this vital area. It
will prove to be a good text/reference book.
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The main strength of this book is, its beauty of combining theory and case
studies in various chapters written by the well-known international experts in the
area. I am fully convinced that the readers will immensely benefit from this book.

Prague, Czech Republic Jan Banout, Ph.D.
Dean of the Faculty of Tropical AgriSciences

Czech University of Life Sciences Prague

viii Foreword II



Preface

The tremendous rise in demand for energy has led to a scarcity of conventional
sources of energy like fossil fuels, thereby pushing us to search for alternative
sources of energy. Sun being the ultimate source of energy, there is a need to
harness it for sustainable growth of mankind. Solar desalination has been in practice
since ages to purify the raw water. Due to advancement in science and technology,
inexpensive and efficient solar desalination devices have been developed for dis-
tilling the raw water using solar power.

In Chapter “Desalination and Solar Still: Boon to Earth,” authors discussed the
fundamental concepts of desalination, its classification, its advantages and disad-
vantages, its future prospects, and its economic aspects. The fundamental knowl-
edge in desalination will enable a better understanding of any solar desalination
systems.

In Chapter “Feasible Solar Applications for Brines Disposal in Desalination
Plants,” author discussed the sustainable brine disposal methods with more focus on
solar-assisted technologies. Now several commercial ways are implementing
worldwide to harvest salt from brine effluent discharge. Solar energy as a renewable
source of power can both imitate the environmental impacts of the conventional
brine disposal methods and enhance the evaporation rate of the solar evaporation
ponds. Evaporation pond is relatively easy to construct and operate with minimal
mechanical or operator input. The ponds should spread over large surface areas to
increase the evaporation rate. If the rate of evaporation is enhanced, an amount of
land would be reduced. An enhanced rate of evaporation would have two advan-
tages: the flexibility to increase the amount of brine wastewater “pushed” through
an evaporation pond and a reduced amount of land that would be needed to achieve
the same rate of evaporation.

In Chapter “Effect of Design Parameters on Productivity of Various Passive
Solar Stills,” authors discussed the various designs of solar stills with a special
focus on different shapes of the top glass cover and basin design. It is evident from
the researcher’s work that there is no clear-cut possibility to optimize the design as
the yielding of different solar stills is different. But, this study will pave a path to
researchers to come up with new optimum designs which could have a better
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performance. It is also observed that the top is critical in enhancing the productivity
of the solar still. Different designs of the top glass cover help in absorbing the
maximum possible radiation. Basin material, depth of water and energy-absorbing
material, inclination of glass cover plate, and insulation also play an important role
in enhancing the performance of the solar still. However, none of the researchers
considered all the influencing parameters to study the performance. Hence, there is
a lot of scope for improvement in the performance of the solar stills.

In Chapter “Performance Analysis of Solar Desalination Systems,” authors
discussed the theoretical approach to assess the thermal performance of a simple
solar desalination system. This chapter also presents the performance analysis of
simple solar still along with a case study. It is concluded that various designs and
operating parameters highly influence the productivity of solar still.

In Chapter “Application of Software in Predicting Thermal Behaviours of Solar
Stills,” authors explained the different software used for the design and testing of
various models of solar still. It also gives an overall idea regarding the kind of
software being used and its feasibility. Software like MATLAB, ANSYS, and
FLUENT has been taken into account here for the modeling and development of
various solar stills. Moreover, software such as SPSS is often used for statistical
data analysis. All recently used software are reviewed, and the benefits are
explained.

In Chapter “Simulation, Modeling, and Experimental Studies of Solar
Distillation Systems,” authors conferred the details of design software to develop
efficient solar stills. Software for developing suitable computer code based on
mathematical models to predict thermal performance solar stills are discussed. The
application of CFD simulations technique is being done with the help of ANSYS,
FLUENT, and TRNSYS. MATLAB and FORTRAN are very useful tools for the
parametric study of passive and active solar stills. COMSOL Multiphysics coding is
also a useful tool for numerical simulations for solar still.

In Chapter “Progress in Passive Solar Still for Enhancement in Distillate Output,”
authors highlighted the advance modifications in the design of passive solar still. The
development of single- and multi-effect solar still with expansion of different energy
absorbing materials and insulators to reduce the heat loss and enhance the produc-
tivity of solar still are studied. To increase the output of solar still nowadays, the use
of green nanotechnology is one of the promising tools and it is anticipated that in the
near future more vigor will be added in this area with the modifications in designs of
solar stills.

In Chapter “Thermal Modelling of Solar Still,” thermal modeling of solar still is
discussed, which is a powerful tool that can be utilized to optimize the performance
of the solar still for the given set of parameters. It will be helpful to predict the
behavior of a particular type of solar still to understand its suitability and
techno-economic viability. The tremendous improvement in the area of software
gives a lot of opportunities for model testing and design changes for solar stills. It is
suggested that thermal models should be developed for the solar stills and the
influencing parameter values must be selected by simulation methods suitable for
local weather conditions before its fabrication and implementation.
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In Chapter “Thermal Modeling of Pyramid Solar Still,” authors explained the
fundaments of pyramid solar still and its advantages over conventional stills. Also,
thermal modeling (theoretical/mathematical model) is developed which is very
useful in the case of pyramid solar still.

In Chapter “Integrated PVT Hybrid Active Solar Still (HASS) with an
Optimized Number of Collectors,” authors discussed to optimize the number of
collectors for PV/T hybrid active solar still. The number of PV/T collectors con-
nected in series has been integrated with the basin of solar still. The optimization
of the number of collectors for different heat capacities of water has been carried out
on the basis of energy and exergy analysis. Expressions of inner glass, outer glass,
and water temperature have been derived for the hybrid active solar system. For the
numerical computations, data of a summer day (May 22, 2008) for Delhi climatic
condition have been used. It has been observed that the increase in the mass of
water in the basin increases the optimum number of the collector. However, the
daily and exergy efficiency decreases linearly and nonlinearly with the increase in
water mass. It has been observed that the maximum yield occurs at N = 4 for 50 kg
of water mass on the basis of exergy efficiency. The thermal model has also been
experimentally validated.

In Chapter “Analysis of Solar Stills by Using Solar Fraction,” authors discussed
the thermal modeling of passive and active solar stills including a new concept of
solar fraction factor inside the solar still. The thermal modeling has been done by
using the latitude and longitude of the location of the experiment, that is Delhi.
Solar fraction is calculated for the given solar azimuth and altitude angle using
AutoCAD software.

In Chapter “Exergy Analysis of Active and Passive Solar Still,” authors dis-
cussed in detail the distinctive methodologies which have been utilized for the
exergy investigation of solar stills. The energy efficiency and exergy efficiency have
different behaviors, and this depends on the climatic conditions of operation; i.e., if
the energy and exergy analyses are compared, the latter is better since it gives a real
insight into the working of the device to carry out the distillation process. Hence,
the exergy analysis for the solar still represents the quality of the energy that is
contained in this.

In Chapter “Effect of Insulation on Energy and Exergy Effectiveness of a
Solar Photovoltaic Panel Incorporated Inclined Solar Still—An Experimental
Investigation,” authors highlight the impact of insulation on energy and exergy
effectiveness of a PV panel integrated inclined solar still. Solar still performance is
studied in terms of solar still yield, thermal effectiveness, exergy effectiveness, PV
panel electrical, thermal and exergy effectiveness, and overall daily thermal and
exergy effectiveness of the PV panel integrated inclined solar still based on
experimental observations. The maximum yield of 6.2 kg was recorded from the PV
panel integrated still with the bottom and the sidewall insulation. The daily yield of
3.3, 4.1, and 6.2 kg, the daily energy effectiveness of 31.32, 38.81, and 57.88, and
the daily exergy effectiveness of 1.72, 2.21, and 4.61% were obtained from the PV
panel integrated solar still without sidewall, with the sidewall, and with the bottom
and sidewall insulation, respectively.
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In Chapter “Latent Heat Storage for Solar Still Applications,” authors presented
an updated comprehensive overview of the PCM-based solar still technology, and it
can be said that the productivity of solar still can be substantially enhanced by using
latent heat storage and such systems can be efficiently used for longer time. The
current status of research with respect to this technology has been summarized. The
sincere efforts in this field through research and social awareness will bring this
technology to the use of the common masses. This will also encourage new research
in this field.

In Chapter “Productivity Improvements of Adsorption Desalination Systems,”
authors discussed the progress in productivity of different arrangements of
adsorption-based desalination (AD) system in terms of specific daily water pro-
duction (SDWP). The working principle of the AD system is demonstrated, and the
characteristics of the recommended working pairs are discussed. The maximum
SDWP that could be achieved until now is less than 25 kg/kg adsorbent per day.
The effect of the operating conditions and cycle time of the system performance is
presented. Moreover, it presents and summarizes the improvement that has been
achieved in the last decades and the trend of this technology in the near future.

It is hoped that this book is complete in all respects of solar desalination tech-
nology and can serve as a useful tool for learners, faculty members, practicing
engineers, and students. Despite our best of efforts, we regret if some errors are in
the manuscript due to inadvertent mistake. We will greatly appreciate being
informed about errors and receiving constructive criticism for the improvement
of the book.

Delhi, India Anil Kumar
Ranchi, India Om Prakash
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Desalination and Solar Still: Boon
to Earth

Prinshu Pandey, Om Prakash and Anil Kumar

Abstract Water is one of the most important components of the Earth. Due to
rapid increasing population and pollution, shortage of freshwater has become very
common to every nation, mainly to arid and semiarid regions of the world. Our Earth
is covered with almost 75% brackish and brine water. To overcome the growing issue
of freshwater shortage, seawater is only medium through which freshwater can be
obtained. In this chapter, same has been discussed that how to utilize seawater for
getting freshwater. Desalination has been proved the best way to solve the freshwater
issue of this era. There are various methods for desalination like multi-stage flash
distillation (MSFD), multiple-effect distillation (MED), reverse osmosis (RO), etc. It
is very economical and simple method to obtain freshwater from seawater. To make
best use of the concept of desalination, a new device solar still has been invented. At
the present time, various researches are continued to improve its thermal efficiency.
Many design changes are beingmade in solar still to make it applicable at large scale.
Various methods of desalination, and their economics, future prospects, and benefits
are discussed here.

Keywords Solar distillation · Demisters · Recovery ratio · Single-effect solar
still ·Multi-effect solar still · Active still · Passive still
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2 P. Pandey et al.

1 Introduction

Water is one of the most important components of Earth. It is very important for
the existence of human life. It is available on Earth in abundance but very less of its
availability comes under human use. Fresh and potable water is the most prominent
issue at present. About 71% of Earth is covered with water, out of which 96.5% is
ocean water and rest exists in river and lake, in pond, in ice caps and glaciers, in the
soil and in aquifers, etc. Out of all these, only less than 1%ofwater isworth for human
which is fresh. Issue of potable water is growing day by day [1]. There are many
factorswhich are responsible for the depletion of such less available freshwater. Some
of them are increasing population, industrialization, urbanization, transportation, etc.
There is a need of water for various purposes like cooking, farming, drinking, and
many more. Thus, safe water is a big challenge for current and future generations
[2].

The lack of access to freshwater has an adverse effect on common people’s life.
There are many waterborne diseases which are being spread only because of lack
of freshwater. Poor people are the main victims of this crucial problem [3]. Also in
some of the regions like deserts, arid region, etc., there is very less rainfall which
causes an adverse effect on human life. Estimated global water scarcity in 2030 is
shown in Fig. 1 which is based upon Falkenmark Indicator.

Water occurs in a very complicated dynamic cycle that includes rain, evaporation,
runoff, and many more dynamic natural processes unlike land which is considered
as static resource. Water controls the nature and its components—in other words it
manages ecosystem. Sustainable water management is one of the biggest challenges
of this era [5]. The main cause of this problem is the uneven distribution of both
human population and water resources. It is observed that densely populated regions

Fig. 1 Estimated global water scarcity in 2030 [4]
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are having less availability of water and lower populated regions are having adequate
or even surplus water availability.

It is not only physical water scarcity which are creating problems to humankind
but also social water scarcity which is growing day by day. Social water scarcity
is a water issue which comes into account due to political parties, policies, and
socioeconomic relationships [6].

Due to rapid population growth, freshwater need is increasing day by day. It is
becoming difficult to fulfill everyone’s freshwater need [7]. Shortage of freshwater is
damaging the ecosystem gradually which is one of the dangerous threats to mankind.
Freshwater depletion is not the issue of arid regions only rather it has becomecommon
throughout the world [8]. It is very essential to keep control over the depletion of
freshwater and to generate more fresh and potable water from other source of water
which are not useful to human beings directly.

2 Desalination: A Solution

Water shortage is one of the toughest and threatening issues of today’s generation.
More than 15% of the world’s population is deprived of fresh and potable water, out
of which some are living in improper sanitation and unhygienic surroundings. To
overcome this deteriorating condition, more and more water is made from seawater
which is available in abundance onEarth [9]. This very process can be successfulwith
desalination. Desalination is one of the simplest, earliest, best solutions to freshwater
shortage.

The principle of hydrological cycle is followed in man-made desalination process
using other sources of heating and cooling. Large amount of energy is needed to
separate freshwater frombrine and salty seawater.Desalination takes place by feeding
saltwater into themethodwhich gives two output streams as a result, one is freshwater
stream and another is salt-contaminated water stream. Thus, freshwater is obtained
by desalinating saltwater [10].

Desalination process has become a major method to supply freshwater to most of
the regions of the world. Desalination process is mostly taken into account at coastal
regions as this process can be achieved there easily due to abundant water. The most
important characteristic of this process is that it is safe for all—in other words it has
no adverse effect on ecosystem [11]. As per the survey made in the previous decade,
about 75 million people all over the world are dependent on desalination process to
obtain freshwater for their daily needs. There aremany countrieswhich are dependent
on desalination to obtain freshwater. The top five leading nations in case desalination
plant capacity are SaudiArabia, USA,UAE, Spain, andKuwait, with percentage cov-
erage of 17.4, 16.2, 14.7, 6.4, and 5.8%, respectively [12]. Desalination production
capacity for different nation is shown in Fig. 2.

There were about 18,000 desalination plants all over the world till 2015, with a
total installed production capacity of 86.55 million m3/day or 22,870 million gallons
per day (MGD). Of the whole capacity, around 44% (37.32 million m3/day or 9,860
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Fig. 2 Desalination production capacity with different categories for a the world, b the USA, and
c other Middle East countries in 2002 [13]

MGD) is located in the Middle East and North Africa. Due to current advancement
in technologies related to desalination, 80% of the energy used for water production
over 20 years has been reduced [13].

3 Methods of Desalination

Basically, there are various methods of desalinating brackish and salty seawater.
Commercially and economically out of all methods, MSFD, RO, andMED are taken
into account for the desalination purpose. It has been observed that these three meth-
ods are the leading ones and in the coming future these three would be the most
competitive [8]. There are various methods of desalination which are as under.

3.1 Multi-stage Flash Distillation (MSFD)

The basic principle of MSFD is flash evaporation. In this very process, evaporation
of seawater takes place by the reduction of pressure as opposed so as to increase the
temperature. To get the maximum product and to maintain the economies of MSFD,
generally regenerative heating is done. Due to regeneration, the seawater flashing
in the flashing chamber provides its heat to the seawater going through the flashing
method. As this is a regenerative heating, this process needs different stages for the
completion. There is a need to raise the temperature of incoming seawater at each
stage gradually [14]. This gradual increase in temperature of seawater is achieved by
the heat of condensation which is released by the condensing water vapor. There are
basically three parameters essential for a MSFD plant, and these are heat input, heat
recovery, and lastly heat rejection. There are some chances of scale formation in the
MSFD plant, and to remove that scale formation, some high-temperature additives
are used [15].

In modern MSFD plant, multi-stage evaporators are used in which about 19–28
stages are there [16]. The operating temperature of MSFD plant is in the range of
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Fig. 3 Illustration of processes of MSFD [18]

90–120. As the operating temperature of the plant increases, there is an increase in
the plant’s efficiency, but this may lead to more scale formation. There is a need
to maintain pressure below the corresponding saturation temperature of the heated
seawater.

There are different equipment or accessories used in the plant for different pur-
poses. These are demisters, decarbonator, and vacuum deaerator. This would bemore
clear from the Fig. 3. Demisters are provided at each stage of evaporator to minimize
carryover of brine droplets into the distillate. The purpose of using decarbonator and
vacuum deaerator is to remove dissolved gases from the brine [17].

The first MSFD plant was built in 1950s [19]. The Saline Water Conversion
Corporation’s Al-Jubail plant in Saudi Arabia is the world’s largest plant with a
capacity of around 815,120 m3/day [20]. The largest MSF unit with a capacity of
75,700 m3/day is the Shuweihat plant, situated in the UAE [21].

3.2 Multiple-Effect Distillation (MED)

MED process is the oldest method of all methods of desalination. Thermodynami-
cally, MED is the most inherent method as compared to all others [22]. Here effects
in MED process signify series of evaporators. TheMED process takes place in series
of evaporators. The basic principle involved in MED is reducing the ambient pres-
sure at different effects. There is no need to provide or supply extra heat after the
completion of first effect as this process automatically allows the seawater feed to
undergo multiple boiling.

As the seawater reaches the first effect, the temperature of seawater is raised to the
boiling point after being preheated in the tubes. Thereafter to carry out rapid evap-
oration, seawater is sprayed onto the surface of evaporator. The dual-purpose power
plant is used so as to supply steam externally, and the tubes get heated. Condensation
of steam occurs on the opposite side of the tube and forms steam condensate. Steam



6 P. Pandey et al.

Fig. 4 Distillation using solar energy [2]

condensate is again utilized as boiler feed water after it gets recycled to the power
plant. Cyclic process of hybrid solar distillation is shown in Fig. 4.

For every plant, its economy balance is quite necessary for its smooth running.
Similarly for MED plant, its economy is the key factor that depends directly on its
number of effects. Basically, MED is comprised of chained processes [8]. At first,
evaporation of some portion of seawater in the tubes takes place at first effect. Then,
the rest of seawater is again applied to the tube as it is fed to the second effect. Amid
tubes are being heated by the water vapor formed in the first effect. As a result, this
vapor is condensed to the required product that is freshwater. During the production
of freshwater, vapor gives up its heat to evaporate the left seawater at next effect.
Repetition of evaporation and condensation process takes place from one effect to
another. This takes place successively at lower temperature and pressure. This process
continues and makes a chained process. This continues for various effects with about
4–21 effects [23].

Top brine temperature (TBT) is one of the most important factors of MED plant.
In MED plant, it is necessary to reduce scale formation of seawater in the tubes. To
maintain this very challenge, most of the plant is built to operate on temperature of
70° TBT. But to carry out the processes smoothly, some additional heat transfer area
is required which is generally fulfilled by the tubes. Performance ratio of MED plant
ranges from 10 to 18. From the context of thermodynamics and heat transfer point of
view, MED is better than MSFD as it needs less power but gives better performance.
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Horizontal MED plant is more frequent than other types of plant [24]. Moreover,
these are successfully operating for 30–40 years. Various types of tubes can be used
in MED plant like vertical, horizontal, and submerged types. But most frequent is
horizontal tubes.

3.3 Vapor Compression Distillation (VCD)

In VCD, compression of vapor plays an important role in providing heat to carry
out evaporation of seawater. The basic principle of VCD is reduction of boiling
point temperature by the reduction of pressure [25]. Due to this very principle, VCD
takes advantage over other methods. Mainly, two methods are used to carry out
VCD—they are steam jet andmechanical compressor. These twomethods are used to
condense water vapor so that sufficient heat can be produced to carry out evaporation
of seawater. Here electrically driven method is mechanical compressor.

There exist various types of configuration of VCD units. This allows easy
exchange of heat to carry out evaporation of seawater. Steam jet type of VCD is
also called thermocompressor. In thermocompressor, there is a venturi orifice at the
steam jet which creates and extracts water vapor from the evaporator, thus creates a
lower ambient pressure. Thereafter, steam jet compresses the water vapor extracted
by the venturi orifice. Then condensation of mixture takes place on the wall of tube
which provides thermal energy to evaporate the seawater.

The other type of VCD is low-temperature VCD which requires only power.
Hence, it is very simple, efficient, and reliable process. This method is applicable
for mainly small-scale units of desalination. There are various application areas of
VCD units like resorts, drilling sites, and industries. This is very beneficial as it can
be used where there is lack of freshwater [26].

3.4 Reverse Osmosis (RO)

The basic principle involved in this process is that osmotic pressure is to be over-
come. To overcome osmotic pressure, an external pressure is applied which is greater
than that of osmotic pressure on seawater. In reverse osmosis process, flow of water
reverses the direction of natural flow across the membrane; consequently, dissolved
salt is left behind with increased salt concentration. In this process, there is no need
of phase separation and heating. Here energy is required to pressurize the seawa-
ter feed to carry out the desalting process [27]. The key factors of RO plant is its
major components. There are four major components of RO plant, and they are feed
water pretreatment, membrane separation, high-pressure pumping, and permeate
post-treatment.

There are various undesirable components in the seawater which can damage
the membrane. Hence, there is a need to eliminate those constituents which is done
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Fig. 5 Schematic of
one-stage seawater RO [13]

by pretreatment [28]. Pretreatment of water includes various methods like coagu-
lation, chlorination, acid addition, multimedia filtration, micron cartridge filtration,
and dechlorination. Pretreatment of seawater feed depends on different factors like
membrane type, feed water characteristics, membrane configuration, recovery ratio,
and product water quality. Depending upon these factors, the type of pretreatment is
selected.

The key factor of RO process is to reject salt present in the seawater, for which
pretreated feedwater pressure is to be raised to that extent so that it should be appro-
priate to the RO membrane and water can easily pass through them. To raise such
pressure, high-pressure stainless steel pumps are used. Themembrane should be such
that it can bear the entire pressure drop across it. Generally, centrifugal pumps are
used to carry out this operation. An illustration of one-stage RO is shown in Fig. 5.

There are variousmembrane configurations, out ofwhich spiralwound and hollow
fine fiber (HFF) are most economical and commercially successful. The shape of
HFF is like U-shaped fiber. In HFF, cellulose triacetate and polyamide are used as
membrane materials [29].

Post-treatment is one of the most important components of RO process. In post
treatmentmainly pH is adjusted, lime is added and dissolved gases like H2S andCO2.
Two changes and developments which were introduced in the previous decade have
reduced the operating cost of RO plant. Those two developments are: development
of membrane to operate efficiently for longer time and energy recovery device [30].
The devices are used for the purpose of converting pressure drop into rotating energy;
hence, the devices are mechanical in nature.
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3.5 Freezing

Desalination of seawater can also be done by the process of freezing. It is a very
simple process to obtain freshwater from seawater. During freezing, ice crystals are
formed. Due to formation of ice crystals, dissolved salts are removed. It can be
achieved under controlled situation. The mixture of seawater is generally cleaned
and washed for removing salt in the water left, just before the completion of freez-
ing of whole water. Thus, freshwater is obtained by melting the frozen ice. Hence,
desalination by freezing includes various processes like firstly seawater cooling,
then partial crystallization of ice, thereafter ice is separated from seawater, then most
importantly melting of ice to get freshwater, at last finishing processes refrigeration
and heat rejection [31].

Desalination by freezing has lots of advantages. Some of them are lower power
consumption, less corrosion, less scaling and precipitate formation. Along with
advantages, there are disadvantages too like handling water and ice mixtures. This is
very difficult to handle these twomixtures together as these aremechanically difficult
to process.

Although this process has plenty of advantages, still this is not accepted commer-
cially till now to produce freshwater in mass. Very few plants have been made till
now which proves that it is not reliable. Most famous plant till now was constructed
in Saudi Arabia in 1985. This very plant was an experimental solar-powered unit
[32]. To govern plant status, few processes were developed like hydrate, indirect,
eutectic, triple point, and secondary refrigerant processes [33].

3.6 Solar Distillation

Solar desalination is one such process of desalination in which solar energy is the
primary energy source to carry out desalination of seawater. In this process, solar
energy is used directly for desalinating seawater. Moreover, this process is similar
to the process of hydrological cycle. In hydrological cycle, water vapor is produced
by heating the seawater with the sun’s ray, and then, condensation of vapor takes
place which ultimately gives condensate which is further collected as product water.
Greenhouse solar still is one of the examples of this type of desalination process
[34].

This process was developed to increase the efficiency of solar still, but it was
seen that it requires large solar collection area approximately 25 ha land/1000 m3 of
product water/day [26]. Not only space but also high capital cost and vulnerability
to weather-related damage are also its disadvantages.
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3.7 Potabilization

Potabilization is also a desalinating process, but it is an additive process to MSF.
In other words, it is a suffix to MSF. When MSFD completes, there are some small
amount of impurities like dissolved salts and minerals so the produced desalinated
water is little bit corrosive to the metals used in materials for water distribution
system. To avoid all these problems, potabilization is practiced [35].

There are mainly two typical methods which carry out potabilization process.
These are: injection of carbon dioxide and hydrated lime [36], and carbonatedwater is
passed through limestone bed filters [37]. Basically, there are four processes involved
in potabilization process—carbonation, liming, chlorination, and aeration. Liming
and carbonation processes signify remineralization of water by the addition of car-
bon dioxide and hydrated lime. The basic objective of liming and carbonation is to
increase hardness, alkalinity, mineral content, and pH. There is a need to eliminate
bacterial growth that is to disinfect water. To avoid water from infection, chlorina-
tion process is carried out [38]. It is done by injecting either chlorine gas or calcium
hypochlorite. Last but not least, aeration process is carried out to replace oxygen so
as to improve water taste.

4 Modification and Advancement in Different Technology
of Desalination

4.1 Advancement in MSFD

MSFD is an efficient process of desalination. But there is a need for modification
and optimization in design of equipment, design based on thermodynamics, selec-
tion of materials, structural aspects, techniques of construction and transportation.
There has been a gradual evolution in MSFD which includes various changes in
the design, construction, instrumentation, etc. [39]. There has been a gradual evolu-
tion in technologies of MSFD which includes vertical MSFD, chemical treatment,
equilibration, construction materials, construction techniques, heat transfer, control,
instrumentation, etc.

The concept of desalination came into account in the early 1960s. The increased
demand for freshwater in the arid regions likeMiddle East prevailed the development
of desalination. From then, desalination plant began in the market. At that time, as
per the market demand, plant with capacity of 4500 m3/day was built.

There were various problems in the initial stages of development of desalination
plant. Mainly, design concept and economies were the two vital issues. Due to lack
of concept of equilibration, discrepancy between brine and water vapor at low tem-
perature increased. Due to changing and traditional technology, now plant of large
size with capacity of 75,850 m3/day is also viable like in UAE [40]. The size of
MSFD plant can be extended up to 136,260 m3/day as per the study [41].
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Thepurity of theproductwater is disturbeddue the entry of brine into vapor stream.
To overcome this problem, “demisters” are installed. There is a need to care of the
design and position of demisters in the evaporator. As the scale formation in MSFD
is very less, to overcome the least amount of scale formation some chemical additives
had been developed [42]. Various additives were introduced and rejected. Later high-
temperature additives were taken into account which can allow the operation at even
115°.

In the initial stage of construction ofMSFD plants, carbon steel (CS) material was
generally used for the mechanical parts of the plant, mainly the shell. Later its use
was omitted due to its heavy weight. Then stainless steel (SS) and duplex steel came
into account as the major materials for mechanical components. Use of SS reduced
the weight of the mechanical components and size of the plant. Moreover, the use of
SS reduced the cost of production of water.

To improve heat and mass transfer performance of ejector system, titanium tubes
were used. Titanium tubes controlled the corrosive vapors inside the evaporator
effectively. Later Incoloy 825 nickel was also used for making ejector as it has a very
high pitting resistance equivalent (PRE) number [43].

Optimization of equipment makes possible for the plant to delete major redun-
dancies from the plant configuration. Due to certain changes and advancement in
technologies in MSFD plant designing fouling factors have been reduced in ther-
modynamic design of MSF plants. Later on, improvement in transportation and
manufacturing has also improved. Due to improvement in manufacturing and trans-
portation, completion of whole project can be achieved in a very short time. Venting
system has also been improved which has resulted in diminishing of concentration
of corrosive gas inside the evaporator. This very improvement has increased the life
of evaporator equipment.

Due to all these improvements and advancements, performance of the MSFD
plant has improved a lot. When plant is newly set up, its performance ratio is nearly
9 and after some years it becomes 8, and 7.5 in fouled condition.

4.2 Advancement in MED

MED is one of the large-scale and cost-effective desalination plants. It consumes less
power than that of MSFD [44]. It has significant potential to reduce cost of product
water. Its rated power consumption is below 1.8 Kwh/m3 of distillate.

Gained output ratio which is abbreviated as GOR is higher for MED as compared
to MSFD. GOR value of MSFD is 10, whereas MED has GOR value of 15. There
are various plants with various units which have been set up and some are under
construction. Basically, low-temperature MED plants are being made and under
construction. In Sharjah, there are two units of MED plant with the capacity of
22,700 m3/day. There exists a design and demonstration module for capacity of
45,400 m3/day. The main issue of desalination plant is scaling and rate of corrosion.
Design of MED with TBT of about 70° has prevented this problem [45].
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There was a plan in Southern California, USA, to build a unit of capacity
283,875 m3/day whose budget was approximately $30 million. The main purpose
of this plant was to use vertical tube MED process. The main objective of this plant
was to reduce plant’s capital cost too.

4.3 Advancement in Reverse Osmosis

There have been a lot of changes and improvements in technology in RO process.
These very advancements have helped in reducing both capital and operational costs.
There are various improvements in different components of the RO plant, but most of
the progress has beenmade in themembranes. Thus, various areaswere improved like
resistance to compression became better, durability increased, flux was improved,
and salt passage was also improved and became smooth.

In 1970s and 1980s, RO came into effect as a competitor to MSFD. It has been
observed that RO train size has increased as compared to the previous RO trains. RO
train size has reached to 9084–13,626 m3/day some years back. But it is still smaller
than that of the size ofMSFDplantswhichwere in the rangeof 56,775–68,130m3/day
at that time. There had been a major difference in capacity of RO plant between 2005
and 2008. The capacity of plant has reached to 3.5 from 2 million m3/day [46].

Presently, the recovery rate in the RO plant is nearly 35%. This recovery has been
achieved in Middle East nations where about 70% of the desalination water in the
world is produced. As per the latest report, 60% recovery rate has been reported in
the region of Pacific Ocean [47].

Recovery of energy helps RO plant to consume less energy as compared to other
plants. ROplant consumes approximately 6–8 kWh/m3 excluding recovery of energy.
But including energy recovery, power consumption reduces to 4–5 KWh/m3. Cur-
rently as per the survey, energy consumption has been drastically reduced to the
range of 1.8–2.2 kWh/m3 due to advancement in RO technology [48].

RO method for desalination has lots of advantages, but there is a problem with
RO method. The problem of pretreatment is a big deal for RO plant [49]. Previously
for pretreatment, filtration process was used but as per the report it is an inadequate
process for pretreatment. Silt Density Index (SDI) is the key factor for RO plant. It is
very necessary to maintain the required filtrated SDI, but it is difficult for RO plant
to maintain the required SDI which is a major disadvantage of RO plant.

To resolve this issue of pretreatment, a technology has been developed called
nanofiltration (NF). NF membrane treatment proved beneficial, and excellent results
were obtained [50]. This process increased the rate of production by40%and also pre-
vented membrane fouling. There were various materials which were used to develop
RO membrane, and some of them are polyether amide hydrazide, polyhydroxyethyl
methacrylate, etc.

Presently, membranes of low energy and high productivity are available. Manu-
facturers of membrane now provide membrane of capacity 47.5 m3/day [46].
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5 Economics Related with Desalination

The economyof a plant depends primarily on production cost, location of plant,main-
tenance cost, energy consumption, etc. Due to change in technologies and advance-
ments in desalination, cost of production is decreasing gradually but on the other
hand due to more contamination of water because of population, pollution, etc., cost
of water treatment is increasing day by day due to high demand of pure water.

The key factors to select process between two major processes for desalination of
water like RO andMSFD are technical and economic conditions. Some of the techni-
cal conditions which are taken into account are energy source, energy consumption,
freshwater quality, space for plant, plant reliability, operational aspects, plant size,
etc. Economic conditions are taken into account based on capital, labor, materials,
chemicals, etc. [51].

For a desalination plant, a cogeneration scheme is necessary in conjunction with
the generation of power for the best economy of the plant. Economics of desalina-
tion plant is determined by the life cycle cost analysis. To evaluate annual plant cost,
O&M, that is operation and maintenance costs, are converted into annual cost. The
cost of production of water is evaluated by dividing the sum of all costs by total quan-
tity of water. There are various parameters which affect the life cycle cost analysis
like plant life, direct capital cost, indirect capital cost, and capacity of production.
This cost of production of freshwater is estimated in $/m3. For example, the world’s
largest RO plant has water production cost of $0.53/m3 [52].

6 Future Expectance

In last two decades, there have been various improvements in desalination of brackish
and brine water. Many new technology and advancements have been introduced to
increase the production of water from desalination. Economic condition has also
improved due to reduction in water production costs. It has been accepted with
advancement in technology mainly in arid regions of the world [8]. To minimize cost
of production of water from desalination, further R&D has been taken into account.
There is a need to emphasize R&D in technological advancements to improve the
plant’s economy. There are various parts and factors linked to desalination where
R&D efforts are made and some of them are [53]: cogeneration system of desalinated
water and power, energy utilization mainly solar energy and nuclear energy, thermal
distillation process at very high temperature, technical aspects of differentmethods of
desalination, chemical therapy for seawater feed, economy of different desalination
processes, perfect choice of construction and manufacturing materials, promotion of
large-scale plants, scale-controlling system, cost-effective materials, introduction of
hybrid systems like NF-RO, MSF-RO, etc., environmentally friendly desalination,
sent percent separation of seawater and freshwater.
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7 Solar Still

Water is the most important component of our planet. It covers about 75% of the
Earth, but still out of that much abundant water only 1% can be used as domestic
purpose, perhaps which are being contaminated by various factors like pollution,
sewage disposal, etc. There is a need to obtain freshwater, and most of the water
present on the Earth is brackish and salty. Desalination is one of the measures to
get freshwater from brackish water. To utilize desalination as an important measure,
solar still is being introduced in this developing world. Solar still is a device which is
completely based on the principle of desalination. It mainly uses the concept of solar
distillation. It is now being used worldwide mainly in coastal areas where seawater
is available in abundance. It is simple, cost-effective, and easily maintained process
[54]. The main disadvantage of solar still is that it has less productivity. Various
researches and developments are going on so as to enhance the efficiency of solar
still.

For the development and modification of solar still, various researches are going
on the basic design of solar still to increase its productivity and make it more cost-
effective [55]. Themain idea for increasing the productivity of solar still is by increas-
ing heat transfer rate. To implement this very idea, many researchers have used fins
[56].

Srithar andMani are very famous scientists who have worked a lot on the develop-
ment of solar still. Both of them dealt with the evaporation rate of industrial effluents.
They developed a pilot plant for augmenting the evaporation rate. They developed
pilot plant in two stages, onewith spray network systems and another with open fiber-
reinforced plastic flat plate collector. Then, they both analyzed the performances of
them separately and compared to select the better one [57]. Sometimes, performance
was judged by means of usage of sponges.

There are various components of solar still like glass cover, container, basin liner,
and trough. In solar still, black paint is used to coat inside surface of container; then,
collector is combined connected to glass cover. Saline and brackish water is filled
into the container under purification. Glass cover helps the radiation from the sun
to be transmitted and later would be absorbed by the basin which further heats the
impure water. Thereafter, condensation of evaporated water takes place below the
glass surface. Thus, it gathers in a trough which is located along the length. Simple
basin solar still is shown in Fig. 6 [1].

Figure 7 shows schematic diagram of solar still with basin. This solar still consists
of different parts with different application. Various components of this solar still
with simple basin are storage tank, valve, wooden box, hose, glass cover, still basin,
collection tray, and measuring jar. The working of this solar still is very simple.
Storage tank is the reservoir of water. It can have different capacity based on the
requirement. Water from the tank reaches still through twomediums—one is flexible
hoses and another is valve. The role of valve is to control the flow of water as per the
need. Hoses are very flexible, and to maintain its flexibility, it is made of polyvinyl
chloride (PVC).
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Fig. 6 Single-basin solar
still [58]

Fig. 7 Solar still with simple basin [56]

Here, still basin is painted black and is enclosed within the wooden box. Wooden
box acts as a casing for still. There is a need of insulation in the still; hence, saw dust
is used. It is filled below the still basin. To collect the condensate after condensation
of the evaporated water, collection tray is used which is fixed to the wooden box and
thus freshwater is collected.

8 Types of Solar Still

There are basically two types of solar stills which are based on the effect, and these
are single- and multi-effect solar stills. These two types of solar stills are further
subdivided as active and passive stills which are categorized based on the source
of heat provided to carry out evaporation of water [1]. In one type, evaporation of
water takes place directly but in another type an external medium is required like heat
exchanger or solar collector to carry out evaporation of water. There are basically
two types of solar still, and they are as follows.
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8.1 Single-Effect Solar Still

The origin of the solar still development is single-effect solar still. It is also called an
original solar still. It is the simplest of all solar stills [59]. In this typeof solar still, there
is only one layer of glazing present over the surface of water. This very characteristic
of single-effect solar still has proved one of the advantages. Due to presence of single
layer of glazing, large quantity of heat loss takes place thus reduces its efficiency.
This heat loss takes place in form of conduction. Thus, efficiency of this type of
solar still is about 30–40% [1]. This type of solar still is also known as single-slope
solar still. Many experiments and studies have been done to improve its efficiency.
Experimental setup for single-effect solar still comprised of various components
like glass cover, measuring devices, basin liner, insulating materials, and distillate
channels. Every component has different functions, and all works together to carry
out easy and proper desalination process. A simple single-effect solar still is shown
in Fig. 7 with full illustration. The working and function of different components of
single-effect solar still is as under:

• Glass cover: It is the most important component of solar still. It is setup at an angle
to the horizontal. Generally, to strengthen the contact between glass and other
components of the solar still, silicon rubber is used. Another important additive is
sealant, which acts as a frame to the still. It resists and compensates any expansion
and contraction between different materials.

• Basin liner: It is the base of the solar still. It hasmany properties like high resistance
to hot brackish water, high absorptivity, etc. Its main task is to absorb the radiation
coming from the glass cover. It can be easily mended if damaged. Generally,
asphalt is used as basin liner.

• Measuring devices: In solar still, there is a need to measure two parameters, one
is temperature and another one is wind speed. Digital anemometer is used so as
to measure the wind speed. Thermocouples are generally used to measure tem-
perature at different locations. Here thermocouples are connected to digital ther-
mometer. Mainly, five thermocouples are used so as to measure the temperature
at five locations like vapor, water, basin, glass in and out. Also intensity of solar
radiation is measured by using heliometer.

Single-effect solar stills are further divided into two categories, named active and
passive solar stills which have been explained below.

8.1.1 Active Still

In single-effect solar still, active still deals with source of heat which are external
like industrial waste heat or solar collectors [1]. There are various types of active
stills used in single-effect solar still, and these are:

• Regenerative active solar still
• Air-bubbled solar still
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Fig. 8 Active still coupled to evacuated tube collector [60]

• Waste heat recovery active solar still
• Solar still with heat exchanger
• Solar still integrated with solar concentrator
• Solar still coupled with hybrid system
• Solar still integrated with solar heaters

Following Fig. 8 is an illustration of active still which is coupled to evacuated
tube collector.

8.1.2 Passive Still

Passive still differs from active still as per the source of heat provided to evaporate
the brackish water. In passive still, internal heat from the still is taken in order to carry
out evaporation of brackish or brine water [1]. There are different types of passive
solar still for single-effect solar still, and these are as follows:

• Basin solar still
• Wick solar still
• Weir-type still
• Spherical still
• Tubular still
• Pyramidal and rectangular still
• Diffusion still
• Greenhouse combination solar still
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Fig. 9 Passive still coupled with outside condenser [61]

Fig. 10 Passive still coupledwith internal and external reflectors: a schematic diagram and b exper-
imental setup [62]

In Figs. 9 and 10, passive still with different arrangements is shown. Figure 9
shows passive still arrangement which is coupled with outside condenser, and Fig. 10
illustrates passive solar still which is coupled with internal and external reflectors
both schematic and experimentally setup.

8.2 Multi-effect Solar Still

Multi-effect solar still is another type of solar still which is quite different from single-
effect solar still.Multi-effect solar still ismore efficient than that of single-effect solar
still. Latent heat of condensation plays an important role in case of multi-effect solar
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Fig. 11 Double-effect single-slope active still: a coupledwith solar collector in thermosiphonmode
and b coupled with solar collector in forced circulation mode [64]

still. In multi-effect solar still, recovery of latent heat of condensation takes place
which is further recycled and thus increases the potential with high rate of production
[63]. This is also further classified as passive and active stills based on its design.
This type of solar still is also classified as active and passive stills which have been
explained below.

8.2.1 Active Still

In active still based onmulti-effect solar still, the basic fundamental principle is same
as that of single effect; only there is the difference in context of design. Different
types of active solar still based on multi-effect solar still are as follows:

• Multi-stage evacuated active solar still
• Multi-basin inverted absorber active still
• Waste heat recovery active still
• Solar still coupled with concentrating solar collectors
• Multi-effect condensation–evaporation water distillation system
• Stills coupled with solar collectors like flat plate and tube collector

In Fig. 11, multi-effect active still with single slope coupled with solar collector
in thermosiphon and forced circulation mode is shown schematically. In Fig. 12,
condensation–evaporation active still system is shown.

8.2.2 Passive Still

In case of multi-effect solar still, there is only a difference in context of design when
passive still is considered, otherwise the whole fundamental principle is completely
same. There are different types of passive solar still in case of multi-effect solar still,
and these are as under:

• Wick solar stills
• Basin solar stills
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Fig. 12 Condensation–evaporation active still system: a schematic diagram and b experimental
setup [65]

Fig. 13 Wick-type passive solar still [58]

• Weir-type solar stills
• Diffusion solar stills

In Fig. 13, passive still with wick-type solar still is depicted and in Fig. 14 double-
basin double-effect passive still is shown schematically.

9 Conclusion

Water is very necessary for human beings. The rapid increasing pollution and pop-
ulation has resulted in contaminated water. The availability of freshwater is limited
on the Earth, so there is a need to obtain more freshwater for the survival of human
beings and their day-to-day utilities. Desalination has proved to be the best measure
to obtain freshwater as salty water covers almost 70% of the Earth. To make best use
of desalination, solar still can be used as an efficient device to obtain more and more
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Fig. 14 Double-effect passive still with double basin [58]

freshwater. Various researches are going on in the field of solar still. These are the
following points which can be concluded from this review:

• Desalination is the most cost-effective way to enhance freshwater availability on
the Earth. The demand of freshwater is rapidly increasing day by day.

• Demister plays prominent role in MSFD as it is used to overcome the brine into
vapor system so as to keep purity of water undisturbed.

• Stainless steel and duplex steel were accepted as the principle material to make
accessories of MSFD plant. Moreover, stainless steel reduced the weight and cost
of production of freshwater.

• For the construction of ejector required in MSFD, Incoloy 825 Nickel was used
as the chief material due its high pitting resistance equivalent (PRE) number.

• Gained output ratio (GOR) is more for MED than MSFD. It is about 15 for MED
and 10 for MSFD.

• RO is the most effective and efficient method for desalination. Pretreatment is
the main issue that is to be solved smoothly in RO plant, and to overcome this
problem, new technology arrived which is named nanofiltration (NF) membrane
treatment. Moreover, NF technology helped in increasing production rate by 40%
and avoided membrane fouling.

• Technical and economic conditions are the key factors to decide which process
should be used for desalination whether RO or MSFD. These two processes are
the mainly used desalination process in the growing world.

• Life cycle cost analysis plays a vital role in deciding economics for a desalination
plants.

• Solar still is the simplest device to obtain freshwater from abundant salty water. It
works on the basic principle of solar distillation.

• The productivity of solar still is not high so there is a need to increase heat transfer
rate to increase the rate of production.
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• Previously, single-plate solar stills were introduced in the market but later on after
various researches and changes, multi-effect solar still arrived in the market with
more efficiency and rate of production.

• Solar still is mainly categorized as active and passive stills. This classification
is based on the source of heat provided so as to carry out evaporation process.
Active still takes heat from the external sources like industrial waste or by using
solar collectors whether passive still takes heat internally from the still to carry
out evaporation of water.

• The configuration of solar still is very simple. It is very cost-effective device to
obtain freshwater from brackish and brine water. It has been proved very benefi-
cial for arid and semiarid regions where there is more shortage of freshwater as
compared to other regions of the world. Various researches are going on so as to
increase its efficiency and introduce it as a large-scale production device.
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Feasible Solar Applications for Brines
Disposal in Desalination Plants

Shiva Gorjian, Farid Jalili Jamshidian and Behnam Hosseinqolilou

Abstract Water is a crucial ingredient for human health and one of the very few
vital needs of human beings. More than 1.2 billion people around the work suf-
fer from a deficiency of safe drinking water so that it is estimated that 14% of the
global population lives in water-scarce regions by 2050. Although desalination has
been used as conventional water providing technology for a long time in the Middle
East and the Mediterranean, it has extensive capacities in the USA, Europe, and
Australia as well. Interest in investment in desalination sector has been extending
beyond these regions of the world which are driven by water stress concerns. Even
though desalination has the potential to increase the water supply in water-scarce
regions, its associated adverse consequences and constraints cannot be ignored. Brine
disposal is the primary environmental consequence that should be considered and
studied when installing a desalination plant. Therefore, essential steps must be taken
to ensure safe and sustainable brine disposal. Implementation of a proper brine dis-
posal method incorporated with a qualified design and construction procedure can
mitigate the destructive effects of the desalination plants on the water environments
and groundwater aquifers. Using solar power as a renewable source can both imi-
tate the environmental impacts of the conventional brine disposal methods and an
increase in the evaporation rate of the solar traditional evaporation ponds. Directing
the brine effluent into the solar saltworks can possibly produce salt, and therefore,
the desalination plant would be zero liquid discharge (ZLD). This method requires
large land areas and thus is only applicable in arid and semi-arid regions where the
evaporation rates are high and the value of the land is low. Also, expensive liners are
needed to avert salt seepage from the soil and the groundwater contamination. If the
evaporation rate is improved, the need for the same amount of land would conse-
quently be reduced. Enhancing the rate of evaporation would have two benefits of the
flexibility to increase the amount of the brine wastewater flows out of an evaporation
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pond and a reduced amount of land that would be needed to achieve the same rate
of evaporation.

Keywords Brine disposal · Solar energy · Environmental impacts · Solar
saltworks · Evaporation enhancement

1 Introduction

People need to use water to protect their lives and health. Therefore, the quality
of consumed water has immense importance to humans [1, 2]. Low water quality
causes many diseases in humans, and however, if fresh and hygienic water is used,
it can prevent the occurrence of such conditions [3–7]. The earth contains about
1.4 × 109 km3 of water covering almost 70% of the planet surface where 97.5%
of which is saline water. Only 2.5% of water on the earth is freshwater and 80%
of which is tucked away in ice caps or trapped as soil moisture where they are not
readily available to people. About 0.5% of the freshwater on the earth is available
and should support the lives of people on the planet. Unfortunately, such a slight
amount is not distributed equally throughout the world and is not available to people
at any time and place, if needed [8, 9].

The primary sources of drinking water which is needed for domestic life, agri-
culture, and industry are rivers, lakes, underground waters, seawaters, atmospheric
water, and fog collection, which are not possible to use because of their high amount
of salt and harmful substances [10, 11]. The rapid growth of population and expan-
sion of industry has increased the demand for drinking water in the world [7, 12,
13]. Globally, around 780 million people do not have access to safe water, 1.1 bil-
lion people do not have the required facilities to make the drinking water better, and
2.6 billion are under improvement [14, 15]. Global dryness and desertification are
expected to deteriorate water problems around the world. Even countries that are not
currently faced with a scarcity of water may have to deal with it in the future. It is
anticipated that by 2030, the demand for water consumption in the whole world will
be about 40% higher than freshwater sources, which is indicative of the intensity
of use [16, 17]. National water scarcity is known by an index that shows per capita
renewable water per year. When the water reserve of a country or a region is lower
than 1700 m3 per capita per year, it is under normal stress. Along with that, if the
renewable water supply is beneath 1000 m3 per capita per year, the area is under
persistent water stress, and it is under absolute water stress when the water supply
is lower than 500 m3 per capita per year [18]. Water scarcity not only adversely
affects human lives on the earth, but also it prevents economic development and
social progress [13, 19, 20]. Therefore, humans, and in particular practitioners in the
water field, should seek to create new and renewable water sources, and desalination
of seawater is one of these solutions [13, 16, 19, 21].
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2 Desalination and Water Security

Definition of water security is reliable access to constant volume andwater quality, as
far as it provides health, property, andproduction to the living creatures and eliminates
the dangers of water scarcity. Sustainable development in any area is not possible
withoutwater [22–24]. Ensuring adequate amounts of clean and safewater to detoxify
humanand ecosystemneeds is one of themost significant challenges encountering the
world; the demand for freshwater increaseswhilemany regions around theworld face
with the reduction in water due to climate changing patterns [24]. Communities must
take all necessary measures to protect the environment by maintaining all possible
water resources [23]. For this reason, human beings need to seek the supply of water
through the recycling of all impure water [22, 25]. Seawater conversion to freshwater
not only meets the needs of the community but also prevents the destructive effect
of climate change on existing water reservoirs [26]. The analysis of Desalination
National Research Council shows desalting is a realistic option for the future water
supply; therefore, nationalwater policies should include the use of seawater resources
for expansion of water resources in countries [23, 27]. Desalination is a procedure
during which salt and other minerals of saltwater are removed, and freshwater is
produced for various consumptions and applications [28]. Desalination is a process
which removes salt andminerals from seawater and provides cleanwater for multiple
uses [23, 28, 29]. Fortunately, desalination has become widespread throughout the
world to protect water resources, and capacity of global desalination has increased
over the past 40 years [27]. Based on the International Desalination Association
(IDA), over 18,400 desalination plants are operating with the production of 86 mcm
(million m3 of water) per day [30–32]. Considering the benefits of desalination,
researchers still believe that it is useful only when all solutions are addressed and
informed. The community should be notified that desalination systems are easy to
use, and currently, using them is the only available solution to deal with the water
shortage crisis around the world [33–43].

3 Environmental Impacts of Desalination

Environmental impacts caused by desalination plants are the most serious issues
that would be exerted by their application. Although much development progress
has happened in desalination industry, there are still concerns about the environ-
mental impacts, including dissipating aquatic organisms and their natural habitats,
decreasing the dissolved oxygen (DO) concentration, and the rising in water temper-
ature, turbidity, and salinity as the consequences of the brine discharge. Therefore,
an acceptable desalination plant should meet the environmental regulations [23, 32,
44–47]. The other adverse influences can also be produced by noise, intensive energy
use followed by an increase in greenhouse gas (GHG) emissions, chemical materi-
als of antiscalants, antifoulants, corrosion inhibitors, defoamers, chlorine, and acids
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which are used as the additives and reaction products which increase the level of met-
als [25, 32]. Among these problems, many considerations have been attracted to the
disposal of the concentrated brine, whose improper treatment would definitely cause
disturbances to the marine habitat and environmentally sensitive regions. Discharged
concentrates have high levels of salinity and may hold low chemicals concentrations
and elevated temperatures [32, 38, 44]. Most of the desalination plants installed
around the world are using fossil fuels as the power source which is not sustainable
anymore because of depletion threats of the accessible energy resources and increases
in GHG emissions [30, 48, 49]. Research and development efforts should consider
that desalination plants are energy intensive, and developing new technologies can
reduce the costs and improve energy efficiency. As a scientific rule, with increasing
the demand for freshwater, there would be significant market potential for renewable
energy systems to drive desalination plants [48, 50, 51].

3.1 Environmental Impact Assessment (EIA)

Environmental impact assessment (EAI) of desalination processes is critical. This is
while that currently, a standardEIA approach to assess andminimize the environmen-
tal impacts of the desalination projects do not exist [51]. The negative consequences
of the desalination facilities can be mitigated by doing an environmental impact
assessment (EIA) and implementing environmental management plans (EMPs) to
make the desalination technology sustainable [46]. The EIA reports discuss that due
to the destructive consequences that the facility has on the environment, the energy
supply, social benefits and political implication, and the proposed mitigation mea-
sures should be considered to reduce issues integrated with the plant [44, 52, 53].
Since the 1990s, life cycle assessment (LCA) tool has been used to enhance the
environmental performance of seawater desalination. The LCA studies of different
seawater desalination techniques revealed that the RO desalination plants have a
lower ecological load compared to thermal techniques of MED and MSF because of
higher energy efficiency and lower primary energy use [54]. Despite the ISO 14000
assessment tool as a standard developed for assessing the environmental behavior
of the desalination plants, applicable and technical solutions to the environmental
impacts are still in their early stage. Some ecological policies should be developed to
determine a threshold for efficiency of the plant to minimize the heat discharge, limit
the capacity driven by backup boilers, motivate to use alternatives power sources,
and develop hybrid desalination systems (such as MSF + RO and MSF + MED) to
increase efficiency and decrease the environmental impacts [55].
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4 RE-Powered Desalination Technologies

Themain feeds for desalination systems are saltywater and energy. Saltwater is abun-
dant in almost infinite resources of the oceans and the seas while power, in contrast, is
finite and relatively expensive [25, 30]. Although desalination is an energy-intensive
method, it has been listed as an “adoption option” by the Intergovernmental Panel
on Climate Change (IPCC) which may be more considerable in arid and semi-arid
regions [26, 56]. Desalination can be considered as a promising option and essential
alternative for water-scarce countries with also several concerns which are mainly
attributed to the energy demands, environmental impacts, economic considerations,
and social and political implications [23, 45, 46]. Using fossil fuels as the power
source of the desalination plants is not sustainable anymore because of exhaustion
threats of the existing energy resources and an increase in GHG emissions as the
primary constraint to the sustainable development [30, 48, 49]. Therefore, the need
for replacing expensive energy sources with alternative energy sources is essential
[42, 57–60]. Producing freshwater using renewable energy powered desalination sys-
tems can also be a sustainable solution to the water shortage in remote areas where
the access to the fossil fuels and the public electric power networks is costly or not
feasible, and also there are severe water shortages [60–63].

Currently,many desalination systems around theworld areworking based on solar
thermal, solar photovoltaic (PV), wind, tidal, and geothermal as the most proven
techniques to produce freshwater from both seawater or brackish water [42, 60,
64–66]. Totally, RE-powered desalination technologies fall into two broad categories
of thermal desalination (driven by solar thermal energy or geothermal wells). The
mechanically or electrically operated processes such as RO and ED also powered
either by PV, wind or hybrid solar/wind [40, 41, 64]. Selecting the most proper RE-
driven desalination technology depends on several parameters such as the plant size,
feedwater salinity andquality of the producedwater, availability of an electricity grid,
technical subtraction, potential of the renewable energy source, and its operation cost
[42, 67]. Based on the “Center for Renewable Energy Sources” (CRES) data, around
150 stand-alone RE-powered desalination plants have been implemented worldwide
for brackish and seawater desalination [68].

4.1 Solar Desalination Technologies: An Overview

The most common renewable energy sources integrating with desalination plants
are solar, wind, and geothermal that nearly 57% of the renewable energy powered
solar energy has occupied the desalination market. Solar energy is the best solution.
Although solar desalination plants have low operation andmaintenance costs, require
high initial costs and large installation areas [69, 70]. However, solar energy is still the
best solution especially for remote areas in arid and semi-arid regions (like theMiddle
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East and Arab Nations), and solar desalination is the most promising applications of
renewable energies [59, 69–71].

Solar-powered desalination technologies are classified into direct and indirect
technologies. The most well-known technique based on direct use of solar energy is
solar distillation. The direct technologies inwhich evaporation and condensation both
take place in the same subsystem are more appropriate for small communities where
the freshwater demand is lower than 200 m3/day [37, 30, 72]. In indirect methods,
the plant is divided into two primary subsystems of the solar collector(s) and the
desalination unit [37, 72, 73]. In such systems, solar energy received by photovoltaic
(PV) modules or solar thermal collectors is consumed by the desalination unit [37].

5 Brine Disposal Management

Desalination plants produce two main streams of freshwater and concentrate (or
brine). The most destructive environmental issue integrated with desalination pro-
cesses is their surplus of brines. Using a cost-effective and eco-friendly concentrate
management method can be a notable concern in the widespread global use of desali-
nation plants. Implementation of a proper brine disposal method incorporated with
a qualified design and construction procedure can mitigate the destructive effects of
the desalination plants on the surface water bodies and groundwater aquifers. This
is because the higher efficiency of the desalination plant the lower the associated
environmental impacts [44, 47, 51, 54, 55]. A survey on the environmental issues
of the desalination plants shows that the vast majority of the researches has been
focused on the influence of brines on physicochemical attributes of the receiving
environments [74]. The brine disposal streams cannot be left on land because of the
dangerous effect they cause on the groundwater. Therefore, a natural disposal site
for them is the sea. However, a suitable technology is required to ensure the correct
dispersion of the brine streams and, therefore, eliminates their adverse effects on the
marine habitat [47].

5.1 Brine Physicochemical Characteristics

Salt is a mineral which is essential to the health of human and other animals. More-
over, salt can be a raw material of chemical industry such as sodium hydroxide
(NaOH) and sodium carbonate (Na2CO3) production or can be a source of the build-
ing materials [32, 75]. About 10% of salt is also needed for road de-icing, production
of cooling brines, and the other smaller applications [76–78].
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5.2 Brine Disposal Cost

Brine disposal imposes high value of the expenses from 5–33% of total desalination
cost. These costs depend on the brine characteristics, which itself directly depends on
the feed water quality, desalination technology, recovery percent, chemical additives,
and the method which is implemented for disposal. Disposal costs are higher for
inland desalination plants in comparison with the plants discharge the brine into the
sea [78, 79].

5.3 Environmental Issues of Brine Disposal

Thermal desalination technologies like MSF and MED tend to have the most signifi-
cant impact regarding the temperature as a destructive impact since they can dispose
of brines 10–15 °C warmer than the oceanic intake waters. While RO technology is
continuously more common and tends to produce ambient temperature plumes [74].
The brine stream generated from seawater RO (SWRO) plants can have double salin-
ity level in comparison with the intake water, while distillation processes produce
the brine stream which may have only a salinity of 10% higher than the intake water.
When a dense brine stream is disposed into the water with lower salinity, the brine
tends to sink. This tendency causes problems for the marine environment [44].

The concentrate rejected from membrane desalination processes has been char-
acterized by high salinity as well as organics, metals, different amounts of viruses,
colloids, bacteria, cysts, and particulates which are concentrated by the membranes.
Moreover, the brine may contain various chemical materials used in the pre- and
post-treatment stages, including various de-fouling and anti-scaling materials (such
as polymers and polyphosphates of sulfuric or maleic acid), acidic materials used
for lowering the pH values, and chemicals utilized to avert membrane deterioration
[80]. The high salinity of the brine effluent with raised levels of sodium, chloride,
and boron can decrease soil productivity and increase its salinization threat. In addi-
tion, it can change the electrical conductivity of the soil by modifying the sodium
adsorption ratio (SAR) and induce specific ion toxicity [81]. Extra impacts are irri-
gation and rainwater runoff increase, deficient aeration, and salts leaching decrease
from root zone because of the imperfect permeability. Heavy metals and inorganic
compounds accumulated in the soil and groundwater reservoirs may also result in
long-term health issues [82].

5.4 Brine Disposal Methods

The usual way of dealing with brine effluent from desalination plants is disposing of
it. The direct discharge of the brine causes the most prominent effects on receiving



32 S. Gorjian et al.

waters such as eutrophication, variations in pHvalue, heavymetals accumulation, and
sterilizing properties of disinfectants [32, 80, 81]. There are severalmethods available
for brine disposal, but choosing the most suitable one depends on the several factors
including quantity and quality of brine, discharge location, the admissibility of the
option, environmental regulations, capital and operation costs, and public acceptance
[44, 47, 83].

An effort is needed to notify the general public and policy makers on short- and
long-term environmental impacts of the brine stream discharge into the sea. This
effort assists to raise the public consciousness on environmental destructive effects
resulted from brine disposal and leads to approve new environmental regulations in
the countries where they require [84]. In general, there are twomain options for brine
treatment: reduction of the brine volume and elimination of specific components. The
first one can be carried out by using the evaporation ponds, electrodialysis (ED) sys-
tems, or distillation devices. This option causes sludge or solid waste that may be
reused later. The latter option can be done by implementing activated sludge, oxi-
dation procedures, and ion-exchange (IE) or adsorption processes. Then, the treated
waste can be reused or discharged in surface or ground waters [80]. However, the six
most common ways of brine disposal can be specified as disposed into surface water
and submerged, using sewer system blending (in front and end of the wastewater
treatment facility), land applications, deep well injection, using evaporation ponds,
and employing zero liquid discharge (ZLD) systems [38, 44]. The most common
brine disposal techniques, their environmental concerns, and mitigating methods are
presented in Table 3. Another system that has been used to decrease the environmen-
tal impacts of the brine disposal is making the brine diluted. This can be done by
cooling waters of the power plant, seawater, or municipal wastewaters to minimize
salinity before release [81]. In addition, cost plays a vital role in the choice of a
proper method of the brine disposal. The cost of disposal extends from 5 to 33%
of the total desalination cost for all processes. The cost of the disposal depends on
parameters of brine effluent characteristics, treatment level before disposal, means
of disposal, the brine volume, and the nature of the environment where the brine
disposal is carried out [79]. The cost associated with brine disposal of the inland
desalination plants is significantly higher than the coastal plants depend on the brine
salinity. Since the brine discharged from desalination plants with groundwater, feed
water has less salinity than those released from the desalination plants with seawater
feeding [81].

5.4.1 Surface Brine Disposal

Surface disposal is the most usual method of brine disposal. This method includes
disposal of the brine into the freshwater bodies of the lake, rivers, and coastal waters.
As the brine effluent enters the intake water, it produces a high salinity plume which
floats, sinks, or fixates in water depends on the density of the concentrate [83].
The brine can also be diluted by efficient blending, utilizing diffusers, or within
mixing zones before surface disposal. Without making the brine diluted, the plume
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may broaden for hundreds of meters over the mixing zone, damaging the ecosystem
[44]. On the other hand, the brine may also have benefits in some cases. This can be
explained as seawater generally containing sixty elements from the periodic table that
someof themare rare and costly.Recently, attentions havebeen focusedon recovering
the precious metals from the rejected brine, taking benefit of their comparatively
high levels in concentrated brines [78]. It has been investigated that for flow rates
higher than 5000 m3/day, extracting at least one of the chemical elements of sodium,
potassium, magnesium, calcium, strontium, chloride, bromine, and rubidium could
be beneficial, but extraction practicability is strongly dependent on the element price
and purity of the final product [85].

However, metal recovery technologies are not still mature enough to compete
with conventionalmethods. This technologyneedsmore investigations to enhance the
extraction steps performance andgain a sufficient development level to be constructed
at an industrial scale [78]. Brine streams produced from desalination plants can also
be used for irrigating halophytes, which endure a salinity of up to 35,000 ppm, or
can be utilized to produce oilseeds and grains [75].

5.4.2 Submerged Disposal

Submerged disposal is the act of disposing the brine into the underwater which
includes brackish waters or estuarine environments. The method is carried out by
using lengthy pipes that expand far into the ocean [44, 83]. In submerged disposal
method,most at threat are the benthicmarine organisms living at the bottomof the sea.
By increasing the salinity, the ecosystem will be disrupted, leading to dehydration, a
decrement in turgor pressure, and death [83, 86]. If the desalination plant is located
in a crowded region, coastline disposal may cause a problem due to the mixing zone
interference with the beach. This is mainly significant during the days that the sea is
calm [44].

5.4.3 Deep Well Injection

Deep well injection brine disposal method is the practice that brine injects into the
aquifers, which are not using for drinking water. The depth of such injection wells
ranges from0.2 to 1.6miles under the surface of the earth [25]. Implementing the deep
well injection method is not applicable in many locations because of the geological
situations and regulatory restrictions [44]. To prevent freshwater be contaminated,
the injection wells must be parted from the aquifers developed for the purposes
of drinking water. Therefore, a monitoring system should be installed across the
injection wells, and they should be regularly checked by the operators to detect any
changes in the quality of groundwater [79]. In addition, deep injection wells should
be tested for their durability under pressure and for leaks to prevent the contamination
of the adjacent aquifers. The mentioned limitations raise the whole cost and reduce
the tendency for using this method [44].
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5.4.4 Zero Liquid Discharge (ZLD)

Zero liquid discharge (ZLD) is a strategy for the management of the wastewater that
eliminates the liquid waste and enhances the water use efficiency [87]. The ZLD
method as the most promising technique resolves two environmental severe issues
of the desalination plants by reusing the concentrated brine effluent and producing
freshwater and salt. The ZLD technique uses evaporation mechanism to turn liquid
brine into a dry solid. Therefore, solid waste will be discharged instead of concentrate
disposal [44, 88]. Although the ZLD decreases water contamination and enhances
the supply of water, the technique is costly and intensive energy consumption [87].
The ZLD technique leads to a cost-effective brine concentration by removing water,
which can be then recycled. The remaining waste would be a semi-dry to dry solid
which can be further processed for salt production [88, 89]. The ZLDmethod can be
considered as the only choice for areas where neither deep well injection nor surface
water is applicable or impermissible. The solid waste produced by the ZLD process
can be maintained in a landfill or leaching chemical into the groundwater which may
pose issues if the landfill is not designed properly [44].

6 Solar-Assisted Brine Disposal Techniques

Solar energy is known as one crucial and inexhaustible source of free power in the
world which can be harnessed for salt precipitation especially in locations with desir-
able climate and high potential of solar radiation [32, 90]. Many mineral industry
processes (such as fractional leaching and crystallization) use solar applications.
These applications constitute the central portion of the chemical processing used
in salt production from brine [90]. Solar evaporation is widely used in salt mining
method to harvest salt from seawaters or saline waters [91]. The solar evaporation
ponds are efficient systems to produce different salts include sea salts and lithium
salts, which can also be used for management of the brine ejected from inland desali-
nation plants [90].

6.1 Solar Saltworks

To avoid potential adverse impacts from disposing brine into the sea, the option of
leading the brine effluent into a solar saltwork can be a viable to have a zero discharge
desalination plant, and at once, probably produce a beneficial product of salt [92, 93].
The solar salt production is one of the most effective uses of solar energy, and evap-
oration methods are the most appropriate techniques for brines concentration since
their usage allows to get a solidwastewhich is easier to be picked up and a disinfected
liquid flow that can be directly depleted or even reused [94]. In the field of inorganic
chemistry, solar salt production is indeed a remarkable and uniquely efficient process.
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Solar saltworks also known as solar salterns or solar evaporation ponds are human-
made systems composed of a series of interconnected shallow ponds through which
seawater or brine discharge from desalination plants evaporates using wind and solar
radiation. Solar evaporation ponds are one of the mature methods considered as a
general solution for disposal of the brine especially for inland desalination plants in
semi-arid and arid regions due to solar energy abundance [76, 79]. In downstream
flow, salts with lower solubility in comparison with NaCl precipitate at different
salinity levels. In the way that calcium carbonate (CaCO3) firstly drops out at TDS
values of about 100–120 g/L, followed by calcium sulfate (CaSO4) at TDS values of
almost 180 g/L. At last, sodium chloride (NaCl) precipitates in the crystallizer ponds
at TDS values of about 300–350 g/L [93].

Saltworks are more suitable to be constructed in arid or semi-arid regions with
higher temperature values and solar radiation potential. Thefirst pondof the saltworks
is fed with brine usually via pumping. As the brine flows from pond to pond, its
concentration rises continuously through natural evaporation. It is clear that the
natural evaporation rate is affected by the dominant microclimate of the location,
such as wind speed, solar radiation, rainfall, ambient temperatures, humidity, and
longevity of the sunshine hours [95]. A little before the water be saturated with NaCl,
the brine enters the crystallizer ponds where evaporation continues, and the liquid
above the salt is periodically evaporated so that 5–20 cm of the salt is deposited on the
floors. Then, the remained salt is removed, washed and stockpiled and marketed. In a
well-functioning and adequately managed solar saltwork, the purity of the harvested
salt may exceed 99.7% on a dry basis, which is comparable with vacuum salt purity
[81, 94, 96].

About one-third (about 200 × 106 ton/year) of the worldwide salt is produced
by solar evaporation of seawater or inland brines [76]. Regarding capacity, solar
saltworks can produce salt in the range of 500–6 × 106 ton/year. If a saltwork is
properly managed, salt production would be eco-friendly, and both the saltwork
and the environment would be mutually beneficial [96]. The saltworks are divided
into two principal groups of continuous and seasonal based on the duration of the
operation. The first type holds a salinity gradient inside the ponds and produces
salt throughout the year constantly while the second type, in addition to keeping a
salinity gradient, produces only the salt in summer seasons [76]. Solar salterns can
also act as saline wetlands integrated into coastal aquatic ecosystems that combine
remarkable environmental heterogeneity with a sharp salinity gradient [76, 97]. In
addition, planktonic and benthic communities of marine organisms as a biological
system can be developed in company with the increase of the salinity gradient in the
saltwork’s evaporation ponds and crystallizers that can facilitate or deteriorate salt
production [76, 95]. It is recommended to consider the three following components
to design a successful solar saltworks [76]:

• Regarding the climatic and geological conditions, sea water quality and the
mechanical design and operation of the saltworks.



36 S. Gorjian et al.

• Understanding and managing the nutrients metabolism inside the solar saltworks
as an open environmental system to achieve the goals of production capacity and
quality of salt crystals.

• Employing a salt purification process that purifies the salt crystal surface thor-
oughly with minimum consumption of utilities and minimum of losses.

6.1.1 Other Applications of the Saltworks

The saltworks can also be used for cultivating brine shrimps as has been used in
Australia. Saltworks are the ideal locations for the production of brine shrimps since
no food competitors and predators can survive at these high levels of salinity, resulting
in a monoculture under natural environmental conditions [98]. Due to the existence
of the concentrated brine effluent, evaporation ponds can also offer an environment to
develop tilapia species aquaculture or Spirulina cultivation [99], salt harvesting, beta-
carotene production, bitterns recovery, and linking to the salinity-gradient solar ponds
to generate electricity [79]. As an example, the San Francisco Bay as a shallow bay
contains several salt evaporation ponds accountable for producing a large value of the
industrial salt ofAmerica.The exhibitive colors are becauseof altering concentrations
of algae, brine shrimp, and other pond life which have made the ponds appear as if
they have been dyed [100].

6.1.2 Pros and Cons of the Saltworks

Based on the studies have recently been conducted on solar evaporation ponds in
Saudi Arabia, it has been found that under the specific environmental conditions with
high levels of solar radiation and wind speed and also in high production volumes
of the brine, solar ponds can act relatively efficient [77]. Mickley et al. [101] listed
several pros for disposal of the brine from desalination plants employing evaporation
ponds. They indicated that evaporation ponds are almost easy to be constructed and
require low maintenance and little attention from the operator. Those solar saltworks
used for membrane concentrate disposal are most applicable for smaller volumes of
the brine streams and regions with a relatively warm and dry climate with high rates
of evaporation [79, 102]. This method often needs large land areas and, therefore, can
only be operable in arid and semi-arid environments with high levels of evaporation
rate and low prices of land.

If the saltworks are not designed and constructed correctly, they would not be
impermeable, and therefore, the pond’s water leakage may cause negative effects on
the ground waters and surface waters in the circumambient wetlands resulting harms
to ecological, recreational, and aesthetic value because of deficient water quality
[102]. Many evaporation ponds used in agricultural applications have clay liners
which are mainly made of polyvinyl chloride, high-density polyethylene, butyl rub-
ber, and Hypalon. Nevertheless, clay liners with low penetrability will significantly
reduce the costs of construction, and a small number of leakages are also expected



Feasible Solar Applications for Brines Disposal in Desalination … 37

[78]. On the other hand, they have been criticized since they are not able to recover
the evaporated water, and the process productivity is absolutely low (about 4 L/m2

day) [81]. Also, the quality of the produced salt is highly variable and uncontrollable
since they are principally used as animal feed supplements, fertilizers, and leather
tanning and textile production for industrial uses. The other disadvantage is that the
salt can be harvested only in hot and dry seasons, almost from February to April, and
July to September in each year when a remarkable amount of energy is necessary to
heat the brine in salt pans [103].

The direct cost of the brine disposal using solar saltworks has been estimated to
be 0.56 US$/m3, but this method is the only way which allows for resource recovery.
Despite the direct cost, indirect cost of the brine disposalwith thismethod is uncertain
and mainly depends on the probable environmental damages [104]. The mentioned
cons of the saltworks can lead to a significant decrease in using them in brine disposal.
A survey conducted byMickley in 2000 showed that from approximately 85% of the
utility-scale desalination plants (with the size > 189m3/day) installed in theUSAonly
6% of them used solar evaporation ponds for disposing brine effluents in between
the years of 1992 and 2000 and only 2% after 1993 [94]. However, following the
associated engineering standardswill reduce the probable threats, whilemanagement
plans will augment confidence that basin operators can mitigate the environmental
threats [79].

6.1.3 Structure Design Standards

At the present, the salts can be recovered by using solar evaporation ponds frommore
than 10,000 salt pans located throughout the surrounding of the lakeswith area differs
from less than 24 m2 to around 400 m2 and in depth from 0.3 to 1 m [103]. Solar
evaporation ponds would bemore effective if they are intersected intomultiple ponds
based on the “sequential pond theory.” The analysis based on this theory indicated
that the ponds subdivision causes to lower average brine concentrations in the pond
that result in higher rates of evaporation mean higher rates of production [105].
The deposition sequence of crystallized salts from the saline water evaporation is as
follows: The first salt is settled in the form of CaCO3 (calcite), then CaSO4 (gypsum)
and afterward NaCl (halite) are formed [105]. In general, halite and carnallite (KCl
MgCl2 6H2O) are the final salts which are crystallized and deposited along with
a little amount of MgSO4 6H2O. Therefore, it would be the best if some small
evaporation ponds are fabricated and connect together to each other by pipelines
follows by crystallization ponds, sincemanaging the small ponds are easy specifically
in windy situations where wave action can hurt the levees needing high costs for
maintenance [79, 105]. Suitable sizing of an evaporation pond straightly depends on
the precise calculation of annual evaporation rate. The evaporation rate specified the
required surface area whereas the estimate of depth depending on surge capacity,
water, and salt storage capacity. Based on the literature, the optimum depth of the
ponds is ranging from 25 to 45 cm to maximize the evaporation rate [79, 106].
The mentioned crystallization sequence is directly affected by the temperature of
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the brine. This, sequentially, is specified by the concentration of the brine, ambient
cycling temperature of day-night, wind states, the depth of the brine, and rate of
the evaporation [105]. Several parameters influence the evaporation rate from free
surfaces of water. At the higher temperature of water, there is also a higher possibility
for vapor production. On the contrary, the air receptivity collected above the water
surface reduces with air temperature increase due to the high vapor pressure of the
air. By considering the other parameters constant, evaporation (E) is directly affected
by the difference between the saturated vapor pressure at the temperature of water
and the vapor pressure of the air as follows [107]:

E � c(es − ea) (1)

where es and ea are vapor pressures of the water surface and of the overrunning air,
respectively, and c is a constant.

The evaporation rate reduces even more steeply when forming a crust preventing
active water molecules from escaping into the air. Thus, the coating also efficiently
retards evaporation much as would a molecular film used in evaporation suppression
[107]. A standard evaporation pan (Class A pan) is extensively employed to measure
the evaporation rates of the pan. To define the latter’s evaporation rate, it is multiplied
by a pan coefficient [108]. The evaporation rate is directly affected by the salinity
of the feeding water since the increase in salinity will decrease the evaporation rate.
The evaporation rate of 0.7 was suggested by Mickley et al. [101] by considering the
effect of salinity.

An ideal evaporation pond must have the capability to accept the rejected brine at
any time under any condition. The following formula has been proposed to calculate
the open surface area of an evaporation pond [79]:

Aopen � Vreject × f1
E

(2)

where Aopen is the open surface area of the evaporation pond (m2), V reject is the reject
water volume (m3/day), E is the evaporation rate (m/day), and f 1 is a safety factor
to permit for evaporation rates lower than average. The pond will store the rejected
water during winter. Therefore, the required minimum depth for storing the water
volume is calculated as follows [79]:

dmin � Eave × f2 (3)

where dmin(m) is the minimum depth, Eave (m/day) is the average evaporation rate,
and f 2 is a factor that shows the winter length effect. A freeboard (depth above the
surface of the normal reject water) should also be considered since rainfall and low
evaporation periods do not make a rejected brine to pour out of the pond. Thus,
200 mm freeboard is suggested. The pond should be located at the direction of the
predominant wind to dissipate wave damage [79]. In order to make the bank erosion
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minimized, an inside slope of 1:5 has been suggested while the outside bank can be
fabricated at a slope of 1:2.

Suitable site selection is also another critical parameter since the ponds placed
in light and loose soils cause leakage causing salts to move into the groundwater
[79]. As has been seen from the studies carried out on solar ponds, for deep bodies
(with the depth of 2–6 m) the salts crystallize in a slow, low temperature, and more
isothermal way. For shallow bodies (<2 m), the evaporation is alternately rapid, and
day-night crystallization impacts are more notable [105].

Raising the temperature of water in the solar pond increases the evaporation rates
which lead to increase in vapor pressure difference between the atmosphere and
water surface, decreasing surface tension or the bonds between the water molecules
that finally can increase the evaporation rate and consequently the productivity of
the pond. The other options are increasing the surface area exposed to air, increasing
the wind speed, surface roughness, and stirring the pond [79, 102].

6.2 Enhanced Solar Evaporation Ponds

Raising the brine evaporation rate in solar saltworks not only can decrease energy
costs and improve the efficiency, but also provide an appropriate processing envi-
ronment [103]. Till now, several experimental works and theoretical analysis have
reported the use of solar energy for enhancing the brine evaporation in solar salt-
works in the literature. The reported results have shown that the efficiency of the
solar evaporators is directly depended on the optical absorptivity of the saline water
[103]. Several researchers have studied the possibility of adding dye to the brine
and saline water to maximize the absorption of solar energy and, therefore, increase
the water temperature results in lower surface tension, higher saturation vapor pres-
sure, and subsequently higher evaporation rate. The researchers recommended the
addition of three and a half dye grains per cubic foot of volume of the brine [109].
Collares-Pereira et al. [110] developed and tested a prototype based on a passive solar
dryer for a MED desalination plant brine salt harvesting. A numerical model was
also developed to describe the brine evaporation process inside the advanced solar
dryer (ASD). A primary prototype composing of a covering evaporation channel was
fabricated and the operation conditions were monitored.

In their work, the preliminary ASD prototype was modified to the final design of
the prototype to be installed at Lesvos. The final salt production results compared
to traditional saltwork and were used to validate the simulation model. Zeng et al.
[90] demonstrated a new way to increase solar evaporation rate in saltworks by
using floating Fe3O4/C magnetic particles as the light-absorbing materials. These
500 nm particles were synthesized using carbonization of polyfurfuryl alcohol (PFA)
incorporated with nanoparticles of Fe3O4. The Fe3O4/C nanoparticles were floatable
on water due to a bulk particle density of 0.53 g/cm3 and being hydrophobicity. The
results showed that Fe3O4/C particles improved the evaporation rate up to 2.3 times
and evaporation of 3.5% salt water.
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O’Reilly [111] developed a pilot-scale collector plate to assess the capabilities
of the collector in enhancing the evaporation rate. To increase the evaporation rate
of synthetic brine wastewater, a 14-month experimental program was undertaken to
assess the ability of the unit under different operational parameters. The evaporation
rate enhancement was investigated under themeteorological parameters of solar irra-
diation, ambient temperature, wind velocity, and relative humidity with film heights
of 0.15, 0.2, and 0.3 mm and brine concentrations of 3.5, 7.0, and 12.5% NaCl of
the brine. The final results showed that in relative humidities less than 40%, received
solar radiationmore than 20MJ/m2/day, constant wind velocities from 1.1 to 1.3m/s,
and average daily ambient temperatures higher than 25 °C results in evaporation ratio
enhancement between 2.0 and 3.0 in brine concentrations up to 7.0% NaCl.

The solar evaporative crystallization process was studied by Kasedde et al. [103]
at Lake Katwe by evaluating brine evaporation rates and thermal efficiency of the
system. In addition, an analysis was done to evaluate the probability of incensement
in productivity of the solar evaporation ponds by implementing of a parabolic solar
concentrator. Final results indicated that the evaporation rates of the brine and the
salt pan temperature are directly affected by weather conditions of the location.

The system composed of a solar concentrator, a tank for storing the working fluid,
and a heat exchanger (HE). In the proposed system, incoming solar radiation was
turned to the heat via the concentrator. The working fluid is circulated among the
receiver’s tube where it absorbs heat and transfers it into the storage tank. The hot
working fluid is then transferred to the HE. In the HE, the heat was transferred to
the brine which is pumped from the pan. The hot brine is then sprayed back over the
open surface of the salt pan at temperatures which are higher and, therefore, causing
the evaporation rate enhancement.

The evaporation rate could also be increased by locating light-absorbing agents
on the surface or bottom of the solar ponds. Till now, several materials include
different dyes, blackened wet jute cloth, plastic bubble sheets in black color, black
rubber, and floating porous plates, etc. have been used to enhance the evaporation
rate, but using these materials is quite limited. Horri et al. [112] have studied the use
of solar light-absorbing carbon–Fe3O4 particles and reported that they can enhance
the evaporation rate by 230%. In their work, the evaporation process was enhanced
by the hydrophobic floating light-absorbing porous materials was mathematically
modeled, and thermal energy loss mechanisms were mathematically expressed. The
result showed that by employing 0.045, 0.023, and 0.015 g of the light-absorbing
material, the evaporation rate increases by approximate factors of 2.3, 2, and 1.8,
respectively.

6.3 Salinity-Gradient Solar Ponds

A salinity-gradient solar pond (SGSP) is a body of water which is warmed by absorb-
ing solar radiation and because of its specific structure can supply longstanding heat
storage. The SGSPs differ from the most natural bodies of water since they are strati-
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fied artificially, and so, the bottom temperature of the ponds is higher than the surface
[113]. An SGSP accumulate solar energy in the form of heat and stores it with the
stability which is kept by the salt [114].

6.3.1 Working Principle of the SGSPs

The SGSPs are fabricated for deposit of salts and high concentrate brines so that
salts like magnesium chloride (MgCl2), sodium nitrate (NaNO3), sodium sulfate
(Na2SO4), and NaCl, etc. are precipitated at the base of the pond [105, 114]. A
typical SGSP is mainly comprised of three individual layers [113]: upper convective
zone (UCZ), non-convective zone (NCZ), and lower convective zone (LCZ) [115].As
can be seen in the figure, UCZ and LCZ have the unite and fixed temperature and salt
concentrations, while in NCZ, these increase with depth [114]. The UCZ is a rather
thin layer of water with a little salt concentration which is instantly connected to the
above-collected air and, therefore, is at the ambient temperature. The NCZ keeps the
upper and bottom layers thermally separated from each other. The NCZ is likely the
most dominant layer in the pond since it represses total convection inside the pond.
The salt content in this layer is higher, and it is denser than the upper layer [113,
116]. The LCZ has a high salt gradient that sustains the fluid inside the pond and is
heated by absorbing solar radiation. The LCZ attains the highest temperature inside
the pond [113, 115]. To keep the salt gradient constant, freshwater should be added
from the top and the concentrated brine from the bottom of the pond simultaneously
[114].

In UCZ, almost 45% of receiving solar radiation is absorbed, and the rest is lost in
the form of evaporation, convection, and reflection. In NCZ, because of the existence
of salinity gradient, the warmer water cannot ascent to the surface and cools down as
in a normal pond, and thus, heat losses happen only because of heat conduction [114].
Depending upon the NCZ thickness, about 15–25% of the solar radiation absorption
occurs in this layer. By having a blackened surface at the bottom of the pond, up to
40% of the whole received solar radiation can be absorbed by LCZ, and thus, the
temperature of this zone ranges from 80 to 90 °C [113, 114, 116].

Due to the mentioned heat transfer mechanisms in an SGSP, the evaporation rates
are more significant than those occurring in natural water bodies. Besides, one of
the disadvantages of the solar ponds is losing the water since it evaporates which is
linked to the heat losses from the pond surface [113].

6.3.2 Applications of the SGSPs

The stored energy in SGSPs can be used for appropriate thermal applications include
desalination, refrigeration, process heating, drying, and solar power generation [105,
114, 117]. Temperature levels higher than 80 °C can be gained inmany SGSPs around
the world. Moreover, the collected energy in these ponds can also be utilized for low-
temperature applications such as air and water heating [113, 115]. In general, the
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brine discharge from the desalination plants, such as membrane filtration and ED,
can be reused to recharge the pond. In addition, a thermal desalination technique can
also be used to treat the brine concentrate rejected from desalination plants (such as
MSF/MED). The brine discharge from the thermal desalination plants can be fed to a
brine concentrator which makes a slurry composed of saturated brine and crystals of
the salt [117]. Both thermal desalination plants and brine concentrator can be powered
by the thermal energy derived from the SGSPs. In this case, the brine discharge from
the desalination plants can add to the pond capacity be recharging the solar pond. Such
system addresses two serious environmental impactswhich include brine concentrate
reuse and a sustainable energy source supply for desalination processes [117, 118].
The use of an SGSP will be favorable if low-cost land and arid climate are both
available since the production depends on the location of the ponds. The studies
have proved that the SGSP’s efficiency is between 10 and 30% if the temperature
of the storage zone is 40–80 °C [114]. However, due to increases in the demand of
some salts and an increase in operating and capital costs, it has been forced to give
a more scientific focus for design and operation of SGSPs [118].

7 Conclusion

Water is an essential element for animals and human activities. Freshwater production
has become a global concern for several communities, estimated population growth
and integrated demand overpass currently accessible water resources. As a result of
rising interest in desalination, the concernment about the probable environmental
impacts has also grown since the brine discharge has higher potential to adversely
impact on ecological and physicochemical properties of the receiving environments.

This chapter has reviewed the sustainable brine disposal methods with more focus
on solar-assisted technologies. Several commercial ways are now implementing
worldwide to harvest salt from brine effluent discharge from the desalination plants.
Using solar energy as a renewable source of power can both imitate the environmen-
tal impacts of the conventional brine disposal methods and enhance the evaporation
rate of the solar evaporation ponds.

Evaporation pond is relatively easy to construct and operatewithminimalmechan-
ical or operator input. The ponds should spread over large surface areas to increase
the evaporation rate. If the rate of evaporation be enhanced, the need for the same
amount of land would be reduced. An enhanced rate of evaporation would have
two advantages: the flexibility to increase the amount of brine wastewater “pushed”
through an evaporation pond, and a reduced amount of land that would be needed to
achieve the same rate of evaporation.



Feasible Solar Applications for Brines Disposal in Desalination … 43

References

1. Tansel B (2008) New technologies for water and wastewater treatment: a survey of recent
patents. Recent Patents Chem Eng 1(1):17–26

2. Ambashta RD, Sillanpää M (2010) Water purification using magnetic assistance: a review. J
Hazard Mater 180(1–3):38–49

3. Ackah M, Agyemang O, Anim AK, Osei J, Bentil NO, Kpattah L, Gyamfi ET, Hanson
JEK (2011) Assessment of groundwater quality for drinking and irrigation: the case study of
Teiman-Oyarifa community, Ga East municipality, Ghana. Proc Int Acad Ecol Environ Sci
1(3–4):186–194

4. Huang X, Sillanpää M, Duo BU, Gjessing ET (2008) Water quality in the Tibetan Plateau:
metal contents of four selected rivers. Environ Pollut 156(2):270–277

5. Ferguson CM, Charles K, Deere DA (2008) Quantification of microbial sources in drinking-
water catchments. Crit Rev Environ Sci Technol 39(1):1–40

6. ZhangY, LoveN, EdwardsM (2009) Nitrification in drinkingwater systems. Crit Rev Environ
Sci Technol 39(3):153–208

7. Ahmed MI, Hrairi M, Ismail AF (2009) On the characteristics of multistage evacuated solar
distillation. Renew Energy 34(6):1471–1478

8. MacLaughlin C (2000) IDA worldwide desalting plants inventory. International Desalination
Association, USA

9. El-Dessouky HTHT, Ettouney HMHM (2002) Fundamentals of salt water desalination. Else-
vier

10. Zhang W, Jiang F, Ou J (2011) Global pesticide consumption and pollution: with China as a
focus. Proc Int Acad Ecol Environ Sci 1(2):125

11. Hietanen J (2016) Environmental impacts of desalination technologies
12. Kargari A, Shirazi MMA (2014) Water desalination: solar-assisted membrane distillation. In:

Encyclopedia of energy engineering and technology, vol 4. CRC Press, USA
13. Marcovecchio MG, Mussati SF, Aguirre PA, Nicolás J (2005) Optimization of hybrid desali-

nation processes including multi stage flash and reverse osmosis systems. Desalination
182(1–3):111–122

14. Kaur V, Mahajan R (2016)Water crisis: towards a way to improve the situation. RituMahajan
Int J Eng Technol Sci Res IJETSR 3(6):2394–3386. www.ijetsr.com

15. DasR,Hamid SBA,AliME, Ismail AF,AnnuarMSM,Ramakrishna S (2014)Multifunctional
carbon nanotubes in water treatment: the present, past and future. Desalination 354:160–179

16. Karagiannis IC, Soldatos PG (2008)Water desalination cost literature: review and assessment.
Desalination 223(1–3):448–456

17. Dore MHI (2005) Forecasting the economic costs of desalination technology. Desalination
172(3):207–214

18. FalkenmarkM,Widstrand C (1992) Population and water resources: a delicate balance. Popul
Bull 47(3):1–36

19. Fritzmann C, Löwenberg J, Wintgens T, Melin T (2007) State-of-the-art of reverse osmosis
desalination. Desalination 216(1–3):1–76

20. Sousa P, Soares A, Monteiro E, Rouboa A (2014) A CFD study of the hydrodynamics in a
desalination membrane filled with spacers. Desalination 349:22–30

21. Azimibavil S, Dehkordi AJ (2016) Dynamic simulation of a multi-effect distillation (MED)
process. Desalination 392:91–101

22. ElimelechM, PhillipWA, Service RF, ShannonMA, Schiermeier Q, FritzmannC, Lowenberg
J, Wintgens T, Melin T, von Medeazza GLM, Dreizin Y, Tenne A, Hoffman D, Tal A, Semiat
R, Busch M, Mickols WE, Spiegler KS, El-Sayed YM, Stoughton RW, Lietzke MH, Stover
RL, Zhu AZ, Christofides PD, Cohen Y, Song LF, Wilf M, Lee KP, Arnot TC, Mattia D,
Larson RE, Cadotte JE, Petersen RJ, Paul DR, Geise GM, Park HB, Sagle AC, Freeman BD,
McGrath JE, Glater J, Hong SK, ElimelechM, Holt JK, Majumder M, Chopra N, Andrews R,
Hinds BJ, KumarM,GrzelakowskiM, Zilles J, ClarkM,MeierW, Corry B, FalkK, Sedlmeier

http://www.ijetsr.com


44 S. Gorjian et al.

F, Joly L, Netz RR, Bocquet L, Johnson J, Busch M, Ostuni E, Chapman RG, Holmlin RE,
Takayama S, Whitesides GM, Kang S, Asatekin A, Mayes AM, Elimelech M, Elimelech M,
Zhu XH, Childress AE, Hong SK, Jiang SY, Cao ZQ, Siegers C, Biesalski M, Haag R, Callow
JA, Callow ME, Park HB, Freeman BD, Zhang ZB, Sankir M, McGrath JE, Zhou MJ, Cath
TY, Hancock NT, Lundin CD, Hoppe-Jones C, Drewes JE, Kim SJ, Ko SH, Kang KH, Han J,
Gilron J, Song LF, Sirkar KK, McCutcheon JR, McGinnis RL, Elimelech M, McGinnis RL,
Elimelech M, Koros WJ, Raluy G, Serra L, Uche J, Lattemann S, Hopner T, Pacheco FA,
Pinnau I, Reinhard M, Leckie JO, Tang CYY, Kwon YN, Leckie JO, Coronell O, Mariñas BJ,
Zhang XJ, Cahill DG (2011) The future of seawater desalination: energy, technology, and the
environment. Science (80-.) 333(6043):712–717

23. WilderMO,Aguilar-Barajas I, Pineda-PablosN,VaradyRG,Megdal SB,McEvoy J,Merideth
R, Zúñiga-Terán AA, Scott CA (2016) Desalination and water security in the US–Mex-
ico border region: assessing the social, environmental and political impacts. Water Int
8060(April):1–20

24. Milly PCD, Betancourt J, Falkenmark M, Hirsch RM, Kundzewicz ZW, Lettenmaier
DP, Stouffer RJ (2008) Stationarity is dead: whither water management? Science (80-.)
319(5863):573–574

25. Tsiourtis NX (2001) Desalination and the environment. Desalination 141(3):223–236
26. McEvoy J (2014) Desalination and water security: the promise and perils of a technological

fix to the water crisis in Baja California Sur, Mexico. 7(3):518–541
27. Council NR (2008) Desalination: a national perspective. National Academies Press
28. Cooley H, Gleick P, Wolff G (2006) Desalination, with a grain of salt: perspectives from

California. Pacific Inst, Berkeley, CA
29. Yu T-H, Shiu H-Y, Lee M, Chiueh P-T, Hou C-H (2016) Life cycle assessment of envi-

ronmental impacts and energy demand for capacitive deionization technology. Desalination
399:53–60

30. Gorjian S, Ghobadian B (2015) Solar desalination: a sustainable solution to water crisis in
Iran. Renew Sustain Energy Rev 48:571–584

31. Virgili F, PankratzT,Gasson J (2016) IDAdesalination yearbook 2015–2016.MediaAnalytics
Limited

32. Wang H, Xu X, Zhu G (2015) Landscape changes and a salt production sustainable
approach in the state of salt pan area decreasing on the coast of Tianjin, China. Sustainable
7(8):10078–10097

33. McEvoy J,WilderM (2012)Discourse and desalination: potential impacts of proposed climate
change adaptation interventions in the Arizona-Sonora border region. Glob Environ Change
22(2):353–363

34. Scott CA, Pasqualetti MJ (2010) Energy and water resources scarcity: critical infrastructure
for growth and economic development in Arizona and Sonora. Nat Resour J 645–682

35. ElimelechM, Phillip WA (2011) The future of seawater desalination: energy, technology, and
the environment. Science (80-.) 333(6043):712–717

36. Li C, Goswami Y, Stefanakos E (2013) Solar assisted sea water desalination: a review. Renew
Sustain Energy Rev 19:136–163

37. Shatat M, Worall M, Riffat S (2013) Opportunities for solar water desalination worldwide:
review. Sustain Cities Soc 9:67–80

38. MezherT, FathH,AbbasZ,KhaledA (2011)Techno-economic assessment and environmental
impacts of desalination technologies. Desalination 266(1–3):263–273

39. Deng R, Xie L, Lin H, Liu J, Han W (2010) Integration of thermal energy and seawater
desalination. Energy 35(11):4368–4374

40. Al-Karaghouli A, Kazmerski LL (2013) Energy consumption and water production cost of
conventional and renewable-energy-powered desalination processes. Renew Sustain Energy
Rev 24:343–356

41. Goosen MFA, Mahmoudi H, Ghaffour N, Bundschuh J, Al Yousef Y (2016) A critical evalu-
ation of renewable energy technologies for desalination. In: Application of materials science
and environmental materials (AMSEM2015), pp 233–258



Feasible Solar Applications for Brines Disposal in Desalination … 45

42. Ghaffour N, Bundschuh J, Mahmoudi H, Goosen MFA (2015) Renewable energy-driven
desalination technologies: a comprehensive review on challenges and potential applications
of integrated systems. Desalination 356:94–114

43. Ghaffour N, Lattemann S, Missimer T, Ng KC, Sinha S, Amy G (2014) Renewable energy-
driven innovative energy-efficient desalination technologies. Appl Energy 136:1155–1165

44. Younos T (2009) Environmental issues of desalination. J Contemp Water Res Educ
132(1):11–18

45. Miller JE (2003) Review of water resources and desalination techniques. Sand report no.
March, pp 1–54

46. Bombar G, Dölgen D, Alpaslan MN (2015) Environmental impacts and impact mitigation
plans for desalination facilities. Desalin Water Treat 3994(April):1–12

47. Einav R, Harussi K, Perry D (2003) The footprint of the desalination processes on the envi-
ronment. Desalination 152(1–3):141–154

48. “WaterDesalinationUsingRenewable Energy,” 2012. IEA-ETSAP and IRENA©Technology
Brief I12. 1–28

49. Burn S, Hoang M, Zarzo D, Olewniak F, Campos E, Bolto B, Barron O (2015) Desalina-
tion techniques—a review of the opportunities for desalination in agriculture. Desalination
364:2–16

50. Subramani A, Badruzzaman M, Oppenheimer J, Jacangelo JG (2011) Energy minimiza-
tion strategies and renewable energy utilization for desalination: a review. Water Res
45(5):1907–1920

51. Dawoud MA (2012) Environmental impacts of seawater desalination: Arabian Gulf case
study. Int J Environ Sustain 1(3)

52. “Renewable EnergyDesalination An Emerging Solution to Close theWater Gap in theMiddle
East and North Africa,” World Bank Publications, USA, Washington D. C., 2012

53. W. Canter L, (1996). Environmental impact assessment. McGraw-Hill, New York. p. 660
54. Shahabi MP, Anda M, Ho G (2015) Influence of site-specific parameters on environmental

impacts of desalination. Desalin Water Treat 55(9):2357–2363
55. Sommariva C, Hogg H, Callister K (2004) Environmental impact of seawater desalina-

tion: relations between improvement in efficiency and environmental impact. Desalination
167(1–3):439–444

56. Zhao Y, Min Hu X, Hui Jiang B, Li L (2014) Optimization of the operational parameters
for desalination with response surface methodology during a capacitive deionization process.
Desalination 336(1):64–71

57. Singh GK (2013) Solar power generation by PV (photovoltaic) technology: a review. Energy
53:1–13

58. Tyagi VV, Rahim NAA, Rahim NA, Selvaraj JAL (2013) Progress in solar PV technology:
research and achievement. Renew Sustain Energy Rev 20:443–461

59. Abujazar MSS, Fatihah S, Rakmi AR, Shahrom MZ (2016) The effects of design parameters
on productivity performance of a solar still for seawater desalination: a review. Desalination
385:178–193

60. Nagaraj R, Thirugnanamurthy D, Rajput MM, Panigrahi BK (2016) Techno-economic analy-
sis of hybrid power system sizing applied to small desalination plants for sustainable operation.
Int J Sustain Built Environ 5(2):269–276

61. Manju S, Sagar N (2017) Renewable energy integrated desalination: a sustainable solution
to overcome future fresh-water scarcity in India. Renew Sustain Energy Rev 73(December
2016):594–609

62. Kalogirou S (2005) Seawater desalination using renewable energy sources. Prog EnergyCom-
bust Sci 31(3):242–281

63. Delyannis E (2003) Historic background of desalination and renewable energies. Sol Energy
75(5):357–366

64. Cipollina A, Tzen E, Subiela V, Papapetrou M, Koschikowski J, Schwantes R (2015) Renew-
able energy desalination: performance analysis and operating data of existing RES desalina-
tion plants. Desalin Water Treat 55(11):3126–3146



46 S. Gorjian et al.

65. Xevgenos D, Moustakas K, Malamis D, Loizidou M (2016) An overview on desalination &
sustainability: renewable energy-driven desalination and brine management. Desalin Water
Treat 57(5):2304–2314

66. Caldera U, Bogdanov D, Breyer C (2016) Local cost of seawater RO desalination based on
solar PV and wind energy: a global estimate. Desalination 385:207–216

67. Jijakli K, Arafat H, Kennedy S, Mande P, Theeyattuparampil VV (2012) How green solar
desalination really is? Environmental assessment using life-cycle analysis (LCA) approach.
Desalination 287:123–131

68. Manju S, Sagar N (2017) Renewable energy integrated desalination: a sustainable solu-
tion to overcome future fresh-water scarcity in India. Renew Sustain Energy Rev 73(Jan-
uary):594–609

69. Chaibi MT (2000) An overview of solar desalination for domestic and agriculture water needs
in remote arid areas. Desalination 127(2):119–133

70. SharonH, ReddyKS (2015) A review of solar energy driven desalination technologies. Renew
Sustain Energy Rev 41:1080–1118

71. Kalogirou S (2009) Solar energy engineering: processes and systems. Academic Press
72. Chandrashekara M, Yadav A (2017) Water desalination system using solar heat: a review.

Renew Sustain Energy Rev 67:1308–1330
73. Qiblawey HHM, Banat F (2008) Solar thermal desalination technologies. Desalination

220(1–3):633–644
74. Roberts DA, Johnston EL, Knott NA (2010) Impacts of desalination plant discharges on the

marine environment: a critical review of published studies. Water Res 44(18):5117–5128
75. Singh R, Hankins N (2016) Emerging membrane technology for sustainable water treatment.

Elsevier
76. Sedivy VM (2009) Environmental balance of salt production speaks in favour of solar salt-

works. Glob NEST J 11(1):41–48
77. Abdulsalam A, Idris A, Mohamed TA, Ahsan A (2016) An integrated technique using solar

and evaporation ponds for effective brine disposal management. Int J Sustain Energy 1–12
78. Morillo J, Usero J, Rosado D, El Bakouri H, Riaza A, Bernaola F-JJ (2014) Comparative

study of brine management technologies for desalination plants. Desalination 336(1):32–49
79. Ahmed M, Shayya WH, Hoey D, Mahendran A, Morris R, Al-Handaly J (2000) Use of

evaporation ponds for brine disposal in desalination plants. Desalination 130(2):155–168
80. Chelme-Ayala P, Smith DW, El-DinMG (2013) Membrane concentrate management options:

a comprehensive critical review. J Environ Eng Sci 8(3):326–339
81. Pérez-González A, Urtiaga AM, Ibáñez R, Ortiz I (2012) State of the art and review on the

treatment technologies of water reverse osmosis concentrates. Water Res 46(2):267–283
82. Mohamed AMO, Maraqa M, Al Handhaly J (2005) Impact of land disposal of reject brine

from desalination plants on soil and groundwater. Desalination 182(1–3):411–433
83. Mickley M (2001) Membrane concentrate disposal: practices and regulation. US Department

of the Interior, Bureau of Reclamation, Technical Service Center, Water Treatment Engineer-
ing and Research Group Boulder, Colo

84. AhmadN, Baddour RE (2014) A review of sources, effects, disposal methods, and regulations
of brine into marine environments. Ocean Coast Manage 87:1–7

85. Shahmansouri A, Min J, Jin L, Bellona C (2015) Feasibility of extracting valuable minerals
from desalination concentrate: a comprehensive literature review. J Clean Prod 100:4–16

86. Kimes JK (1995) The regulation of concentrate disposal in Florida.Desalination 102(1):87–92
87. Tong T, Elimelech M (2016) The global rise of zero liquid discharge for wastewater manage-

ment: drivers, technologies, and future directions. Environ Sci Technol 50(13):6846–6855
88. Mashaly AF, Alazba AA, Al-Awaadh AM (2016) Assessing the performance of solar desali-

nation system to approach near-ZLD under hyper arid environment. Desalin Water Treat
57(26):12019–12036

89. Balasubramanian P (2013) A brief review on best available technologies for reject water
(brine) management in industries. Int J Environ Sci 3(6):2010–2018



Feasible Solar Applications for Brines Disposal in Desalination … 47

90. ZengY,Yao J, Horri BA,WangK,WuY, LiD,WangH (2011) Solar evaporation enhancement
using floating light-absorbing magnetic particles. Energy Environ Sci 4(10):4074

91. Tamimi A, Rawajfeh K (2007) Lumped modeling of solar-evaporative ponds charged from
the water of the Dead Sea. Desalination 216(1–3):356–366

92. Laspidou C, Hadjibiros K, Gialis S (2010)Minimizing the environmental impact of Sea Brine
disposal by coupling desalination plants with solar saltworks: a case study for Greece. Water
2(1)

93. Madkour FF, GaballahMM (2012) Phytoplankton assemblage of a solar saltern in Port Fouad,
Egypt. Oceanologia 54(4):687–700

94. Katzir L, Volkmann Y, Daltrophe N, Korngold E, Mesalem R, Oren Y, Gilron J (2010)WAIV-
Wind aided intensified evaporation for brine volume reduction and generatingmineral byprod-
ucts. Desalin Water Treat 13(1–3):63–73

95. Korovessis NA, Lekkas TD (1999) Solar saltworks production process evolution-wetland
function. In: Proceedings of the post conference symposiumSALTWORKS: preserving saline
coastal ecosystems-global NEST, 11–30 Sep 1999

96. Davis JS (2000) Structure, function, and management of the biological system for seasonal
solar saltworks. Glob NEST J 2(3):217–226

97. Costa LT, Farinha JC, Hecker N, Tomàs Vives P (1996) Mediterranean wetland inventory: a
reference manual. Inst. da Conserv. da Nat. y Wetl. Int. Lisboa, Port

98. Ahmed M, Shayya WH, Hoey D, Al-Handaly J (2001) Brine disposal from reverse osmosis
desalination plants in Oman and the United Arab Emirates. Desalination 133(2):135–147

99. Sánchez AS, Nogueira IBR, Kalid RA (2015) Uses of the reject brine from inland desalination
for fish farming, Spirulina cultivation, and irrigation of forage shrub and crops. Desalination
364:96–107

100. “San Francisco’s Incredible Stained Glass Salt Ponds.” [Online]. Available: http://scribol.
com/travel/cities-travel/san-franciscos-incredible-stained-glass-salt-ponds/. Accessed: 22-
Sep-2018

101. Mickley M, Hamilton R, Gallegos L, Truesdall J (1993) Membrane concentration disposal.
Am Water Work Assoc Res Found Denver Color

102. Salzman SA, Allinson G, Stagnitti F, Coates M, Hill RJ (2001) Performance of constructed
evaporation ponds for disposal of smelter waste water: a case study at Portland Aluminum,
Victoria, Australia. Water Res 35(9):2121–2128

103. Kasedde H, Lwanyaga JD, Kirabira JB (2014) Optimization of solar energy for salt extraction
from Lake Katwe, Uganda. Glob NEST J 16(6):1152–1168

104. Malaeb L, Ayoub GM (2011) Reverse osmosis technology for water treatment: state of the
art review. Desalination 267(1):1–8

105. El-Badry H (2013) Development of solar ponds optimization model: arab potash solar sys-
tem—a case study. Nat Resour 04:82–91

106. OrenA (2009) Saltern evaporation ponds asmodel systems for the study of primary production
processes under hypersaline conditions. Aquat Microb Ecol 56(2–3):193–204

107. Turk LJ (1970) Evaporation of brine: a field study on the Bonneville Salt Flats, Utah. Water
Resour Res 6(4):1209–1215

108. Ahmed M, Arakel A, Hoey D, Thumarukudy MR, Goosen MFA, Al-Haddabi M, Al-Belushi
A (2003) Feasibility of salt production from inland RO desalination plant reject brine: a case
study. Desalination 158(1–3):109–117

109. Hoque S, Alexander T, Gurian P (2009) Innovative inland brine disposal options, pp 1–13
110. Pereira MC, Mendes JF, Horta P, Korovessis N (2007) Final design of an advanced solar

dryer for salt recovery from brine effluent of an MED desalination plant. Desalination
211(1–3):222–231

111. O’Reilly D (2009) Evaporation enhancement from evaporation ponds using collector plate
units

112. Horri BA, Chong MN, Chen XD, Wang H (2014) Modelling of solar evaporation assisted by
floating light-absorbing porous materials, pp 73–81

http://scribol.com/travel/cities-travel/san-franciscos-incredible-stained-glass-salt-ponds/


48 S. Gorjian et al.

113. Silva C, González D, Suárez F (2017) An experimental and numerical study of evaporation
reduction in a salt-gradient solar pond using floating discs. Sol Energy 142:204–214

114. Velmurugan V, Srithar K (2008) Prospects and scopes of solar pond: a detailed review. Renew
Sustain Energy Rev 12(8):2253–2263

115. Simic M, George J (2017) Design of a system to monitor and control solar pond: a review.
Energy Proc 110:322–327

116. Rizvi R, Jamal Y, Ghauri MB, Salman R, Khan I (2015) Solar pond technology for brine
management and heat extraction: a critical review. J Fac Eng Technol 22(2):69–79

117. Nakoa K, Rahaoui K, Date A, Akbarzadeh A (2016) Sustainable zero liquid discharge desali-
nation (SZLDD). Sol Energy 135:337–347

118. Cisternas L, Pinto P,OssandónK (2009) Planning and scheduling of solar salt harvest. Comput
Aided Chem Eng 26:417–422



Effect of Design Parameters
on Productivity of Various Passive Solar
Stills

Ajay Kumar Kaviti, Anil Kumar and Om Prakash

Abstract Fresh water and shortage of conventional energy are two major problems
of the world. Water is the basic necessity for sustenance of all living entities. Human
beings are considered most refined living entities. They need clean and fresh water
for their sustenance at less consumption of conventional energy or by consumption of
renewable energy. In this perspective,many non-renewable and renewable techniques
have been developed for the purification of brackish or saline water. Among many
water purification techniques, domestic solar still is most attractive and sustainable
method to cater the need of fresh drinkable water in distant areas at a reasonable
cost. Any amount of effort to improve the yield from solar stills by considering
various design parameters is worth to discuss. In the last three decades, so many
design parameters are considered to improve the productivity of fresh water. Various
designs and design parameters used by researchers to improve the productivity of
solar stills were reviewed in this chapter for passive solar stills.

Keywords Solar stills · Desalination · Design parameters · Productivity

1 Introduction

Water is one of the most essential and basic requirements for the sustenance of all
living entities like human beings, animals, birds and trees. Freshwater availability
is less than 1%, and it is decreasing day by day due to pollution and increasing
industrial revolution and increase in unwanted population [1]. In today’s world,

A. K. Kaviti (B)
Department of Mechanical Engineering, VNR Vignana Jyothi Institute of Engineering
and Technology, Hyderabad, India
e-mail: ajaykaviti@gmail.com

A. Kumar
Department of Mechanical Engineering, Delhi Technological University, Delhi 110042, India

O. Prakash
Department of Mechanical Engineering, Birla Institute of Technology, Mesra,
Ranchi 835215, India

© Springer Nature Singapore Pte Ltd. 2019
A. Kumar and O. Prakash (eds.), Solar Desalination Technology,
Green Energy and Technology, https://doi.org/10.1007/978-981-13-6887-5_3

49

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-13-6887-5_3&domain=pdf
mailto:ajaykaviti@gmail.com
https://doi.org/10.1007/978-981-13-6887-5_3


50 A. K. Kaviti et al.

majority of the health problems are due to inadequate clean drinking water. Mostly,
women spent 200 million hours every day to collect water from distant places. On
an average, 3.575 million people lost their lives every year in the entire world due to
unclean-water-related diseases. The basic medical facilities are meagre in villages in
the under-developed and developing countries. Most of the countryside people are
still not sufficiently educated about consequences of drinking saline water [2]. There
are numerous ways to change saline water to drinkable water. Advance desalination
techniques like thermal vapour compression, multi-stage flash desalination, vapour
compression, reverse osmosis, electrodialysis and activated carbon filtration are used
to provide clean potable water for rural and urban people. However, people living
in secluded areas need affordable technologies [3]. Solar still is considered as a
suitable and appropriate alternative renewable energy technique to provide the clean
water to remote areas at low cost. Solar stills were first used by Arab alchemists,
and this was followed by its utilization by other scientists and academicians; among
them, Della Porta (1589), Lavoisier (1862) and Mauchot (1869) are considered most
prominent. The first conventional solar still plant was designed by Charles Wilson
(1872), a Swedish engineer, for mining community in Las Salinas in Northern Chile.
Solar still is easy to fabricate by easily accessible materials with bare minimum
maintenance and operational needs and very friendly to the nature [4]. Clean and
free energy and friendly to the environment are the main advantages of solar stills.
But, they are not extensively useddue to lowproductivity of freshwater in comparison
with other advanced distillation techniques [5, 6]. This makes the solar stills highly
uneconomical. Thus, it becomes necessary to get better productivity and thermal
efficiency of solar desalination systems. There are several researches have been done
to improve the productivity of solar still by considering various factors like climatic,
design and operational conditions [7–9]. Climatic conditions are mostly dependent
on Mother Nature. So, lot of emphasis was given so many researchers on design
and operational parameters to improve the productivity. Kalidasa Murugavel et al.
[10] reviewed the progress in improving the effectiveness of the single-basin solar
still. Velmurugan and Srithar [11] compiled the various parameters affecting the
performance of solar stills. Kabeel and El-Agouz [12] elaborated on recent research
and progress in solar stills. Kaushal and Varun [13] explained about various types of
solar stills. Sampathkumar et al. [2] reviewed in detail about active solar desalination.
Xiao et al. [14] focused on the solar stills suitable for brine desalination. Sivakumar
and Ganapathy Sundaram [15] reviewed techniques to improve solar still efficiency.
Muftah et al. [16] reviewed factors affecting basin-type solar still productivity. Yadav
and Sudhakar [17] reviewed the domestic designs of solar stills. So far various design
parameters are reviewed by various researchers in a broad manner, the present work
aims to review of various design parameters for passive solar stills and their effects
on performance.
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2 Design Parameters of Solar Stills

Various design parameters used to enhance the efficiency of the solar still. Depend-
ing upon the applied design parameter to enhance the still is classified as passive-
and active-type solar still. In passive-type solar stills, simple modifications are to be
made like different shapes of still designs, cover plate optimization, basin optimiza-
tion, and addition of some material inside the basin. In active-type solar stills, some
additional energy is supplied to the basin through an external mode like collectors,
concentrators, solar pond and PV/T system to increase the rate of evaporation in turn
improves its effectiveness. But, this chapter is focused on passive solar stills only.

3 Design Parameters for Passive Solar Still

Passive stills used at domestic level are popular because of its simplicity in fabrication
at reasonable cost. Because of its less efficiency and lower distillate production rate
of potable water, there is somuch scope to research to improve the productivity of the
still. Various design parameters like different shapes of still designs, optimization of
cover, optimization of basin, energy absorption and storing materials are considered
by various researchers throughout the globe.

3.1 Different Cover Shapes of Solar Still Designs

Basic shapes of solar stills are developed in the beginning based on the ease and
convenience. Later, lot of improvements and modifications have been made in the
shapes to get better efficiency.

3.1.1 Single-Basin Single-Slope and Double-Slope Solar Still

Single-basin solar still is preferable for the places where latitude is higher than
20°. Single-slope stills with south-facing cover are used for north latitude places and
north-facing cover are used for south latitude places [18]. Double-slope solar stills
are preferred for lower latitudes, so that both sides of still receive the sun rays.

Cooper [19] discussed the efficiency of single-basin single-slope solar still in
terms of component efficiency by considering various factors. He indicates that an
efficiency of about 60% is the upper limit, and in practical it is highly unlikely to
attain the single-basin solar still efficiency more than 50%. Farid and Hamad [20]
constructed a single-basin single-slope solar still with a basin area of 1.5 m2 (1.5 m×
1.0m) from 1-mmGI sheet. The glass of 6mm thickness was inclined at angle of 11°,
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and rubber gasket is used to prevent any amount of vapour leak to the atmosphere.
Schematic diagram is shown in Fig. 1.

Aboul-Enein et al. [21] designed a single-slope solar still of basin area 1 m2 with
15° inclined top glass cover with deep basin. Single-basin single-slope solar still
was fabricated using 4-mm FRP. Base area is 0.73 m × 0.73 m, and glass cover is
sealed with gasket at angle of 10° [22]. Elango et al. [23] fabricated two single-basin
single-slope solar stills using 0.01-m GI sheet with basin area 0.5 m × 0.5 m with
a 30° inclination of window glass cover. The schematic diagram is shown in Fig. 2.
Samee et al. [9] fabricated a simple single-basin solar still with basin area 0.54 m2

using 18-mm-thick galvanized iron sheet. Schematic and actually fabricated solar
still is shown in Fig. 3.

Rubio et al. [24] performed experiments on double-slope single-basin solar still
with dimensions of 3.64 m× 2.42 m at the Northwest Biological Research Center at
latitude of 24.15°. Glass covers of 5 mm thickness are mounted at an angle of 45° as
shown in Fig. 4. Zeroual et al. [25] fabricated an aluminium rectangular basin with
dimensions 0.90 m× 0.70 m× 0.03 m. An inverted-V-glass cover with tilt angle of
10° mounted over the rectangular basin. Basin thickness is 3 mm, and window glass
of 4 mm thickness was considered for cover glass. Two identical still prototypes are

Fig. 1 Single-basin single-slope solar still [20]

Fig. 2 a Schematic and b actual diagrams of single-basin single-slope solar still [23]
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Fig. 3 Single-basin single-slope solar still; a schematic, b fabrication set-up [9]

Fig. 4 Side view of single-basin double-slope solar still with main heat flow [24]

shown in Fig. 5. Kalidasa Murugavel et al. [26] constructed a double-slope single-
basin solar still as shown in Fig. 6. The size of the basin is 2.08m× 0.84m× 0.075m
and outside basin of 2.3 m × 1 m × 0.25 m is made of mild steel. Two glasses of
4 mm thickness is inclined at 30° to the horizontal using wooden frame. Bechki
et al. [27] developed a double-slope single-basin solar still. The still was fabricated
with 5-mm-thick sheet of waterproof moulded fibre with basin dimensions of 1.00 m
× 1.00 m × 0.25 m. An inverted-V-glass roof, tilted at 10° is mounted over the
rectangular basin. Cross-sectional view of experimental set-up is shown in Fig. 7.

3.1.2 Spherical and Hemispherical Solar Stills

Dhiman [28] presented amathematical model to predict the thermal performance of a
spherical solar still. He modified the heat and mass transfer relationships empirically
and validated them experimentally. The schematic is shown in Fig. 8. The still is
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Fig. 5 Two identical single-basin double-slope solar stills [25]

Fig. 6 Single-basin double-slope simulation solar still [26]
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Fig. 7 Cross-sectional view of single-basin double-slope solar still [27]

Fig. 8 Spherical solar still
[28]

fabricated by a spherical glass cover, and a blackened metallic plate is horizontally
placed at its centre. It was observed that efficiency of this still is 30% higher than
other conventional stills.

Solar still with a hemispherical shape top cover with diameter of 0.95 and 0.10 m
height is constructed from transparent acrylic sheet of 3 mm thickness. The square
cross-section outer box was made with a 4-mm-thick wood with 1.10 m × 1.10 m
× 0.25 m dimensions. Saw dust and glass wool were used for insulation on bottom
and sides of the basin, respectively, and efficiency found to be increased from 34 to
42% [29]. Schematic and experimental set-up are shown in Fig. 9. Ismail Basel [30]
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Fig. 9 Hemispherical still; a schematic, b experimental set-up [29]

Fig. 10 a Schematic and b picture view of hemispherical solar still [30]

developed a simple transportable hemispherical solar still as shown in Fig. 10. The
main components of still are circular basin, absorber plate of 0.5 m2 surface area and
conical-shaped distillate collector which are all made with 4-mm-thick aluminium
sheet. Hemispherical shape top cover located on the top was made with transparent
plastic with 0.9 absorptivity and 0.8 transmissivity.

3.1.3 Pyramidal and Rectangular Solar Still

Fath et al. [31] presented analytical as well as thermal and economic comparisons
between pyramid and single-slope solar still. Base area of both stills is 1.235 m ×
1.235 m, and inclination angle of pyramid is varied and identified that 50° pyramid
angle gives best productivity. Diagrammatic sketch is shown in Fig. 11. Taamneh
and Taamneh [32] designed and fabricated pyramid-shaped solar still to increase the
surface area of condensation. Metallic container with black plate as base is used
as basin and four glass faces of 6 mm thickness with 0.88 relative transmissivity
used to transmit solar radiation. Photographic view is shown in Fig. 12. Kabeel [33]
developed a pyramid-quadratic-shaped solar still. The square cross-section of base
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and height of the pyramid are 100 cm × 100 cm and 160 cm, respectively. Whole
structure of the still is built of aluminium and triangular faces aremade of 5-mm-thick
glass. Rubber is used in between frame and glass faces to overcome vapour leak, and
15-mm-thick insulation provided below the base. Schematic and photographic views
are shown in Fig. 13. Kabeel [34] designed and constructed concave wick surface
pyramid solar still as shown in Fig. 14. The basin is made in concave shape from
galvanized steel with a square aperture of 1.2 m× 1.2 m. Depth of the basin is 30mm
at the centre. Insulation of the basin is done by 5-mm-thick layer of glass wool.

Satyamurthy et al. [35] constructed domestic triangular pyramid solar still and
investigated its performance. The still consists of triangular base which is painted
with a black colour and was kept inside the wooden box. A piece of glass barrier was
set inside surface of the glass cover to provide the deflection of condensate to come
back into the collection channel. Saw dust was used below the basin for insulation
and line and photographic view are shown in Fig. 15.

Eze and Ojike [36] carried out the performance comparison between a pyramid-
shaped and a rectangular-shaped solar still as shown in Fig. 16. The glass cover
of rectangular still is inclined to the horizontal at an angle of 22° in north–south
direction. They concluded that water temperature is more for rectangular still in
comparison with pyramid still. Hence, rectangular still efficiency is 8% more than
pyramid still.

Fig. 11 Diagrammatic sketch of pyramid solar still [31]
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Fig. 12 Pyramid solar still [32]

Fig. 13 a Schematic view and b photographic view of solar glass pyramid still [33]

Fig. 14 Actual view of
concave wick surface
pyramid solar still [34]
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Fig. 15 a Schematic and b photographic view of triangular pyramid solar still [35]

Fig. 16 a Pyramid still, b rectangular still [36]

Fig. 17 Schematic diagram of old and new tubular still [37]

3.1.4 Tubular and Triangular Still

Ahsan et al. [37] carried out experimental observations on tubular solar stills as shown
in Fig. 17. A comparison study was done between a new tubular and an old solar
still made of Vinyl chloride sheet and polythene film. It was observed that polythene
film solar still was more economical.
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Fig. 18 a Schematic and b photographic view of concentric tubular solar still [38]

Arunkumar et al. [38] designed and fabricated a 2-m concentric tubular solar still
with a rectangular basin as shown in Fig. 18. The inner circular tube diameter is
0.045 m, and outer circular tube diameter is 0.05 m. Tubes are positioned in such a
way that 5 mm gap is maintained so that air and water flow to cool the outer surface
of the inner circular tube. A rectangular basin of 2 m× 0.03 m× 0.025 m is used to
collect the water, and constant water level is maintained by graduated tube.

Zheng et al. [39] designed and constructedmulti-effect tubular desalination device
as shown in Fig. 19. The multi-effect tubular solar still consists of four stainless steel
tubes of different sizes. The length and diameter of first effect tubular shell are 1950
and 114mm, respectively, with 1900mm basin length and 100mmwidth. The length
and diameter of second effect tubular shell are 2000 and 168 mm, respectively, with
1950 mm basin length and 124 mm width. The condensation area of the two-effect
tubular solar still is 0.698 and 1.055 m2, respectively, and its evaporation area is 0.19
and 0.242 m2, respectively.

Ahsan et al. [40] designed and developed a triangular solar still as shown in
Fig. 20. This solar still was made with locally available cheap, lightweight materials.
PVC pipe of 15 mm diameter is used for frame of the still. Perspex of 3 mm thick,
polythene of 0.15-mm-thick material was used for trough and cover, respectively.
Nylon rope of 50 m and transparent scotch tape of 2 mwere used to seal the solar still
to avoid the escape of evaporation. Experiments were conducted for various depths
of water, and it was observed 1.6 and 1.55 kg/m2/day production of water for 1.5 and
2.5 cm of water depth every day.

3.1.5 Other Shapes of Still

Tayeb [41] fabricated the four solar stills with flat, semisphere, bilayer semisphere
and arch glass covers, as shown in Fig. 21 for an absorption area of 0.24 m2 and a
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Fig. 19 Structure diagram of tubular solar still [39]

Fig. 20 Schematic and
photographic view of
triangular solar still [40]

condensation area of 0.267 m2. It was observed that on peak summer, the highest
productivity was approximately 1.25 kg/m2/day for inclined flat glass cover and
lowest productivity was approximately 0.83 kg/m2/day for arch cover. The solar
still with a semisphere cover, a bilayer semisphere cover productivity was observed
intermittent.

Suneesh et al. [42] developed aV-type solar still as shown in Fig. 22. A rectangular
basin of 2 m × 0.75 m × 0.05 m is made, and inward slope of the glass cover
was maintained in such a way that it makes V-shape. The glass cover was sealed
with chemical adhesive to prevent from any leakage. The productivity of water was
observed 3.3, 4.3, and 4.6 l/m2/day for no CGTCC, with CGTCC and CGTCC and
air, respectively.
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Fig. 21 Solar stills with different shapes of glass cover [41]

Fig. 22 a Schematic view, b photographic view of V-type solar still [42]

3.2 Basin Design Parameters

The most important role of the basin design is to absorb the maximum radiation
with least reflectance and conduction loss to the surroundings. It acts like reservoir
of energy [4]. Temperature gradient between inside glass and water is driving force
for the natural convection of air and the water inside the still. The evaporation rate
also depends on area and depth of water in the basin of still [43]. Thus, type of
material used for basin, depth of water in basin, energy-storing materials in the
basin, increasing evaporation area of the basin, etc. are important design parameters
to improve the productivity of pure water.

3.2.1 Different Basin Materials

Basin material is supposed to absorb solar radiation and must be watertight. The
material should be strong enough to resist high temperatures in case of no water
condition of still. There is lot of research is going on to identify the better basin
materials. In general, solar radiation first enters solar still transparent cover which is
captivated by water and basin liner. So, it is essential that liner should have a mod-
erately high absorbance of radiation [44]. Commonly used materials for fabrication
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of basin liners are plastic or metal and sometimes wood, asbestos cement, masonry
bricks and concrete [45]. Plastics of various grades are used, and some plastics are
cheaper in comparison with others which are expensive [46]. Among the metals,
copper, aluminium and steel are most commonly used metals because of their high
thermal conductivity [47]. Thermal conductivity of aluminium is almost half of the
copper, and steel is one-fourth of aluminium, however, copper and aluminium are
more expensive in comparison with steel. Phadatare and Verma [48] used Plexiglas
to fabricate the solar still as shown in Fig. 23. All four sides and bottom of the still
are made of 3-mm-thick black Plexiglas, and top cover is made of same thickness
transparent Plexiglas. It was observed that maximum distillate of 2.1 l/m2/day is
obtained at water depth of 2 cm in the basin. The maximum efficiency of the still
was observed as 34%, and results indicated that productivity of still decreased with
increase in depth of basin water.

Elango and Kalidasa Murugavel [49] designed and fabricated single- and double-
basin double-slope solar stills with same basin area with glass as basin material are
shown in Figs. 24 and 25. They conducted experiments on both the stills by varying
the water depth from 1 to 5 cm under both un-insulated and insulated conditions.
It was observed that insulated stills are more productive in comparison with un-
insulated. It was further identified that double-basin insulated and un-insulated stills
are 8.12 and 17.38% more productive than single-basin still.

Fig. 23 a Line diagram, b solar still boxes made of Plexiglas [48]

Fig. 24 a Schematic, b experimental view of single-basin double-slope glass solar still [49]
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Fig. 25 a Schematic, b experimental view of double-basin double-slope glass solar still [49]

3.2.2 Water Depth in the Basin

Depth of water in the basin has a significant effect on the distillate production. It
was observed from various investigations that depth of water (Figs. 26 and 27) in the
basin is inversely proportional to the productivity of the solar still [50–52].

Fig. 26 a Variation of water temperature, b variation of hourly yield for various depths of water in
the basin [50]

Fig. 27 Variation daily yield
and thermal distillation
efficiency in summer and
winter seasons for different
depths of water [52]
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Fig. 28 Variation in production rate of single- and double-basin stills with depth of water [49]

Aboul Enein et al. [21] performed tests on a deep single-basin solar still. It was
observed that productivity of the still decreases with increase in depth of water in
daytime and vice versa in the night time. Rajmanickam and Ragupathy [53] con-
ducted experiments on both single- and double-slope solar stills with same basin
area for various water depths (1, 2.5, 5 and 7.5 cm). The maximum water productiv-
ity was 3.07 and 2.34 l/m2/day for double- and single-slope stills, respectively. It was
furthered observed that water productivity is inversely proportional to water depth.

Ahsan et al. [40] evaluated the productivity of water for 1.5, 2.5 and 5 cm depths
of water and concluded that productivity of water decreases with increase in depth of
water. Figure 28 shows the comparison of water productivity of single- and double-
basin solar stills. It is clear that insulated stills are more productive than un-insulated
stills, and both stills are evaluated for water depths of 1, 2, 3, 4, 5 cm [49]. Sangeeta
and Tiwari [54] studied the effect of water depth on the productivity of an inverted
absorber double-basin solar still. Maximum performance of still was observed for
the least depth of water in lowest still. Productivity of water increases with decrease
in depth of water.

Hossein et al. [55] investigated the long-term effect of water depth on solar still,
and results indicate that productivity of water increases with increase of water depth.
Thus, higher water depth is suggested for practical uses of solar stills (more than two
days) as shown in Fig. 29. Influence of water depth on evaporation is carried out in
a plastic solar still. Depth of water is varied from 20 to 120 mm in the intervals of
20mm, and itwas found thatmaximumproductivity is obtained at 20-mmwater depth
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Fig. 29 Water production versus water depth with previous researchers [54]

[48]. Kalidasa Murugavel and Srithar [56], Kalidasa Murugavel et al. [57] carried
out experiments considering mass of water in single-basin double-slope solar still,
and maximum water productivity was observed at minimum mass of water.

3.2.3 Enhancing the Absorption Rate of Basin Water

On an average, 11% of solar radiation reflects back without any use. So, different
researchers find different ways to increase the absorption coefficient of basin water
in order to minimize the radiation losses [4]. Anil Kumar [58] adopted the simple
technique of adding dyes with water. He used three kinds of dyes (black napthy-
lamine, red carmoisine and dark green) at various concentrations. It was observed
that black dye with 172.5 ppm concentration solution attained the highest distillate
output.

Elango et al. [23] used the water nanofluids like Aluminium Oxide (Al2O3), Zinc
Oxide (ZnO), Iron Oxide (Fe2O3) and Tin Oxide (SnO2) at different concentrations.
Two stills were fabricated with same basin area and tested with water and nanofluids
simultaneously. The amount of production rate of distillate was observed in the
order of Aluminium Oxide (Al2O3) > Zinc Oxide (ZnO) > Tin Oxide (SnO2) >
water (Fig. 30). Kabeel et al. [59] carried out a design modification of single-basin
solar still to improve the productivity using nanofluids and integrating an external
condenser. They used solid particles of aluminium oxide in water and observed the
superior evaporation rate of water in comparison with conventional saline water.
The results showed that 53.2 and 116% improvement in water productivity using
external condenser and combination of nanofluids along with external condenser,
respectively. Patel et al. [60] used various semiconducting oxides (CuO, PbO2 and
MNO2) as photocatalysts to enhance the overall efficiency and production rate of
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distillate water as well. The amount of production rate of distillate was observed in
the order of CuO > PbO2 > MnO2 > DWP (Fig. 31).

Bilal et al. [61] used different types of absorbing materials in the basin to increase
the absorption rate of the water in a double-slope solar still. They used three kinds
of materials (Black rubber, black ink and black dye) and found 38, 45 and 60% daily
productivity of water, respectively (Fig. 32). Zurigat and Abu-Arabi [62] modelled
the conventional and regenerative solar desalination units and studied the effect of

Fig. 30 Rate of production versus nanofluids [23]

Fig. 31 Production rate of
distillate water versus
semiconducting oxides [60]
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Fig. 32 Water productivity
versus hours of the day for
different absorbing materials
[61]

Fig. 33 Water productivity with and without dye [62]

dye on thewater productivity. It was observed that addition of dye improves the water
productivity of conventional and regenerative by 16 and 17%, respectively (Fig. 33).
Different absorbingmaterials like dissolved salts (K2Cr2O7, KMnO4), violet dye and
charcoal were used to enhance the absorptivity of water for solar radiation. It was
found that violet dye obtained the maximum efficiency 19.1% (Fig. 34), and this
increase is much significant and amounts 29% greater than water efficiency [63].
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Fig. 34 Solar still efficiency vs absorbing materials [63]

3.2.4 Energy Absorption and Storing Materials to Increase Absorption
Rate of Still Basin

Absorption rate of still can be improved either by using absorbingmaterials or energy-
storing materials along with water in the basin. Commonly used energy absorption
materials are charcoal, sponge, jute cloth, cotton cloth, matt and gravel, rubber and
glass are some of the energy-storing materials.

Srivastava Pankaj et al. [64] used ordinary black colour jute cloth in single-slope
solar still. It helped in increasing basin water temperature and in turn in higher
productivity of distillate. Tiris et al. [65] used charcoal, blackened rock-bed and black
paint as absorbing materials in single-basin solar still. They observed that charcoal
is more efficient in comparison with rest and efficiency of charcoal is 20%more than
black paint and 20–90% more than blackened rock-bed. Depth of water is also an
influencing parameter in addition to absorbing material, especially in summer.

Abu-Hijle and Rababa’h [66] used sponge cubes in solar still. It was observed that
sponge cubes helped inmajor improvement in productivity of solar still in comparison
with conventional solar still.

3.2.5 Inclination and Thickness for Glass Cover

Singh and Tiwari et al. [67] observed that direction and orientation of glasscover
depend on the latitude of the geometrical location. The glass cover with same incli-
nation as latitude has maximum possibility of receiving sunrays very close to normal
throughout the year. Kumar et al. [68] conducted similar kind of test at latitude
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28.36°N by varying the inclination of glass cover and observed that 30° inclination
produced highest yielding. Akash et al. [69] performed experiments by tilting the
glass cover above and below latitude 31.57°N. They observed that tilting angle same
as latitude was 63% more efficient in comparison with other inclinations. Optimum
thickness of glass cover helps in enhancing the heat transfer rate. Mink et al. [70]
conducted experiments by varying the thickness of glass cover in single-slope solar
still. It was observed that productivity of 3-mm-thick glass cover was 16.5% more
than 6-mm-thick glass cover.

3.2.6 Insulation

The thickness of the insulation also plays a role in reducing heat loss through bot-
tom and side walls. Farid and Hamad [20] performed experiments on a single-basin
double-slope solar still with mild steel plate. The basin is lined with concrete, to
reduce the heat loss through the bottom surface. Al-Karaghouli and Alnaser con-
ducted experiments on solar still with and without insulation of the basin. Daily
productivity of distillate was 2.46, 2.84 kg/m2, respectively, for without and with
insulation in the month of June.

4 Conclusions

Various designs of solar stills are reviewed with special focus on different shapes
of top glass cover and basin design parameters. It is evident from researchers’ work
that there is no clear-cut possibility to optimize the design as yielding of different
solar stills is different. However, this study will pave a path to researchers to come
up with new optimum designs which can have better performance.

It is also observed that surface of the solar collector is vital in enhancing the
productivity of the solar still. This is where different designs of top glass cover help
for absorbing the maximum possible radiation.

It is also observed that basin material, depth of water and energy-absorbing mate-
rial, inclination of glass cover plate and insulation play an important role in enhanc-
ing the performance of the solar still. None of the researchers considered all the
influencing parameters to study the performance. Hence, there is a lot of scope for
improvement in performance of the solar stills in near future.
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Performance Analysis of Solar
Desalination Systems

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
storagematerial, wickmaterials, and reflectors. The simple andwidely accepted solar
desalination system is of solar still. The performance of solar still is highly influ-
enced by various factors such as water depth, basinmaterials, 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 theoreticalmethod 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.

Keywords Performance · Solar desalination · Solar still

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 themost promising pillars for sustainable energy andwater 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 andwater heaters,
a liquid vacuum pump, and a condenser. The system produced the desalinated water
at the rate of 1.07 l/h m2 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 ormodifying solar desalination systemwith 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.

It is 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 basinwater. 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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Fig. 2 Stepped solar still [38]

Fig. 3 Schematic of heat
and mass transfer process in
a single effect TSS [39]

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. 4 PVT collector [40]

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 drumwas fabricatedwith the light-weightmaterial 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
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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]

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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developor understand a small- or large-scale solar desalination system, it is verymuch
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 amathematical 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 beenwritten
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.

• 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

I1 + Qb + Cw
dTw
dt

� Qcw + Qrw + Qew + I2 (1)

whereQb—convective heat transfer from basin to water,Cw—heat capacity of water
in the basin, Tw—basin water temperature, Qew—evaporative heat transfer from
water to glass, Qrw—radiative heat transfer from water to glass, Qcw—convective
heat transfer from water to glass, I1—solar irradiation received by the water in the
still after passing through the glass cover, and I2—solar irradiation falling on the
basin liner after passing through glass and water in the still, can be determined as
follows:

I1 � (1 − αg)I (2)

I2 � (1 − αg)(1 − αw)I (3)

where I is the global solar radiation inW/m2, αg is the radiation absorptivity of glass
cover, and αw 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

Qcw � hcwAw(Tw − Tg) (4)
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where hcw is the convective heat transfer coefficient ofwater surface to the glass cover,
Aw is the cross-sectional area of thewater basin, andT g 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:

Qrw � hrwAw(Tw − Tg) � εeffAwσ (T 4
w − T 4

g ) (5)

hrw � εeffσ ((T
2
w + T 2

g )(Tw + Tg)) (6)

where hrw is the radiative heat transfer coefficient from water to glass cover, σ ,
Stefan-Boltzman’s constant, 5.67× 10−8 K−4, εeff 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 (Qew), which can be given as

Qew � hewAw(Tw − Tg) (7)

2.2 Energy Balance for the Glass Cover

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

Qrg + Qcg + I1 � I + Qew + Qrw + Qcw (8)

where I is the solar irradiation falling on the glass cover of the still,Qrg is the radiative
heat transfer from glass cover to atmosphere, and Qcg is the convective heat transfer
from glass cover to atmosphere.

Qrg � εgAgσ (T
4
g − T 4

s ) � hrgAg(Tg − Ta) (9)

whereAg is the aperture area of glass cover, hrg is the radiation heat transfer coefficient
between glass and atmosphere, T a denotes the atmosphere temperature, and T s 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

Qcg � hcgAg(Tg − Ta) (10)

where hcg 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 � Qb + Qbot (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 (Qb) is expressed as

Qb � hbAb(Tb − Tw) (12)

where hb is the convective heat transfer coefficient between basin liner and water.
The heat loss to the atmosphere (Qbot) from the basin can be determined using

the following equation

Qbot � UbotAb(Tb − Ta) (13)

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

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

dTw
dt

+ Tw

(
htw + hb

Cw

)
� 1

Cw

(
αw I (1 − αg) + htwTg + hbTb

)
(14)

It is similar to the differential equation format of dTw
dt + a1Tw � f1; then, the

solution of Eq. (14) is

Tw � f1
a1

(
1 − e−a1t

)
+ Twie

−a1t (15)

where

a1 �
(
htw + hb

Cw

)
(16)

f1 � 1

Cw

(
αw I

(
1 − αg

)
+ htwTg + hbTb

)
(17)

where htw � hrw + hcw + hrw.
In order to solve Eq. (15), certain assumptions have been made, which are listed

below:
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(i) Initial water temperature Twat t=0 � Twi;

(ii) The coefficient a1 is constant.

Rearranging Eq. (8) by substituting (9), (10), (2)–(6), and (7)

Tg � αg I1 + htwTw + htgTa
htw + htg

(18)

where htg � hcg + hrg.
Rearranging Eq. (11) by substituting (12) and (13),

Tb � αb I2 + hbTw +UbotTa
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 g, Tw, and T b are calculated from
Eqs. (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 g, Tw, and T b for additional time intervals. After finding out
the values of Tw and T g, the theoretical hourly yield can be evaluated from equation.

mw � AwQew3600

hfg
(20)

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 systemand surrounding are by any one of the basicmodes 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 � Qd + Qrg + Qcg + Qbw + Qsw + Qbot + Qsww (21)

where I 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

Qd � mwhfg (22)

where mw is the quantity of water produced in kg and hfg 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 Qrg � εgσ Ag

(
T 4
g − T 4

sky) (23)

Convection heat loss Qcg � hcgAg
(
Tg − Ta

)
(24)

where εg is the emissivity of the glass, σ denotes Stefan–Boltzmann constant (5.67
× 10−8, W/K4), Ag denotes surface area of the glass in m2, T g, T sky, and T a are the
temperatures of glass cover, sky, and ambient, respectively, and hcg is the convective
heat transfer coefficient in W/m2 K.

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

Qbw � Tbwi − Tbwo
Rbw

(25)

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

Rbw � 1

Abw

[
L1

K1
+

L2

K2

]
(26)

where Aw is the area of front and back wall surface.
In a similarway, the side and bottomwall conductive heat losses can be determined

Qsw � Tswi − Tswo
Rsw

(27)

Qbot � Tb − Tbot
Rbot

(28)
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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 � I − [Qd + Qrg + Qcg + Qbw + Qsw + Qbot + Qsww] (29)

where I is the solar intensity falling on the surface, W/m2.
The overall efficiency of the solar still is

ηo � Qd

I
(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 × 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 equationswith 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 aswater 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 60mm 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 20mm. The theoretical value for the typical water depth of 20mmwas determined
using the mathematical model, and the results were compared with the experimental
values. Figures 11 and12 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]

Specification Values

Basin area (Ab) 0.5 m2

Glass area (Ag) 0.508 m2

Back wall surface area (Abw) 0.488 m2

Sidewall surface area (Asw) 0.234 m2

Latent heat of vaporization for water (hfg) 2382.9 kJ/kg

Glass emissivity (εg) 0.88

Water emissivity (εw) 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

Table 2 Design parameters
of solar still for theoretical
simulation

Notations Dimensions

A 0.5 m2

m 10 kg

αg 0.0475

αb 0.96

hcg 8.8 W/m2

hrg 7.3 W/m2

Cpw 4186 J/kg K

αw 0.05

hew 28.5 W/m2 K

ha 1.29 W/m2/K

Ubot 7.0 W/m2 K

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

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]

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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Fig. 15 Theoretical versus experimental output for 5-mm-thick sponge liner

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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Fig. 16 Theoretical versus experimental temperatures of water and glass for black colored sponge
liner

Table 3 Properties of energy storage materials

S. No. Energy storage material Size (mm) Quantity
(kg)

Specific heat capacity
(kJ/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
(kg)

Highest output
(kg)

Average
improvement
from the
conventional still
(%)

Effect of water depth (mm)

1 10 1.64 1.72 (20 mm
water depth)

17.0

2 20 1.72

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
(conventional)

1.14 1.54 (5-mm thick
sponge liner)

35.2

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
colored sponge
liner)

43.4

2 Red 1.47

3 Blue 1.45

4 Black 1.63

5 White 1.54

Effect of energy storage materials

1 Pebbles 1.17 1.29 (black
granite gravels)

10.3

2 Blue metal stones 1.19

3 Black granite
gravels

1.29

4 Paraffin wax 1.27

Combined effect of sponge liner and energy storage materials

1 Black granite
gravels and black
sponge liner

1.71 1.71 50.6
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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
(ii) 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
resultsmay 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



96 T. V. Arjunan et al.

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 1.3

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 3.5

2 3 1.31 1.43 9.2

3 5 1.54 1.52 1.4

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 1.4

2 Red 1.47 1.48 0.68

3 Green 1.55 1.60 3.2

4 Black 1.63 1.78 9.2

5 Blue 1.45 1.49 2.8

Average deviation (%) 3.5

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. 17 Theoretical versus experimental output for black colored sponge liner

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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Fig. 19 Different energy storage materials [52]

Fig. 20 Theoretical versus experimental temperatures of water and glass for black granite gravels
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Fig. 21 Theoretical versus experimental output for black granite gravels

Fig. 22 Schematic arrangements of sponge liner and energy storage material
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Fig. 23 Theoretical versus experimental temperatures of water and glass for the combination of
black granite gravels and black sponge liner

Fig. 24 Theoretical versus experimental output for the combination of black granite gravels and
black sponge liner
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4 Conclusions

This chapter presents an overview of theoretical modeling procedure for simple solar
desalination systemand 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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Application of Software in Predicting
Thermal Behaviours of Solar Stills

Anirshu DevRoy, Om Prakash, Shobhana Singh and Anil Kumar

Abstract Software plays a major role in analysis and simulation of solar stills.
These simulation techniques are very much cheaper and time saving compared to
the experimental analysis of a system. This chapter explains the different software
used for the design and testing of various models of solar still. It also gives an
overall idea of what type of software being used and its feasibility. Software like
MATLAB, ANSYS and FLUENT have been taken into account here for modelling
and development of various solar stills. Moreover, software such as SPSS is often
used for statistical data analysis. All recent software have been selected and reviewed
and the benefits explained.

Keywords Solar still · Simulation · Modelling · CFD · FORTRAN · MATLAB ·
SPSS

Nomenclature

A Area, m2

Ag Aspect ratio for glass A = L/H
C Vapour concentration of air, kg m−3

c Specific heat, J kg−1 °C−1

Cp Specific heat capacity at constant pressure, J kg−1 K−1
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Cwg Specific heat of water and glass cover, J kg−1 °C−1

D Depth of water, cm
Dag Diffusion coefficient of gas phase
dw Depth of saline water, m
F Solar radiation absorption factor, dimensionless
G Irradiance, W m−2

g Solar flux
Gn Grashoff’s number
H Solar irradiation, kWh/m2

h Convection heat transfer coefficient, W m−2 K−1

hglc Heat transfer coefficient of glass cover, W/m2 K
h p Convective radiative heat transfer coefficient from outer glass surface cover

to ambient, W/m2 K
It Tilt of incident solar radiation, W m−2

Is(t) Solar radiation over the solar still glass cover, W/m2

K Thermal conductivity
Le Lewis number
Lv Latent heat of vaporization, J/kg
ṁ Specific mass, kg/m2

m ′
b Mass rate of brine, kg m−3

m ′
ev Produced mass rate of vapour, kg m−3

meva Mass for evaporation, kg
mevap Rate of mass evaporation, m/s
Mgl Interphase momentum transfer, kg/m2 s2

m lg Rate of interphase mass transfer, kg/m3

m ′
sw Mass rate for saline water, kg m−3

ṁwg Mass flow rate of water and glass cover, kg s−1

P Pressure, N/m2

Pci Partial saturated vapour pressure at condensing cover temperature
Pd Calculated daily productivity, 1/m2 day
Pr Prandtl number
Pv Partial saturated vapour pressure at water temperature
Q̇ Heat transfer rate, W
qa Convective heat transfer, W
qe,v Heat transfer per unit area per unit time
Qlg Energy transfer between liquid and gas phases
R Ratio of evaporator chamber volume to condenser chamber volume, dimen-

sionless
r Volume fraction, dimensionless
Rd Radius of tubular solar still, m
Sc Schmidt number
T Temperature, °C
t Thickness, m
ta Average ambient temperature, °C
Tam Temperature ambient, °C
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Tg Glass temperature, °C
Tgin Inner glass surface temperature, °C
Tgout Outer glass cover temperature, °C
Tv Water temperature, °C
U Side heat loss coefficient from basin to ambient, W m−2 K−1

u X component of velocity, m s−1

Ueva Heat transfer coefficient for evaporation, W/m2 K
V Velocity vector, m/s
v Y component of velocity, m s−1

W Wind velocity, m/s
w Compressor power, w
XA Mass fraction of liquid phase
YA Mass fraction of gas phase
yb Concentration of salt in brine, mg l−1

ysw Concentration of salts in feeding water, mg l−1

Greek Symbols

β Reflectivity
γ Thermal diffusivity of air, m2 s−1

λ/ϕ Brine depth to frontal height, –
ϕg Latitude of glass cover, °
ϕw Latitude of water, °
φ Glass inclination angle, °
ρ Density, kg/m3

σ Stefan–Boltzmann constant (5.67 × 10−8 Wm2 K−4)
μ Viscosity, kg/m s
χ Feed concentration factor

Subscripts

1 Initial
a Air
B Base
b Direct beam of solar radiation
Bs Basin
c Convective
e Evaporative
eff Effective
ev Evaporator
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f Refrigeration
g Glass
l Side loss
Liq Liquid
rad Radiative
v Water

1 Introduction

The harnessing of solar energy began in 1839 when Alexandre Edmond Becquerel
discovered that certain materials produce small amount of electric current when
exposed to light [1]. Henceforth, solar energy is being used in some productive
manner other than natural use. Now in the twenty-first century with drastic increase
in human population, the non-renewable energy resources are being exhausted at very
high rate. The demand for renewable energy has increased, and this leads to massive
development in alternative energy sources like solar, wind, water, geothermal. New
designs and developments are being done causing lesser pollution and at low cost
with high efficiency.

Altogether, serious steps are being taken for conserving the natural habitat. Now
natural habitat is composed of soil, air, water, etc. Considering water, although the
world has abundance of water, fresh water is of only 2% of the world’s water supply.
In recent times, with the increase in population, fresh water in the world is decreasing
at an alarming rate, which leads to alternative methods for extracting fresh water [2].
One of them is the usage of solar still to extract fresh water from impure water. Solar
still is having its use since the pre-Incaian period. After that, various types of designs
and modifications have been suggested and implemented. The solar still distils water
using the heat of the sun to evaporate and then cool and collect it. The application
of solar still is not just extraction of pure distilled water but to provide fresh water
in regions where the freshwater availability is not easy. Using solar still, fresh water
can be obtained easily at a low cost, but like all other conventional devices, it is quite
time-consuming. However, the fresh water finally available is in a very low quantity.
Various modifications in design are made to increase the usability of the solar still
based on different categories to enhance its productivity. Some of the methods to
increase the productivity of a solar still are to change its shape or the materials used
which absorb large amount of heat energy, using the optimum angle of inclination,
etc. [3].

Figure 1 illustrates the basic design of a solar still; here, the contaminated water
lies at the bottom of the container, and due to solar radiation, water gets evaporated
and condensed water droplets are formed on the upper glass cover which is finally
collected as fresh water. Now each category of solar still has various types of design
based on its shape and size. Each produces a different amount of fresh water and has
various merits and demerits. All these types are experimented individually, and the
data are used by various researchers and manufacturers across the globe. Now an
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experimental investigation of such stills are quite time-consuming and hectic, and the
problem of human error comes into existence which can disturb the main reading;
to avoid such circumstances, software applications are used to predict the desired
outcome by simulating similar environment saving time and energy. Software appli-
cation also has the benefit of taking in large and variety of data providing intricate
details of the experiment and the possibilities for developments. This software pro-
vides us with the details of water productivity, efficiency, heat transfer rate, ambient
solar radiation temperature, etc. Computational fluid dynamics (CFD) can be used to
predict the possibilities and the extent of experimental results of a still, such as finding
out the heat transfer coefficient, experimental determination of productivity of a still,
temperature distribution pattern, through simulations using various governing equa-
tions such as the heat and mass transfer equations, energy and momentum equations
of various solid and liquid phases. 2D and 3D CFD simulations are done; in both the
cases, the results obtained are close to accurate, where few precision is lost in case of
2D simulation. MATLAB is used for mathematical modelling and for comparing the
results obtained with the experimental results. For statistical data analysis, SPSS is
also used for the performance evaluation of various types of solar stills. FORTRAN
programming is also used by various researchers to evaluate parameters [4].

The aim of the chapter is to provide a detailed description of various software
applications used for the solar still research. Each chapter provides all the details
about which software is used for simulation. A better insight on software to conduct
a solar still research is provided through this.Research conducted byother researchers
is taken into account. The content shall provide with which software is better to use
and has been proven useful for solar still based on its category. Such a collection of
complete analysis of software used and its use is not available till now as a whole.
Hence, the main challenge of this chapter is to present a comprehensive feedback of
analysis and performance of software application in various types of stills based to
their categories. This chapter will help any scientist, manufacturer or researcher to
get an overall idea of the software to be used for their research on any type of still.

Fig. 1 Schematic diagram
of a single-basin solar still
[43]
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2 Simulation Methodologies

Due to recent developments in software and various data collection of the perfor-
mance of the solar stills, there has become numerous methods which can be used
to predict the outcome of a still. These outcomes can be called simulations, and the
various techniques for finding out the result of the outcome are called simulation
methodologies. Now for conducting a simulation, there are various types of solar
stills [4]. They can be classified on the basis of effect such as single-effect and multi-
effect stills, which are further classified as active and passive stills depending upon
the source of heat used to evaporate water either directly through sun or through any
external aid. The figures below show the basic diagram of single- and multistage
solar stills (Figs. 2 and 3).

2.1 CFD Simulation

In the end of twenties, the use of CFD for finding the final results of a solar still was in
practice under no wind conditions [5]. The simulations were done using TASC flow.
It is based on finite volume analysis of CFD simulation. Since it did not consider one
of the parameters, wind flow, the results were restricted to a certain domain.

CFD study was used to find out the film coefficient of a single-slope solar still
(SSS) [6]. The study had good correlation with the previously well-acquainted mod-

Fig. 2 Single-stage solar still [44]
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Fig. 3 Multistage solar still [45]

els. The motive of the study was to find out the free convection effect in 2D single
SSS. The CFD simulation had a governing equation based on a numerical model.

The numerical model was made based on the SIMPLEC algorithm. Equation (1)
illustrates heat transfer equation due to convection between water and glass. It is one
of the main governing equations:

qa = ha,v−gAg
(
Tv − Tg

)
. (1)

Here ha,v−g is the convection heat transfer coefficient. It is not a property rather it is
an experimentally determined parameter that depends on the values of the variables
affecting the still geometry. Ag is the area of the surface where the convection heat
transfer phenomenon takes place, and Tv, Tg is the temperature of the water and the
top glass cover. Altogether, a less emphasis was given to CFD. The conclusion was
made that the film coefficient was maximum in the area of the glass where air moves
towards the water surface, which is downward.

A flat plate solar still was analysed usingCFD. In the simulation, a 3D temperature
pattern of the still was studied. Finally, the experimental results were correlated with
the simulation results, and it has good coexistence.

The effects of blade installation were studied for the analysis of heat transfer
coefficient and flow of fluid [7]. The study was carried out using CFD FLUENT
software using SIMPLEC algorithm. The flow of fluid was assumed to be steady
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Fig. 4 The non-bladed still
contour of the stream [7]

Fig. 5 Non-blade still
constant temperature plots
[7]

and 2D and laminar flow. The following figures show that the CFD simulations have
taken place.

Figures 4 and 5 show the temperature changes and the stream functions plot. From
the figures, it can be seen that there are 3 vortices. The left one and the right one
rotate in anticlockwise direction and the middle one rotates in clockwise direction.
These vortices start from the bottom and continue till the glass. These occurrences
describe the process of heat interchange and the natural convection. Figures 6 and 7
illustrate the temperature changes and the stream function of a bladed still. The blade
increases the number of vortices and hence increases the process of heat transfer.
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Fig. 6 Bladed still constant
temperature plot [7]

Fig. 7 Bladed still contour
of stream [7]

Figures 8, 9 and 10 illustrate the effect of the vortices due to inappropriate blade
installations. All these lead to decrease in the rate of heat transfer, which results in the
decrease in the amount of fresh water obtained. Finally, the result obtained was that
one blade had increased the efficiency but more than one decreased the efficiency.

A study on themodelling of a still was done to increase the efficiency of the design
parameter [8]. It was 3D model of the two phases, i.e. liquid and gas, for evaporation
and condensation processes. CFD was used to simulate the model.

Equations (2)–(11) illustrate few of the governing equations used in the CFD
modelling:
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Fig. 8 Displacement of
large vortex due to blade [7]

Fig. 9 Improper blade
installation on the boundary
[7]

Continuity Equations:

Gas phase− ∇ · (
rgasρgasVgas

) − m lg = 0 (2)

Liquid phase− ∇ · (
rliqρliqVliq

) − m lg = 0 (3)
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Fig. 10 Resistance of the
vortices due to improper
installation of the blade [7]

m lg is the mass transfer rate from liquid state to gaseous state. The mass transfer
must satisfy a balancing equation of m lg = −mgl.

Momentum Equations:
Gas phase

∇ · (
rgas

(
ρgasVgasVgas

))

= −rgas∇Pgas + ∇ ·
(
rgasμlaminar,gas

(
∇Vgas +

(
∇Vgas + (∇Vgas

)T)))

+ rgasρgasg − Mgl (4)

Liquid phase

∇ · (
rliq

(
ρliqVliqVliq

)) = −rliq∇Pliq + ∇ ·
(
rliqμlaminar,liq

(
∇Vliq + (∇Vliq

)T))

+ rliqρliqg + Mgl (5)

Mgl is the force acting on the boundary region due to the presence of other phases.

Energy equations of gas and liquid phases:

∇ · (
rgasρgasVgashgas

) = −∇ · q + (
Qlg + m lghlg

)
(6)

∇ · (
rliqρliqVliqhliq

) = −∇ · q + (
Qlq + m lghlg

)
(7)
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Here, hliq, hgas are enthalpies of the liquid and gas phases.

Volume Conservation Equation:

rgas + rliq = 1 (8)

Pressure Equations:

Pgas = Pliq = P (9)

Mass Transfer Equation:
Gas phase

∇ · [
rgas

(
ρgasVgasYa − ρgasDag(∇Ya)

)] − Slg = 0 (10)

Liquid phase

∇ · [
rliq

(
ρliqVliqXa − ρliqDag(∇Xa)

)] + Slg = 0 (11)

ANSYS CFX 11 was used for carrying out the simulation. The time for each simula-
tion was around 4–12 h based on the condition of the computer. The basic structure
development was done in ANSYS workbench 11. The model was more or less tetra-
hedral in shape. The simulation results were checked by increasing the grid size of
the mesh. The greater the increase in grid cells more was the simulation closer to the
real model results. The rate of final water and the temperature of water were obtained
from the simulation. The following diagram illustrates the analysis of behaviour of
the liquid and gas during simulation of the still and gives a detailed explanation
followed by it.

Figure 11 illustrates the condensation of water on the inclined glass cover. As can
be seen, the bottom part has the maximum volume of water accumulated, whereas
the least volume of water is in top most area.

Figure 12 illustrates the water and gas interaction on the glass cover in the bottom
corner. As can be seen that water in the form of liquid stays at the bottom most point
and rest is acquired by water vapour.

From Fig. 13, a uniform temperature distribution present on the vertical axis can
be seen (Fig. 14).

Similar to the temperature distribution, a volume distribution diagram obtained
shows that the entire vertical portion was covered by gas mixture and only the bottom
most and the corner part was occupied by the liquid phase.

Figure 15 gives the velocity of gas at various points on the still. The upper region is
the warm gas which rises due to increase in temperature, whereas the lower part is the
cooler gas; hence, from the diagram, a heat transfer taking place due to convection
can be seen. The usage of new film coefficient resulted in more accuracy in the
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Fig. 11 Amount of water
accumulated on the glass of
the still [8]

Fig. 12 Water accumulated
at the bottom of the still [8]

simulation results in comparison with the experimental results. Moreover, it affected
only thewater temperature and not the production of freshwater. TheNusselt number
was calculated for the still. Finally, using this equation Nu = C(Gr · Pr)n , C and n
values from the CFD model were found to be 2.054 and 1.66, where Gr and Pr are
the Grashof number and Prandtl number. Thus, CFD is a useful software for making
new designs based on parameters. Modifications can be made on the solar still using
CFD by comparing the parameters to the experimentally obtained values.

The 2D simulation was done for a tubular solar still (TBSS) for estimating the
coefficient of heat and mass transfer and for the determination of water productivity
[9]. The software used was ANSYS-FLUENT 14.0 for simulating the flow pattern.
A first-order upwind scheme is used for convection and diffusion. The effects due
to pressure and velocity were taken care by the SIMPLEC algorithm. The solutions
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Fig. 13 Temperature of
mixture of gases occupied on
y axis [8]

Fig. 14 Volume of water
occupied at the y axis [8]

were fully converging when the scaled residuals were smaller than certain value
which is 10−3 other than energy equation which is 10−6. The assumption was made
that grid interdependency is in consideration when changes in Nusselt number and
productivity are less than 3.2 and 5%. The CFD simulation indicated a positive
reading on comparing the experimental readings. Some of the mass, momentum and
energy of the governing dimensionless equations for simulations are as follows:

∂U

∂x
+ ∂V

∂y
= 0 (12)
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Fig. 15 Velocity of the gas
mixture [8]

U
∂U

∂x
+ V

∂U

∂y
= −∂P

∂x
+ Pr

(
∂2U

∂x2
+ ∂2U

∂y2

)
(13)

U
∂V

∂x
+ V

∂V

∂y
= −∂P

∂y
+ Pr

(
∂2V

∂x2
+ ∂2V

∂y2

)
+ Ra · Pr · (θ + Br · C) (14)

U
∂θ

∂x
+ V

∂θ

∂y
=

(
∂2θ

∂x2
+ ∂2θ

∂y2

)
(15)

U
∂C

∂x
+ V

∂C

∂y
= 1

Le

(
∂2C

∂x2
+ ∂2C

∂y2

)
(16)

Here, Pr, Ra and Br are the Prandtl number, Rayleigh number and Buoyancy ratio,
where

θ = T − Tg
Tv − Tg

,C = C − Cg

Cv − Cg
,U = u · Rd/γ, V = v · Rd/γ

All Eqs. (12)–(16) had assumption that the temperature was constant between water
and glass and the boundary is adiabatic in nature. Also the assumption that the air is
an ideal incompressible gas with no changes in physical aspects and viscosity were
taken into account. Taking all these factors into account, a conclusion was drawn.

The CFD simulation indicated a re-circulating zone with a clockwise direction in
the enclosure. The results also implied that formation of water droplets mostly takes
place on the upper area of the glass cover. This detailed description of results shows
that explanation of events taking inside a still can be evaluated using CFD simulation.
Hence, the simulation provides a deeper understanding of the events. This is due to
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Fig. 16 Fraction of water volume in the solar still

the availability of a large amount of data, followed by an increase in the accuracy of
the readings.

A CFD analysis was conducted for a single-basin double-slope solar still. The still
modelling was done in SOLIDWORKS software. After that the meshing was done
in ANSYS ICEM CFD. Regarding the boundary conditions, an assumption that the
evaporation is taken to be laminar is taken into account. Moreover, there is a proper
separation between solid and liquid phases; hence, it can be said that the phases
are continuous. Now the productivity of a solar still depends on various parameters
such as inclination angle and water depth. In order to take all these parameters into
account, CFD simulation is used. The simulation was carried out in CFD CFX 14.
CFDanalysiswas done for differentmonths of solar irradiance. The following figures
are the CFD simulations of the TBSS.

Figures 16 and 17 show that the water droplets are formed on the glass as the
water gets heated. The temperature of the water is higher than that of the glass cover.
The sole cause of condensation was the difference in temperature between the water
and the glass surface.

From Figs. 18 and 19, the simulation was found to be done between temperatures
of 30–60 °C. Here, the bottom part has the maximum temperature as can be seen
from the diagram and the upper part has the least temperature. The result obtained
was that the amount of water evaporated was equal to the amount of water condensed.
This shows that the CFD is a useful tool for the prediction of the rate of productivity.

An ANSYS simulation was carried out using two 3D phase models each for the
evaporation and the condensation processes [10]. Initially, a model of the hemispher-
ical still was made using SOLIDWORKS software. After that the model was put to
simulation. Now for solving the continuity andmomentum equations, boundary con-
ditions were given. The simulation was carried out in 9 steps individually. Since the
experimental process took 9 h and was in an unsteady state, it was assumed that for
every one hour, the temperature was constant for the water and the glass.

Again another assumption was made that the amount of water evaporated and the
amount of distillation of water taken place are equal. To improve the accuracy of the
results, the adhesion and cohesive forces due to a single water droplet were taken



Application of Software in Predicting Thermal Behaviours … 121

Fig. 17 Fraction of water volume at the right

Fig. 18 Distribution of water temperature

into consideration. During the end of the simulation, the amount of water decreases
slightly; hence, the same amount of water is poured to keep the balance. Finally, the
CFD results were in good agreement with the experimental results. A similar work on
experimental and ANSYS CFD simulation analysis was done on hemispherical solar
still [11]. The difference between the two papers was as follows: [10] did a modelling
and verification hence it included the governing equations of mass, momentum and
energy conservation, whereas [11] carried out the analysis of the simulation and the
experimental process. Altogether the modelling paper stressed on the design of the
still and the temperature and solar radiation during various hours of the experiment,
and the analysis included the simulation results and graphical data of the comparison
of the experimental and simulation results. Figures 20, 21, 22, 23, 24, 25, 26, 27,
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Fig. 19 Distribution of temperature of air inside the still

Fig. 20 Steady-state condition of the still [10]

28, 29, 30, 31 and 32 illustrate the CFD simulations of the still. Figure 20 shows the
condition of the still at the steady state.

Figures 21 and 22 show the region of vapour and water formed in the still.
Figures 24, 25, 26, 27, 28, 29, 30 and 31 show the simulation results of various

conditions of temperature during the period of 9 a.m.–4 p.m. Finally, taking these
detailed processes inside the still into account and the simulation results with the
experimental results, a statement can be concluded that CFD is a useful software for
carrying out any analysis and simulations reducing the cost of experimental process.
Considering the fact that it can take into account so many cases that take place in a
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Fig. 21 Region of water [10]

Fig. 22 Area of vapour [10]
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Fig. 23 Area of solar radiation [10]

Fig. 24 Temperature diagram at 9 a.m. [11]

still and still provide a good value, a conclusion can be made that CFD behaves very
much like modelled real-life experiments.

A liquid-and-gas-phase 3D model was used for the change of state of water for
each process taking place in a single-slope solar still (SSS) by utilizing CFXmethod
for the simulation [12]. The heat and mass transfer coefficient is greatly dependent
on the performance parameter of the still. Hence, the general transfer equations have
been denoted by Eq. (17):
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Fig. 25 Temperature diagram at 10 a.m. [11]

Fig. 26 Temperature diagram at 11 a.m. [11]
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Fig. 27 Temperature at 12 p.m. [11]

Fig. 28 Temperature diagram at 1 p.m. [11]



Application of Software in Predicting Thermal Behaviours … 127

Fig. 29 Temperature diagram at 2 p.m. [11]

Fig. 30 Temperature diagram at 3 p.m. [11]
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Fig. 31 Temperature diagram at 4 p.m. [11]

Fig. 32 MATLAB model of the still [23]

q = h
(
Tv − Tg

)
(17)

where h varies and hence q varies according to radiative, convective and evaporative
heat transfer coefficients. The rate of water formation and the heat transfer coefficient
of each of the cases (convective, evaporative, radiative) and also the temperature of
the glass and water had a good relation between the experimental values. Hence, it
can be concluded that CFD is a powerful tool for carrying out simulations.
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A review on the latest developments using solar still was provided in [13]. The
review revealed that CFD is a better tool for simulations in the future of solar still
study. Various parameters can be taken into consideration for the solar still study in
CFD simulation such as the reflectors, storage materials, etc. Also, CFD is a useful
tool for use in the field of nanotechnology.

2.2 MATLAB Simulation

Astudyof amodifiedbasin type solar still (BSS)whichhas a condenserwas simulated
using MATLAB [14].

The modified still productivity was compared with that of the traditional basin
type still. The climatic conditions were based on the local climatic conditions, i.e.
Cairo, Egypt. The following are few of the energy balanced equations used in the
mathematical modelling for glass cover, salt water and still base:

αglassAglass IT + ṁwg
(
hfg + Cwg

(
Tv − Tg

)) + εeffσ AB

(
(Tw + 273)4 − (

Tg + 273
)4)

= Q̇glass + mglasscglass�Tglass/�t (18)

hvAb(Tb − Tv) + kwAb(Tb − Tv)

dw
+ εeffσ Ab

(
(Tb + 273)4 − (Tv + 273)4

)

= mwatercwater�Twater/�t + ṁwthfg + εeffσ Ab

(
(Tv + 273)4 − (

Tg + 273
)4)

(19)

αbaseϕgϕwAb It = Q̇b + hvAb(Tb − Tv) + kwAb(Tb − Tv)

dw
+ εeffωAb

(
(Tb + 273)4 − (Tv + 273)4

)
(20)

These mathematical models were all solved using the MATLAB software. The sim-
ulation results were carried out in the climatic condition of the area. The simulation
results were more or less similar to the experimental results. The simulation results
had deviated for small areas because of taking into account uncertain values during
the calculation of the heat transfer coefficient and the solar radiation. For the simu-
lation, several parameters were taken into consideration like the velocity of the wind
and angle of inclination. for the production rate and the efficiency. The simulation
gave relations between the various parameters which affect the productivity of the
still. The relations are the height of water and the velocity of wind is inversely related
to the productivity. The inclination angle during the summer months had an inverse
impact on the productivity, whereas during the winter, it had direct impact on the
productivity. Also lowering the glass cover thickness of the still increases the heat
transfer rate and hence increases the productivity, and with absorptivity, the output
of the still increases. Altogether MATLAB was useful for finding out the efficiency,
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amount of water produced throughout the year, for making more effective designs
and for analysing the situations taking place in the still.

The effect of thermal energy storage system in a weir type cascade solar still
was studied [15]. The study was carried out in MATLAB software once using phase
change material (PCM) and once without PCM. The PCM for this case was paraf-
fin wax. The film coefficient and few of the parameters were studied such as the
water depth and the effect of distillate due to the distance of the water and the glass
cover rate. Finally, the resulting data revealed PCM had an increase in productivity
compared to no PCM.

The effect of depth of water on the various mass transfer coefficients was studied
for a single-slope solar still [16]. MATLAB software was used for calculating dif-
ferent heat transfer coefficients such as the evaporative, radiative and convective. A
solar still having an evacuated tube collector with forced convective mode of heat
transfer was experimented and simulated [17]. A thermal model was developed to
predict the productivity of the still. Heat balance and energy equations were used to
predict the model. Few of these equations are as follows:

α̇glass · Is(t) · Aglass + hv · Aa · (
Tsw − Tgin

) = hglc · Aglass · (
Tgin − Tgout

)
(21)

hglc · Aglass · (
Tgin − Tgout

) = h p · Aglass · (
Tgout − Tam

)
(22)

Themathematicalmodelwas solved usingMATLAB.Themotive ofMATLABusage
here was to solve the temperature efficiency and the emissivity of the still. The final
output was that the evacuated tube collector used in the still increases the production
of water in the still.

A solar still was designed and tested, which was having vapour adsorption basin
[18]. Experimental and theoretical models were made and compared for the regular
solar still. For the theoretical study, themathematicalmodelwasmade andwas solved
using MATLAB. Following represent few of the modes of heat transfer equations
used in the simulations.

Q̇convective,Bs−v = hconvective,Bs−vABs(TBs − Tv) (23)

Q̇l = UbasinABs(TBs − Tam) (24)

Q̇convective,v−g = hconvective,v−gAv
(
Tv − Tg

)
(25)

Q̇radiative,v−g = hradiative,v−gAv
(
Tv − Tg

)
(26)

Q̇evaporative,v−g = hevaporative,v−gAv
(
Tv − Tg

)
(27)

Q̇radiative,g−sky = hradiative,g−skyAg
(
Tg − Tsky

)
(28)
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Q̇convective,g−sky = hconvective,g−skyAg
(
Tg − Tsky

)
(29)

Each of the above heat transfer Eqs. (23)–(29) used in the MATLAB had different
heat transfer coefficients having different values since evaporative, convective and
radiative. These equationswere used to determine the absorption rate. The theoretical
data were in good agreement with the experimental data. The difference between the
experimental and theoretical data had a maximum value of 2.3%. This finally brings
to an important conclusion that MATLAB is a useful tool to carry out simulations as
it has very low percentage of error associated in its final results.

A theoretical study of passive solar still having evaporator and condenser in sep-
arate chambers was conducted [19]. MATLAB program was used to solve the math-
ematical model made. The energy and heat transfer equation of the glass is given as
follows:

mglasscCp,glassc
dTglassc
dt

= AglasscFglasscGeff + Av1hglassc
(
Tv1 − Tglassc

)

− Aglasschc,glassc−am
(
Tglassc − Tam

)

− Aglasschrad,glassc−sky
(
Tglassc − Tsky

)
(30)

hglassc =
(
Rhc,v1−glassc

1 + R
+ Rhe,v1−glassc

1 + R
+ hrad,v1−glassc

)
(31)

The simulation revealed that various parts of the still had an increased temperature
compared to the state at room temperature of the material during the day time and the
temperature was less during the night, which is a general case due to direct sunlight.
Also the values obtained at different ranges of temperature were in good agreement
with the earlier studies.

The performance of a solar still integrated with evacuated tube collector was
obtained [20]. The productivity of the still was predicted for various parameters
such as energy and energy efficiency. A mathematical model of energy conservation
was made for each of the parameters with few assumptions and was solved using
MATLAB. Like one of the previous simulations, here also MATLAB is used for
finding out the temperatures of the various parts of the still and also the efficiency
and the emissivity of the still. Hence, it can be said that MATLAB simulations can
be very much useful for finding out few parameters like temperature and efficiency.

A theoretical study of simple solar still coupled to a compression heat pump [21].
A mathematical model was made using the energy and mass conservation equations.
Themodel was solved usingMATLAB simulation, and it predicted that the efficiency
of the modified still was 75% higher than the original simulation. These are few of
the energy equations used in the model by the evaporator, water, absorber, and glass
cover.

Glass cover:
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ṁglass · cglass · dTg
dt

= (
1 − βglass

) · αglass · gh
+ (

qevaporation,v−glass + qradiation,v−glass + qconvective,v−glass
)

− qradiation,glass−am − qconvective,glass−am (32)

Evaporator:

ṁev · cev · dTev
dt

= qconvective,v−ev + qevaporation,v−ev − qevaporation,f (33)

Water:

ṁwater · cwater · dTwater
dt

= (
1 − βglass

) · (
1 − αglass

) · αwater · gh
− (

qevaporation,v−glass + qradiation,v−glass + qconvective,v−glass
) · Aglass

Awater

+ qconvection,b−v + w

Awater
(34)

Absorber:

ṁBs · cBs · dTBs
dt

= (
1 − βglass

) · (
1 − αglass

) · (1 − αwater) · αBsgh

− qconvection,Bs−v − qloss (35)

Equations (32)–(35) of energy balance equations were solved simultaneously by the
fourth-order Runge–Kutta method in MATLAB.

Few other assumptions were made during the simulation, which included the
initial temperature was equal to the ambient temperature, and on these values, the
properties and the heat transfer coefficients were assumed. The obtained reading
of the theoretical analysis was compared with the experimental data, and it was in
good agreement with the experimental data. Altogether, the basic parameters and
the operating boundaries of the still were constant during the simulation. Hence,
MATLAB simulation is a good tool for finding out the efficiency of modified stills
and also helps in understanding the parameters affecting the productivity of the
modified stills.

A program was developed to find the effect due to a symmetric double-slope solar
still and its productivity in comparison with the asymmetric double-effect solar still
[22]. TheMATLAB 7 programwas used for solving the equations and the simulation
results. Finally, a result was obtained that the simulation results showed the optimum
angle for radiation is 10°.

An analysis of amount of productivity of a single-slope solar still (SSSS) was
done. A mathematical model was made for the SSSS [23]. The simulation was
carried out in theMATLABSimulinkmodel. The following are the relations between
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the convective and evaporative heat transfer equations which were solved using the
MATLAB:

he,v = 0.016273 · hc · (Pv − Pci)/Tv − Tgin) (36)

he,w = 0.016723 · [
(K/A)C(Gn · Pr)n · (

Pv − Pci/Tv − Tgin
)]

(37)

qe,v = 0.016273 · [
(K/D)C(Gn · Pr)n · (

Pv − Pci/Tv − Tgin
) · (

Tv − Tgin
)]

(38)

Figure 32 shows the MATLAB simulink block diagram used for the simulation. The
various parameters of the still were individually assessed. The simulation gave an
inverse relation between the internal film coefficient and the height of the water due
to temperature change. The experimental reading was in good agreement with the
simulation reading. A dynamic system simulation study was carried out for showing
the usefulness of the SSSS. Also a result was obtained that the inclination of angle
30° was more useful when compared to 23° in every way. Finally, it can be said
that MATLAB has a very good use in simulation. It differs from CFD in pictorial
analysis which means that it cannot produce pictorial diagram of the body and give
individual analysis of the entire still, but nevertheless the final data obtained are very
much effective in nature.

2.3 SPSS Simulation

The variables which affected the productivity of a solar still were determined under
certain weather conditions [24]. A year-round data for the productivity were col-
lected, and using SSPS software, the general equation was formed for the daily
water produced by the still. A basic formula was developed to predict the productiv-
ity of the still. The parameters and the boundary conditions of the still were given
based on which the formula is given below:

Pd = −1.39 + 0.894H + 0.033ta − 0.017W − 0.008φ − 1.2(λ/ϕ) (39)

Equation (39) was obtained using multiple linear regression technique. The value of
multiple correlation coefficients (R) was calculated. Finally, comparing the simula-
tion data with the experimental data, a good correlation was established. Hence, it
can be seen that SPSS is a useful software for finding out the productivity.

A performance evaluation was done on a solar still. ANOVA test was done here
with SPSS 16 software to find out the significance in the pre-treatment between
different substrates.

A study of usage of various adsorbent and insulators for a basin still was conducted
[25]. SPSS was used for analysing the changes in the means of productivity of the



134 A. DevRoy et al.

obtained fresh water to various temperatures at each stage of affecting materials
and vice versa. Using ANOVA, the significant value was found to be less than 0.05
and the interaction was 0.009. The R value was shown to be 0.521, which is 52%
production of fresh water from the distiller. All these results show that the model was
a good model. A relation between the temperatures of the basin, the water and the
external basin showed that the temperatures had interactions which mean that there
is equilibrium between the temperatures. This leads to a conclusion that SPSS can
be used for overall comparison of the experiment and model the value graphically.

A study of the ability of success in making a model of thermal efficiency of a
solar still using the data of its operations and its surrounding weather conditions was
carried out. There was both MLP and MNR models for calculating the productivity.
The MLR model was made using the IBM SPSS statistics 22. The MLR model was
carried out with the same experimental values as theMLP.As a result, amathematical
relation was established with the nine independent variables like velocity of wind,
air temperature and humidity. Hence, SPSS can be used for making MLR model,
and the results obtained are in good relations with the experimental data.

A study on the effect of ANN model for describing the outcome of the solar still
was carried out, but agricultural drainage water was used as a source of water for
the still [26]. The MLR model was made using SPSS software. Finally, it can be
concluded that SPSS is a useful tool for carrying out simulations and model making.

2.4 FORTRAN Simulation

Atheoretical investigation of the amount of radiation taking place on the impurewater
after striking the glass material cover of the stepped solar still was conducted [27].
FORTRAN programming was used to study the effect of shape due to radiation for
different inclination angles. From theFORTRANprogramming results, a relationwas
obtained which showed that the production of fresh water was more when radiation
shape factor was taken into consideration. The formula for finding the amount of
productivity other than the heat transfer and energy balance equations is shown
below:

m
productivity= Qevaporation

Lv

(40)

Calculation of the percentage of productivity by calculating the radiation due to
change in shape parameter to distillate the productivity and without calculating the
radiation due to change in shape parameter is as follows:

ς =
(
mevap

)
with − (

mevap
)
without(

mevap
)
without

× 100 (41)
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Finally, it can be concluded that FORTRAN programming is a useful to for finding
out the effect due to individual parameters.

An experimental and mathematical study of the addition of solar reflector and
collector in a simple solar still (SSS) was conducted [28]. The mathematical model
in the form of differential equations was solved by the fourth-order Runge–Kutta
method. The entire process is done in FORTRAN language. The program was also
used to predict the changes in temperature per hour for the various parts of the solar
still and also to predict the amount of clean water obtained and the film coefficient
of the still. The equation for the hourly yield is given below:

meva = Ueva · (
Tv − Tgin

) · 3600/Lv (42)

Here Eq. (42) meva is the distillate rate and Lv is the latent heat of vaporization and
Ueva is the film coefficient due to evaporation. FORTRAN language can be used for
solvingmathematicalmodels predicting various outputs of the still. Hence, themodel
obtained by the mathematical analysis had a good correlation with the experimental
data obtained for the same experiment.

A comparative study on the effects of coupling flat plate and spherical plate solar
still collector was done. The thermal modelling differential equations were solved
using the fourth-order Runge–Kutta method. Programming was done in FORTRAN
language. This takes back to the previous conclusion that FORTRAN is a useful tool
for finding out the parameters.

A simulation study of the double-film solar still together with conventional solar
still was carried out [29]. The FORTRAN 90 was used for finding out the simu-
lated values. The newly modified still was compared with the original solar still for
assessment.

A study on the methods to increase the productivity of fresh water in a solar still
by changing glass screen design and amount of solar radiation absorbed between the
single slopes and double slopes, hemispherical still was conducted [30]. A fourth-
order Runge–Kutta was used for solving equations. The programs for finding out
the various parameters were made using FORTRAN language. Hence, based on the
previous analysis, a conclusion can be made that FORTRAN is one of the useful
tools which is favoured for finding individualistic parameters.

A study of the ability of single and double stills to be used in the daily purpose for
economic use and also the energy transfer processes of the stills and its surroundings
was carried out [31]. Heat and mass transfer equations were used for the modelling.
The equations were fourth-order differential equations solved by using the method
of Runge–Kutta in FORTRAN language. The final results obtained were used for
analysis of the feasibility of the stills.
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2.5 MATLAB Simulation on Single-Stage Active Still

Studying of a single-slope solar still contains a fluid for supplying heat energy to
the liquid [32]. The energy equations were solved using the MATLAB model. The
MATLAB equation was based on the command ode 15s, which is faster than the
command ode 45. The energy equations were generally the parameters of the stills
such as inner glass cover and outer glass cover. The mass balance equations are
illustrated below:

m ′
SW = m ′

ev + m ′
b (43)

m ′
SWySW = m ′

byb (44)

m ′
b = 1

χ
m ′

sw (45)

m ′
ev = 1 − χ

χ
m ′

sw (46)

The simulation results gave a significant relation between the speed of the wind and
its effect in the production of amount of distilled water. Also it showed that water
depth had a significant relation with the production of fresh water.

ANN model was used to study the productivity of a triple-slope solar still [33].
Three ANNmodels were made and solved using MATLABmodels such as the feed-
back network model, the Elman model and the NARXmodel. For the NARXmodel,
there was 3 types of neuron numbers, each created and solved using MATLAB. The
data consisted of 46 samples, which were taken as input data for the ANN model.
Finally, the results were that the feed-forward model had the best results compared
to the other two models.

An optimization of the number of collectors was done for PV/T hybrid solar still
[34]. The software used was MATLAB 7 for solving the equations, few of which
were involved of heat and mass transfer and energy equations. Finally, the hourly
variations were found out.

A study of a modified still, which has three different designs of cover each having
different amount of productivity, was done [35]. A MATLAB program was used for
development of the model. Also the MATLAB program was used to find the various
relations between the different parameters of the still. The result obtained was that
no model had a good output over the range of considered months on comparison.
The result obtained by the MATLAB simulation was not in good agreement with the
experimental data due to the variation in parameters.

A study to find the inner and outer glass covers of an active solar still was con-
ducted [36]. MATLAB program was used here in order to calculate the various film
coefficients. Further, these values will be used for calculating the theoretical values
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of various parameters. From the above procedure, it can be said that MATLAB is
useful for making and validating experimental models.

2.6 FORTRAN Simulation of Active Solar Still

A study of a modified double-slope active solar still and a numerical investigation for
the still were carried out [37]. The numerical model was solved using FORTRAN 6.6
computer program. The program solved energy equations of still such as the basin,
water and cover of the still. All the main energy equations were solved using the
fourth-order Runge–Kutta method. The final results of the simulation displayed the
relation of the temperature effects and fresh water productivity.

2.7 CFD Simulation of Multistage Still

A CFD study on novel multistage evacuated solar still using FLUENT software was
conducted. The still consisted of three stages, but only one stage was taken for CFD
simulation. The model of the still had a finite element analysis (FEA) and a structural
analysis using MSC/NASTRAN FEA software. The simulation was done in a 2D
model. The FLUENT segregated solver was used for solving the models of transient
conditions.

The figures below illustrate the results obtained on CFD simulation.
Figure 33 illustrates the stress conditions of the cylindrical model made after

stiffener was added to the walls of the model. Figure 34 shows the liquid mixture of
water as a fraction of volume. It can be seen that the maximum liquid water is formed
at the base of the still. The simulation result was very handful for the development
and for implementing new designs. Hence, it can be concluded that CFD can be used
not only for comparison between experimental and theoretical analyses but also for
finding out the relation between various parameters.

A newmultistage solar still was designed for increasing the amount of fresh water
produced and also to increase the efficiency over the conventional simple solar still
[38]. CFD FLUENT software was used to find out the heat and mass transfer rates
of the still. The structure was made using NASTRAN software. The stage of the
still was modelled using the Gambit pre-processor. The mesh generated was 2D in
nature.

Figure 35 represents the overall density of the mixture of water in liquid phase
in the simulation. The amount of condensation of water taken place inside the still
is shown in Fig. 36. As illustrated from the figure, the condensation is maximum
where the evaporation occurs. Figure 37 illustrates the path motion of the vapours
where the heavier vapours are moving down and the hot vapours are moving up.
The big vortices are away from the smaller ones; also, it can be seen that they are
all continuous in nature. Figure 38 illustrates the velocity vectors of the path taken
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Fig. 33 Stress diagram of
the modelled still

Fig. 34 Diagram of the
volume fraction of liquid

by the vortices. The flow pattern is observed from Fig. 39 and can be said that the
flow pattern is entirely based on heat transfer process and not by vortex motion. All
the simulations were done in order to find out the mechanism behind the heat and
the mass flow patterns. The point of interest in the simulations was taken to be the
vapour stream lines. Finally, a good result was obtained when compared with the
experimental data.

A study to determine the practical design parameters was conducted for a multi-
stage solar still [39]. FLUENT 6.2 software was used for the study. The simulations
were done on the basis of energy and mass conservation differential equations taken
for each of the stages. Finally, the results obtained had a good relation with the
experimentally obtained data.

A numerical investigation and economic benefits were found out for a multistage
still under the climatic conditions of the local area which was Batna City [40]. A
mathematical model of energy and mass equations was made after which the equa-
tions and 3DCFD simulationwere done onANSYS-FLUENT. The simulation shows
that there was less amount of energy available, but the amount of water produced
had good feedback with the situated conditions.
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Fig. 35 Liquid water density mixture contour [38]

Fig. 36 Volume fraction of liquid water contour [38]

2.8 MATLAB Simulation of Multistage Solar Still

A study on the performance of a solar desalination unit was carried out [41]. The
study was carried out using MATLAB 7.0.1. The various important parameters of
the still were studied.

A similar optimization and effect of parameter designwere studied of amultistage
solar desalination system [42]. Like the previous simulation, here also MATLAB
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Fig. 37 Mixture path lines for a particular stage in the still [38]

Fig. 38 Velocity vectors of the volume fraction [38]

7.0.1 was used for finding out the various parameters. A good relation was obtained
with the MATLAB model when compared with the experimental model.
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Fig. 39 Flow pattern of water vapour inside a shallow solar still [38]

2.9 FORTRAN Simulation of Multistage Solar Still

A multistage still study and a numerical simulation and also its economic benefits
were studied [40]. As mentioned earlier, the multistage still used CFD simulation
for studying the energy and mass transfer equations. In addition, the FORTRAN
software was used for the analysis of thermal radiation effects on temperature and
the amount of water produced on distillation. This shows that a single software may
not cover all the studies. Multiple software may be needed for various different
parameter analyses; also each software has benefits on the basis of the type of work
done: for statistical modelling, SPSS is used quite often; for studying various effects
related to the design changes, CFD is used. Altogether it depends on the preference
and type of work done by the user.



142 A. DevRoy et al.

3 Case Study on CFD Simulation

CFDmodel wasmade for the evaporation and the condensation processes of a single-
slope solar still. The amount of fresh water obtained during the simulation is the fresh
water which is produced inside the solar still. The design and construction were done
using ANSYS workbench 10.

3.1 The Boundary Conditions and the Initial Conditions

During the ANSYS, the boundary, continuity and momentum equations are pro-
vided. The simulation took place for 8 h from 9 a.m. to 5 p.m. In general, this is a
case of unsteady state; hence, to convert it into steady state, the 8 h is divided into
1 h each of steady-state simulation. During every hour, a new constant is taken for
the amount of water collected and the glass temperature. The solar radiation mainly
depends on the material of the glass, i.e. the amount of radiation it can absorb and
amount of radiation the glass emits. For the liquid phase, the wall boundary was

Fig. 40 Distribution of temperature at various points [12]
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assumed to be of no slip, and for gas phase, there was slip taken into considera-
tion. In order to increase the effectiveness of the results of the simulation, adiabatic
conditions were assumed to avoid loss due to heat transfer. This situation was taken
into consideration in the ANSYS. The water level of the still was initially 0.30 for
simulation. The water volume fraction was 0.13 and 0.87. The most important factor
considered during the simulation was the solar radiation which would initially take
place on the glass cover.

3.2 Simulation Results

The mesh made was tetrahedron in shape. For the perfect analysis, the grid size
was checked using sizes of 32311, 47126, 64512 and 84121. The more the number
of grids, the more the simulation results will be closer to the experimental results.

Fig. 41 Side view of the temperature distribution
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Figures 40 and 41 give the temperature distribution of the solar still. Since tem-
perature plays an important role in the detailed analysis of the solar still, a detailed
simulation of the temperature was done from two different perspectives. The experi-
mental results show that the temperature of the water increases up to 3 p.m. and after
that it decreases, which is the main cause of difference in the result of the CFD and
the experimental tests. The difference between the experimental and the simulation
results is said to be error. This was 6.0 and 10.25% for the amount of fresh water
being produced and the temperature of water.

4 Conclusion

The final conclusion can be made that various software have been used for the
design and implementation of the solar still. Software such as ANSYS, FLUENT
and MATLAB are quite useful tools for the theoretical simulation of various stills.
Each of themhas a good correlationwith the experimental readings, but the benefits of
using CFD andMATLAB are it is a time-saving process and year-round performance
is not affected. Moreover, these can be used for solving thermal efficiency and heat
transfer coefficient using various mass and energy equations. The benefit of using
SPSS is that it can be used for solving neural network models and also for finding
relation betweenvarious parameters. TheSPSSalso gives a feedback forwhichneural
model is best for use. FORTRAN can be used for finding the effects of radiation of
various solar stills using differential equations. The usage, limitations and functions
are briefly illustrated in Tables 1, 2 and 3 above according to the various categories
of solar still. The software gives an overall idea about how the stills can be modified,
what are the parameters which affect the performance of the still, the air flow pattern
and the productivity of the various stills. Any scientist or researcher who is interested
to make a progress in the area can take into account such software based on one’s
purpose for further development.
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Table 2 A comparison table of active solar still

S. No. Software
name

Functions Applications Limitations

1. MATLAB To develop various
models for the still
taking in account the
energy equations
[35, 33, 32]

It has its use in
solving the energy
equations of a still
and also finding out
the various
parameters. An
ANN model is also
solved

Overall performance
evaluation cannot be
done

2. FORTRAN Used during
numerical
investigation [37]

Used for solving
energy equations
and parameters of
the still using
fourth-order
Runge–Kutta
method

More weightage on
programming rather
than calculation and
final results

Table 3 Multistage still software comparison chart

S. No. Software name Functions Applications Limitations

1. CFD
FLUENT/ANSYS

Helps in giving an
overall idea of the
temperature
distributions, path
lines of the
molecules and the
liquid formation
rate pictorially.
Leading to
extensive details
about the
conditions taking
place inside the
still [38, 39]

Generally used for
finding the heat
and mass transfer
rates and the
energy equations
for the still

Not 100% accurate
results can be
obtained as it fails
to take into
account f small
details such as
losses and leakage

2. MATLAB Used for solving
various numerical
models of the still
[41, 42]

Used for finding
out various
coefficients and
parameters; this is
finally used for
carrying out the
experimental
process

Greater stress on
developing proper
equations and
programming and
not the experiment
itself

3. FORTRAN Used for parameter
analysis in various
cases or to find out
the graphical
relation between
various parameters
[40]

It is limited to the
analysis of various
parameters in this
case

Its domain lies
only to the extent
of comparison of
various parameters
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Simulation, Modeling, and Experimental
Studies of Solar Distillation Systems
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Abstract The conventional solar stills have a poor distillate production capacity.
This makes the system highly uneconomical. According to the type of input energy,
the solar stills are classified into passive and active solar stills. A lot of researchworks
have been carried out to improve the performance of the still by adopting different
techniques using both experimental and software analysis. Software application is
essential in design and optimization of the performance-effecting parameters for
solar stills before fabrication. CFD simulations technique is being done with the
help of ANSYS and FLUENT. TRNSYS is to examine the temperature profile and
vapor flow pattern inside solar stills. MATLAB and FORTRAN are very useful tools
for developing computer code of mathematical models for yield prediction. This
chapter is focused on the research work being done in the software application and
its analysis of solar still. All recently employed and developed software for the utility
of solar still system are being discussed. This research will help researcher and other
scientist about the scope of the research possible in the software-oriented research.
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1 Introduction

Solar energy is an inexhaustible source of energy, available in abundance and is
pollution free. Everyday earth receives plenty of energy from the sun. Solar distil-
lation is one of the methods to extract drinkable water from saline water with the
help of solar radiation. Solar still works on the principle of solar distillation and pro-
vides potable water for direct human consumption. This distillation process is based
on the evaporation and condensation phenomenon. Using commercial methods to
extract pure water via distillation in remote areas is not feasible as the availability
of fossil fuel or electricity is limited in those areas, and total cost of the system is
very high [1]. Therefore, to provide clean water in remote villages, solar still has
emerged as the most effective alternative. Solar radiation is used to heat up the still
basin water, which leads to evaporation of basin water. By this, evaporated vapor
condenses on inner glass cover surface. The collected distillate output through the
collecting channel is the fresh water.

Solar stills are available in the large variety depending upon their mode of oper-
ation as an active or passive mode. For the better performance, it is needed to do
a parametric evaluation and its analysis. The design of solar still can be optimized
with the help of relevant software. Computational fluid dynamics (CFD) analyze and
investigate the flow pattern of moist air and temperature distribution, stress pattern
of adjacent wall, and humid zone. CFD-based simulation software is also being used
for the prediction of behavior of flow pattern near wall, and condensing cover. The
CFD simulation shows the zones where in solar still where condensation and evapo-
ration occurs like moisture zone, condensing zone, evaporation zone, etc. [2]. It also
gives the information regarding the temperature of glass cover, water temperature,
and vapor temperature, etc. Programming languages such as FORTRAN are being
used in simulation process for the solution of energy balance equations. Comsol
Multiphysics coding is also used for numerical simulations for solar still. MATLAB
is an essential tool used for the development of mathematical models and to predict
the performance.

This chapter provides the information of the existing design software applied in
solar still system for simulation procedures and optimization techniques. The flow
behavior, velocity pattern, and operating parameters effects on distillation rate. The
effects of inclination angle and shear stress analyzation near wall are also being dis-
cussed for different types of solar stills. The relevant data regarding vapor zones, shear
stress zones, condensation zone, and its temperatures ranges are taken in account dur-
ing analysis.
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2 Experimentation and Mathematical Modeling on Solar
Stills

Sampathkumar et al. [1] have done research work on active-type single-slope solar
still system. For the enhancement of productivity, yield output of still, the systemwas
coupled with evacuated tube collector. The solar still with collector was working as a
hybrid system. The experiment was done on various days at different timings. Result
shows that after coupling collector, solar still gives a rise output of 77% in yield as
compared to passive solar still. It was also noticed that a temperature increment of
about 60 °C due to the collector input. The experimental result had a good agreement
with the theoretical result. The schematic diagram of the experimental setup of the
hybrid solar still system is being shown in Fig. 1.

The energy balance equation used for the active solar still system coupled with
evacuated tube collector is mentioned below.

During the formation of these equations, the following assumptions were made:

i. The basin water depth of the solar still is being kept constant during the experi-
mentation.

ii. The condensation phenomenon occurred inside the inner glass cover is of film
type.

iii. The heat capacity of stored mass of water is being neglected.
iv. The water carrying pipes are properly insulated.
v. The entire solar still system is leakage proof.

Fig. 1 Schematic diagram of the experimental setup [1]
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These energy equations are for outer glass cover, inner glass cover, and basin liner
at the base and water mass system, respectively.

Kg

Lg

(
Tgi − Tgo

) � h1g
(
Tgo − Ta

)
(1)
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g Ieffs + htw

(
Tw − Tgi
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(
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)(
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w

(
1 − α′
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dTw
dt

+ htw
(
Tw − Tgo

)
(4)

For the solution of these energy balance equation, the boundary conditions are:

At t � 0, Tw(t�0) � Two

Panchal et al. [2] worked on the experimental and CFD modeling of the solar still.
The experimental setup had a single-slope still with black coating at the bottommost
part in order to increase the absorption of the solar radiation. The theoretical result
was done using ANSYS CFD 11. The experiment was performed at 40 cm of water
depth in clear sky condition. The data were taken using four thermocouples in an
interval of 1 h.

Fathy et al. [3] did an experimental work on double-slope active-type solar still.
In this research work, the still system was coupled with parabolic trough collector
for the enhancement of heat transfer. The solar energy incident on parabolic trough
collector was delivered to the still systemwith the help of finned pipe heat exchanger.
The experimental work was compared among different types of combinations like,
one with conventional type fixed collector and another was tracked collector system
forwater depth of 20mm.Result shows that productivity ismaximumduring summer
days as comparedwithwinter season.Aphotographof the experimental setup is being
shown in Fig. 2. The angle of inclination of glass surface was 26.5°. It was noticed
that the water productivity for the conventional solar still was 4.51, 8.53 kg/m2 for
still with fixed PTC, and 10.93 kg/m2 for tracked PTC.

Kumar et al. [4] had performed an experimental work for active-type single-slope
solar still. In this system, solar air heater was coupled with solar still to increase the
temperature difference between the basin water and condensing cover. The variation
of temperature with solar radiation was noticed and an increment of 24% in daily
productivity of solar still with solar air heater as compared with conventional sys-
tem. It can be also concluded that basin temperature, water temperature, and glass
temperature increased when coupled with air heater. During the formation of energy
balance equation, it was assumed that heat loss from basin to ambient is neglected.
The energy balance for the glass cover is,
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Fig. 2 A photograph of the experimental setup [3]

mgcpg

(
dtg
dt

)
� I (t)αgAg + Qc,w−g + Qr,w−g + Qe,w−g − Qr,g−sky (5)

The energy equation for the saline water mass

mwcpw

(
dtw
dt

)
� I (t)αwAw + Qc,b−w + Qc,w−g + Qr,w−g − Qe,w−g (6)

Energy balance for the basin plate

mbcpb

(
dtb
dt

)
� I (t)αbAb + Qc,f−b − Qc,b−w − Qr,b−s (7)

Energy balance for the bottom surface

mscps

(
dts
dt

)
� Qc,f−s + Qr,b−s − Qloss (8)

Kumar [5] carried out research on the economic evaluation of hybrid-type active
solar still system. In this work, an analysis was done on various terms of parameters
related to the economics of still system. These are maintenance cost, tax benefits,
annual costing of still, energy production factor, life cycle efficiency of solar still, CO2

mitigation, revenue earned, and payback period. An experimental setup photograph
of hybrid-type solar still is being shown in Fig. 3.

Lovedeep et al. [6] did an experimental work using nano-fluids with the motive to
increase the heat transfer in fluids for increasing production from potable water for
passive-type double-slope solar still. In this research work, nano-fluids were used
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Fig. 3 Photograph of hybrid (PVT) active solar still [5]

due to their exceptional thermo-physical and optical properties. Nano-fluids were
Al2O3, TiO2, and CuO-water. In this communication, the energy matrices, economic
analysis, and exergo-economic analysis of passive-type double-slope solar still were
discussed, and energy payback period and life cycle conversion efficiency were esti-
mated. Result shows that annual productivity using nanoparticle has increased dif-
ferent for different nanoparticles. For Al2O3 is 19.10%, TiO2 is 10.38%, and CuO
is 5.25% and exergy efficiency for Al2O3 is 27.77%, TiO2 is 25.55%, and CuO is
11.99%, as compared to conventional solar still. A heat transfer mechanism is shown
in double-slope solar still with nano-fluids particle (Fig. 4).

Madhlopa et al. [7] performed a research on computation of solar radiation dis-
tribution in single-slope solar still with external and internal reflectors. In this com-
munication, parameters considered for the estimation are surface finish and optical
view factor. This analysis was performed for the conventional single-slope solar still
and another with still coupled with condenser. The proposed model diagram of the
setup is shown in Fig. 5.

While developing the energy balance equation for the proposed model, following
assumptions were made.

i. There was no any leakage of vapors and distilled water inside the solar still.
ii. Solar radiation intercepted by external surfaces of wall was not considered.
iii. Solar still system was air-tight.
iv. Solar radiation after reflection from ground did not reach the saline water.

Badran [8] did an experimental work for the enhancement technique of solar still
to increase the productivity of single-slope solar still. For this, two different types
of basin liner were used: one was of asphalt and another of sprinkle. The depth of
water basin and ambient conditions were observed. Result shows the 51% increment
in productivity with these basin liner as compared with conventional still system.
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Fig. 4 Schematic of double-slope passive-type solar still with metallic nanoparticles [6]

Fig. 5 Model showing the distribution of solar radiation inside the solar still with reflectors [7]

When both basin liners were used as combination, then improvement in production
was 29% as compared to 22% when alone liner was used. It was also noticed that
decreasing water basin depth leads to an increase in daily production.

Gnanadason et al. [9] did an experimental work for the performance analysis of
single-slope solar still with copper and GI sheet. For both the experimental setup, all
dimensions were same and ambient conditions were similar. Parameters considered
for evaluation were wind speed, water temperature, and water depth. Result shows
that solar still with copper basin material has higher productivity yield as compared
to GI sheet material. The reason is that copper has a higher conductivity as compared
to GI sheet. Analysis of result shows that 80% increment of efficiency was found in
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comparison to GI sheet made of solar still. Results also show that decreasing wind
speed leads to less heat loss and hence increased productivity. It is also observed that
as water temperature is lowered, evaporation rate decreased, and hence yield output
was less. As water depth increases, the water productivity decreases due to higher
thermal capacity and decreases the water temperature.

Singh [10] carried an experimental work on passive-type single-slope solar still
for the analysis of better inclination angle for yield output. For this, indoor simulation
setupwas fabricated for different inclination angles of 15°, 30°, and 45°, respectively.
The results of experimental work were compared to Dunkle’s result and validated.
Results show that maximum evaporation was noticed at inclination angle of 45°. The
results of the present model yield data are higher than that of Dunkle’s model. The
conclusion derived from studywas thatwith increase in inclination angle, evaporation
rate and temperature difference between the glass cover and water surface increased
and this leads to higher productivity.

For the determination of convective heat transfer coefficients, few parameters are
needed for evaluation.Among those parameters, characteristics length is an important
one. To estimate the characteristics length of solar still, following equation was used.

Characteristics length � Difference + Vertical Height of smaller side of solar still

where Difference � Height of the bath − Height of water.
It was also assumed that the water bath temperature for the solar still is constant.
Panchal [11] did experimental work for the enhancement of heat transfer inside

the active-type single-slope double-basin solar still. For the enhancement of heat
transfer, black gravel and vacuum tubes were used. A comparative analysis was
done to estimate the better result of enhancement technique. Result shows that black
gravel has the higher productivity yield output of distilled water than the vacuum
tubes. Daily output was 56 and 65% for vacuum tubes and black gravel, respectively.

Sridharan et al. [12] performed experimental work for the heat transfer enhance-
ment technique in active-type single-basin double-slope solar still. For this, an exper-
imental setup was built. The main objective of this research work was to increase
the temperature of water input to the solar still system. For this, a flat-plate collector
was used as solar water heater to heat the input water. Result shows an increment
of 77% higher yield in comparison to simple single-basin double-slope solar still.
For the experimental work, the water basin depth of height 2 cm was opted and kept
constant. Distillate output for active system was 4.76 kg/m2 and theoretical result
for conventional was 3.55 kg/m2.

Tiwari et al. [13] done researchwork on active-type single-slope solar still coupled
withflat-plate collector. In that, an attemptwasmade to evaluate the effect of inner and
outer glass temperature in different situation. The parameters involved in the study
were thickness of glass cover, absorbing surface area of collector, wind speed, and
water depth. Different absorbing glass surface materials were used namely copper,
glass, and plastic material. Result showed that copper gave a higher yield output as
compared with another absorbing surface material. Higher conductivity of copper
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Fig. 6 Experimental setup of the active solar still coupled with flat-plate collector [13]

material and lower water depth are key parameters for increased output of distillate.
Conclusion obtained from studywas that active-type solar still has higher yield output
as compared to passive-type solar still. The experimental setup of the active solar
still coupled with flat-plate collector is shown in Fig. 6.

Khader et al. [14] performed experimental work for the improvement of perfor-
mance of single-slope solar still. Differentmodeling techniqueswere used to enhance
the production rate such as reflectingmirror, sun-tracking system, and stepwise basin.
Conventional-type solar still gives lesser production rate; hence, modification was
attempted in the present study. Result shows that by including reflecting mirrors
in place of flat basin in solar still, system leads to an increment of 30%, stepwise
basin used gives a 180% increment in distillate output and with sun-tracking system
highest performance rate of 380% was noticed.

Tripathi and Tiwari [15] did experimental work for the active-type single-slope
solar still system. In this research work, an attempt has been made to evaluate the
better water basin depth for which the heat transfer coefficients will be high. This
solar system is coupled with flat-plate collector for increased inlet water temperature.
Experiments have been done for different basinwater depth of (0.05, 0.1, and 0.15m).
Result showed that heat transfer coefficients of water and glass cover mainly depends
onwater depth. It is also observed that more yields are obtained at a basin water depth
of 0.05 m. Higher depth of heat storage effect is seen at night, i.e., during off-sun
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shine hours, because of same basin water depth, it showed a higher productivity at
nights as compared to day time.

3 Simulation Modeling of Solar Stills

Setoodeh et al. [16] used CFD simulation tool for a three-dimensional two-phase
models to show the evaporation and condensation process in single-slope solar still.
This model was developed in the volume of liquid (VOF) framework for fluid water,
a mixture of air and water vapors in quasi-static state condition. Model geometry
and its meshing were done using ANSYS Workbench 11. The tetrahedral meshing
type was used. Simulations were carried out with 47,179 nodes. The energy balance
equations considered for the numerical modeling was heat transfer, mass transfer,
and continuity equations. The results obtained from CFD are clearly evident with
the fact that it is efficient and sharp modeling software for design.

Singh and Mittal [17] have done simulation work for passive-type single-slope
solar still to find out the suitable inclination angle for the better productivity result.
Simulation work is done with the help of ANSYS CFX 13. Geometric model was
created in ANSYS CAD module and imported to ANSYS meshing module for the
generation of mesh. Boundary condition was applied to solve the momentum and
continuity equation. For the simulation process of solar still, two condensing glass
covers having slopes equal to 15° and 30°were chosen. Simulation is carried out in the
temperature difference between 40 and 60 °C at an interval of 2 °C for each reading.
The simulation result is shown in Fig. 7. For droplet formation on condensing cover,
adhesive forces are taken into consideration and it is observed that condensing cover
at inclination of 30° obtains the highest convective and evaporative heat transfer
coefficient. The condensing cover at 30° slope gives higher production efficiency
rate of 29.4% than 15° slope.

During the simulation processes, following assumption were made:

i. Bottom temperature is equal to the water temperature inside the solar still.
ii. Temperature of the distillate collector is assumed to be equal of glass tempera-

ture.
iii. Only adhesive forces are considered for the droplet formation.
iv. All the side wall of solar still assumed to be adiabatic since there is no heat loss

to the surrounding.
v. No slip boundary is being specified for the liquid phase, and it is specified for

the vapor phase.

Following boundary conditions were applied during simulation process and its
various conditions are being presented in Table 1.

Panchal et al. [18] worked in ANSYS CFX tool for modeling and simulation
technique to represent a model of passive single-slope solar still. To study the simu-
lation process of evaporation as well as condensation phenomenon in solar still, the
two-phase, three-dimensional model was created. The model geometry and meshing
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Fig. 7 Meshed structure of
the solar still for CFD
simulation [17]

Table 1 Boundary condition
for the simulation process of
single-slope solar still

Location Boundary type Boundary details

Top condensing
cover

Wall Fixed wall
temperature

Bottom Wall Temperature
(40–60 °C) with
2 °C interval

Other than top and
bottom wall

Wall Adiabatic

Distillate channel wall Glass cover and
distillate channel
both are of same
temperature

were donewith help of ANSYSworkbench 10.Meshing type of tetrahedron used and
number of cells was 84,121. Convection heat transfer was took place due to buoy-
ancy force. This buoyancy force is caused by difference in density due to temperature
difference of mixture in the gas-phase droplets. The climatic condition of working
system wasMehsana (23°12′N, 72°30′S). Differences between the experimental and
simulation results of production rate and water temperature were reported as 6 and
10.25%, respectively.

Energy balance equation was developed for energy flow mechanism in solar still
with following assumptions.

i. Negligible heat capacity of glass cover, absorbing material, and insulation mate-
rial.

ii. No any temperature gradient inside the solar still system between water and
glass cover.

iii. No any heat losses occurring.
iv. Constant basin water level is maintained.
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v. Condensation occurring at the inner glass surface is of film type.

Energy balance for glass cover

α′
g I (t) + (qrw + qcw + qew) � qrg + qeg (9)

Energy balance for basin water

α′
b I (t) + qw � (MC)w

Tw
dt

qrw + qcw + qew (10)

Energy balance for basin

α′
b I (t) � qw +

(
qcb + qs

(
Ass

As

))
(11)

Boundary conditions were same as of the Setoodeh et al. simulation work.

i. ANSYS run time was 8 h for modeling of solar still, i.e., it comes into category
of unsteady state. To overcome this, it was considered steady state of operation.

ii. For effective result, it was considered adiabatic condition for walls.
iii. No any slip boundary was specified for the liquid phase, but it was specified for

the vapor phase.
iv. Distillate output temperature was considered same as the glass cover tempera-

ture.
v. Only adhesive forces are taken into consideration.

Tripathi and Tiwari [19] haveworked for the thermal analysis of single-slope solar
still for both active and passive mode by considering the parameter of solar fraction.
For 3-D model, geometry construction of a single-slope solar still in AUTOCAD
2000 is being used. Specification of system was 1 m × 1 m basin area with 10.2°
slope of glass cover. Experiments were carried out under the weather condition of
NewDelhi (latitude 28°35′N, longitude 77°12′E).MATLABprogramwas developed
to compute the convective and evaporative heat transfer coefficients and estimation
of solar fraction. Result shows that there was a fair agreement between the heat
transfer coefficients of theoretical and experimental. In this modeling technique for
the evaluation of solar fraction of a particular wall, following formula was used:

Fn � Solar radiation on the wall of the still for a given time

Solar radiation on the wall and floor of the still for the same time
(12)

Photograph of the active solar still experimental setup is given.
Chaibi [20] developed a simulation model for distilled water generation and per-

formance parameters for passive double-slope solar still incorporated in greenhouse
rooftop. For the calculation of solar irradiation, transient system simulation (TRN-
SYS) program was used. This program helps for the hourly calculated values of
radiation values for inclined glass surface. The effect of solar irradiation and visual
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material properties are considered in this system. The energy balance equation was
solved with help of engineering equation solver (EES). Result shows that solar radi-
ation proportionally affects the efficiency of the rooftop-incorporated framework.
The thermal performance of greenhouse-integrated solar still can be improved by
maximizing solar irradiation. It was found that there is a fair agreement between the
experimental and simulation results.

Hamadou et al. [21] studied an active-type single-slope solar still having copper
heating plate at basin for enhanced heat transfer rate. In this modeling technique,
Chilton-colburn model and Dunkle model both were used under steady state con-
dition. MATLAB program was developed on the command ode 15s to solve the
nonlinear differential explicit equations in matrix form. Optimization technique was
used to find the suitable parameters like wind speed, inlet temperature, fluid trans-
fer rate, relative humidity, and water basin depth. The simulation result states that
wind speed has significant impact efficiency on distilled water while humidity shows
negligible appearance toward it.

Khare et al. [22] developed a 3-D CFD model to understand the evaporation
and condensation phenomena in passive-type single-slope solar still. The model is
developed with the help of ANSYS workbench and then simulated with Fluent.
ANSYS FLUENT v14.0 software package is used in the study. It uses the finite
volume method (FVM) to convert the governing equations into numerically solvable
algebraic equations. A multiphase model was developed for three phases present in
the solar still, i.e., air, liquid water, and water vapors. The three-dimensional model
wasmeshed utilizing 3-Dhexahedralmeshingwhich comprises aggregate 1.5million
cells (components) at a development rate of 1.2. The parameters considered for the
study was water depth, solar radiation, and basin material. Simulation results showed
that with increase in solar radiation with reflecting mirror leads to enhancement of
productivity by 22%. It also discussed about effect on the productivity of different
absorbing basin materials like rubber, gravel, etc. The simulation results have a fair
agreement with experimental data.

The following energybalance equationswere used for the solar still system.For the
solution of energy balance equation, same boundary conditions were considered as
steady state condition.Aconstant temperature of glass, bottomsurface, and collecting
surface of solar still was assumed. All the thermo-physical properties of the glass
and air are considered as constant.

The energy equation used for the mixture of the water vapors and air inside the
solar still system is:

∂

∂t

n∑

k�1

(αkρk Ek) + � ·
n∑

k�1

(αk ῡk(ρk Ek + p)) � � · (keff�T ) + SE (13)

where Keff is the conductivity, and K t is the turbulent thermal conductivity as per the
turbulence model.

Arjunan et al. [23] did computational work for the performance analysis of
passive-type single-slope solar still. For the CFD analysis, ANSYS CFX 13 soft-
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ware was used. Model geometry was modeled in ANSYS workbench 13. Two-phase
three-dimensionalmodel was created in volume of framework (VOF) for liquidwater
and its mixture with air. Meshing was created with tetrahedral type meshing. The
simulation was performed for the evaporation and condensation phenomenon in still
with CFD techniques. The simulation result and experimental work have been val-
idated and good agreement was found between them. An average error of 5.5 and
3.01% occurred in evaporative and convective heat transfer coefficients, respectively.

Thakur et al. [24] did the computational work to optimize the different water
depth of solar still. This work was done for the passive-type single-slope solar still
for water depth of 0.01, 0.02, and 0.03 m. In this research work, the optimization
work was done for the grid size of solar still. Researchers also calculated the heat
and mass transfer coefficients of solar still. The meshing geometry has a number of
nodes 632,088 and elements were 553,048.Meshing type of hex-dominant was used.
Result obtained through CFD work has a good agreement with experimental data. It
was observed that the optimum depth for the good productivity was 0.01 m.

Kannadasan et al. [25] performed modeling work using CFD tool and experimen-
tal work for single-slope solar still. The objective for the CFDwork is to simulate the
temperature distribution inside the solar still. For the geometry andmeshing, ANSYS
workbench 14.5 was used. Attention was given for the pattern near the glass cover
to simulate its behavior. Simulated water temperature was in a good agreement with
experimental result. Solar evaporation phenomenon was simulated using ANSYS
CFX. The conclusion from the result was that CFD is a powerful tool for the analysis
of design of solar still.

Ileri et al. [26] worked for solar stills to analyze the effect of glass cover thickness
on the productivity yield. Thermal modeling was developed for the solar still and
for the solution of these equations, programming software FORTRAN-77 was used.
This programmingwas executed for 24 h and each for 30 experiments. The numerical
solutions of equations were compared with the experimental result. It was found
in agreement with them and 15% deviation was observed. For finding the roots of
radiative heat transfer coefficients for glass andwater temperature, Newton–Raphson
method was used for solving the mathematical model. For a glass cover of thickness
3 mm, an increased efficiency of 26.22% was noticed as compared to 5 and 6 mm
thickness of glass cover. It can be inferred that increment in glass thickness leads to
decrement in efficiency due to reduced transmittance of glass surface.

Zerrouki et al. [27] worked for the numerical simulation of capillary film solar
still coupled with the conventional solar still in series. Mathematical modeling was
developed for both the solar still. Various thermo-physical properties of the solar still
were determined. For the solution of the nonlinear equations, a computer program is
being used which is written in FORTRAN-90 language. Runge–Kutta method was
applied in this programming technique. Investigation result shows that distillate yield
is more as compared to conventional still system.

Maalem et al. [28] used COMSOL Multiphysics software to solve the heat and
mass transfer equations of a trapezoidal solar still system. For the modeling purpose,
three non-adiabatic walls are being considered. The energy balance equations were
solved by the finite element method. The result shows that the temperature curves
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Table 2 Functions, application, and limitations/benefits of different software in solar still

Modeling
software

Function Application Limitation/benefits

CFD
Fluent/Ansys

CFD FLUENT is
simulation software
which gives the
information about the
fluid flow behavior and
heat transfer inside the
solar still [16, 17]

The prediction of exact
shape and size can be
done easily and can
save money by
eliminating time of
rehashed fabricating
and extensive exercise
[22]

Learning of software is
time consuming and
geometry meshing is
also time taking
procedure

ANSYS CFX ANSYS CFX is a
robust, flexible CFD
software package used
to solve wide ranging
fluid flow problem
about heat and fluid
behavior inside the still
[23, 25]

Three-dimensional
two-phase model can
be developed for
condensation and
evaporation process in
single-slope solar still
using ANSYS CFX
[17, 18]

In CFX, the solver is
almost locked. In term
of grid quality, it is
more permissive

AUTO CAD AutoCAD is a 2-D and
3-D computer-aided
drafting software
application [19]

In solar still, thermal
analysis of active and
passive solar
distillation system is
done. And finding the
solar distribution factor

It requires expensive
equipment and special
computer skill to
operate

MATLAB MATLAB is a
mathematical
modeling,
programmable
software, and it is used
for solution of
nonlinear differential
[21] equations
accurately with taking
very less time

This software is very
useful to develop
mathematical models
to predict the
temperature of water,
glass, humidity, and
yield. It is additionally
valuable for testing of
different models [19,
30]

MATLAB
mathematical modeling
requires excellent
programming skills. It
takes long time to
develop and test the
models

FORTRAN FORTRAN is used for
simulation and
modeling to solve the
partial differential
equations with
computer program [29]

It can be used for
performance analysis
of solar still systems. It
can also save cost by
minimizing material
usage. It can optimize
structural execution
with exhaustive
examination.
Furthermore, takes out
expensive and lengthy
trial and error exercise
[26, 27]

The Fortran program
firstly develops in a
prototype software like
visual languages such
as Matlab and
interactive data
languages (IDL) and at
that point port this code
to FORTRAN

(continued)
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Table 2 (continued)

Modeling
software

Function Application Limitation/benefits

TRNSYS TRNSYS is a universal
scientific simulation
tool in solar energy.
TRNSYS software is
utilized to create and
portray the still
conduct [20]

Its great advantage is
the replacement of
difficult differential
equations by easy
numerical calculations.
The calculation of
humidity and heat
transfer inside still can
be described

It gives more accurate
results with the shorter
time steps

COMSOL
MULTI-
PHYSICS

It is simulation
software and it is
providing the
information of the heat
transfer profile and
fluid flow pattern inside
the solar still [28]

This product can be
utilized to anticipate
the air moisture
movement through
basin to glass surface.
It can likewise be
utilized to anticipate
the correct shape and
measurement of the
still

As compared to CFD
FLUENT learning of
software is easy

and condensed water production are in fair agreement with the experimental data.
For total production, the deviation from experimental data is less than 7%.

Adhikari et al. [29] done research work for the multistage stacked tray solar still.
A computer simulation has been created under steady-state condition. The solar still
coupled with solar collector for enhancement of heat transfer. Mathematical mod-
eling has been done for the active-type solar still. Thermo-physical properties have
been estimated for the evaluation of heat transfer coefficients. For the measurement
of temperatures and monitoring the observations, HP-BASIC language is used. A
computer program was written in FORTRAN-77 to predict the steady-state tem-
perature of water, and corresponding yield output. Result shows that the estimated
performance of still gives very satisfactory result and can be used to predict the
parameters.

Mahendren et al. [30]worked for the numerical analysis of double-slope solar still.
A specific enhancement is being done in this still for the enhancement of efficiency.
MATLAB software is used for the calculation of various heat transfer coefficients.
Complete analysis was done with graphical solutions which were plotted in MAT-
LAB. To show the simulation model Simulink tool box was used. M-files of ASCII
text were used for coding in MATLAB language. The application of software, its
benefits, and limitation have been listed in Table 2.
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4 Conclusion

Based rigorous literature review, it is being observed that solar still is one of the
most prominent solar thermal applications. Solar still works on the principle of solar
distillation and provides potable water for direct human consumption. It fulfills the
needs of the potable water with least expenditure. In this system, raw water gets
distilled without any use of the fossil fuel. In this study, a comprehensive review of
the various types of the solar still is being presented. In this work, a state-of-the-art
review on both experimental work as well as computational work on the solar still is
being presented. By properly utilizing the computation study, one can save time of the
tedious experimental work. This work will be useful for the scientists, industrialists,
and researchers who are working in this field.
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Progress in Passive Solar Still
for Enhancement in Distillate Output

Hitesh Panchal

Abstract There is a scarcity of consumable water on the planet today, and on the
opposite side, plentiful water is accessible in the ocean which is not consumable.
Sun-oriented vitality is likewise accessible in bottomless quantity; henceforth, if
sun-oriented vitality is used to change the saline or ocean water into consumable
water, then the issue of consumable water can be reduced. Introduce survey paper
demonstrates the advance in uninvolved sun oriented still to enhance the distillate
yield. It indicates the exhaustive work done by specialists from all around the globe
to upgrade the distillate yield.

Keywords Passive solar still · Distillate output · Efficiency

1 Introduction

Under 1% water is accessible in the earth and accessible in lake, ocean, well and
so on, and remaining water is not potable or drinkable water. Additionally, because
of augmentation in universe populace, the measure of drinkable water is increasing
step by step. Likewise the wellsprings of consumable water are constrained; conse-
quently, the researchers are doing research on customary and additionally nonregular
vitality sources. Utilization of customary sources makes contamination in the earth;
subsequently, the nonordinary sources are just arrangement on the planet today. Pan-
chal [1–4], Panchal et al. [5–7], Panchal and Shah [8–19], Panchal and Patel [3],
Panchal and Mohan [20] and Panchal and Sanjay [21].
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2 Research Work on Passive Solar Still

Dynamic and in addition Passive sun-based still are two fundamental kinds of sun-
oriented still on which investigation works have done by researchers. In uninvolved
sun-based still, just sun-oriented vitality is in charge of distillate yield. In Active
sun-oriented still, sun powered vitality and additionally incorporation of gatherer is
in charge of augmentation in distillate yield. The exploration takes a shot at aloof
sun-oriented still and is exhibited underneath:

Moustafa and Brusewitz [22] had outlined and manufactured wick compose sun-
oriented still with water streaming framework controlled by stream controller and
stop valve for the assessment of augmentation in distillate yield. They found that,
stream framework is more beneficial for increase in distillate yield. Prakash and
Kavanthekar [23] presented regenerative inactive sun powered still and contrasted
and same zone and atmosphere conditions. They additionally made warm exami-
nation of regenerative sun powered still to foresee its execution and got a decent
concurrence with warm investigation and test examination. Tiwari and Thakur [24]
had completed the explanatory articulation for count of effectiveness of detached
sunlight-based still. They took diverse factors like the mass of water in the bowl,
sunlight-based insolation, wind speed, and so on. They discovered 2.4 kg normal
distillate yield of inactive sun-oriented still. They reasoned that the lower mass,
higher insolation, and lower wind speed expanded productivity of a sun-oriented
still. Yadav and Kumar (1991) had composed and tried single bowl detached sun-
oriented still and tried in atmosphere states of Delhi to decide the impacts of salt
water profundity on glass cover temperature, distillate yield, and productivity. They
inferred that, distillate yield and proficiency of inactive sun powered still expanded
by bringing downmass of salt water inside sunlight-based still and furthermore glass
cover temperature diminished by bringing down mass of saline solution. Yeh [25]
had dissected the execution of upward twofold impact sun-oriented distiller. The still
was put at 10° tendencies to a flat surface. He found that, utilization of upward-type
twofold—impact sun-oriented still gave more proficient than descending sort unit
due to the higher temperature ascent of water in upward-type latent sun based still.
Mowla and Karimi [26] had built up a scientific model for single slant, single bowl
detached sun powered as yet having zone of 1 m2 with reversed V write glass cover
and contrasted with the model. They discovered great concurrence with the results.
Adhikari et al. [27] had built up another idea of sun-based still, a multi-organize
stacked sun powered still. The major point of the exploration work was to contrast
exploratory outcomes and hypothetical outcomes and discovered great assentation of
hypothetical model and trial comes about. Aboul-Enein et al. [28] arranged a numer-
ical model of uninvolved sunlight-based still in light of observational formulae of
vitality adjust conditions of different basic parts like glass cover, safeguard plate, and
water mass. They additionally dissected numerical reenactment which comes with
trial results and discovered great understanding.
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Bilal et al. [29] had assessed the impact of utilizing different sun-oriented vitality
retaining materials like dark elastic mate, dark color, and dark ink to assess execution
examination of inactive sun-based still.

Khalifa et al. [30] had indicated change of sunlight-based still for increase in
the distillate yield by preheating of the saline water and using outside and interior
condensers. Theyfinished up impressive increment in distillate yield of a sun powered
still by preheating the water and inner and outside condensers. El-Bahi and Inan
(1999) had manufactured enhanced outline of an uninvolved sunlight-based still
incorporated with an evaporator territory of 1 m2 secured with 6 mm thickness of
glass cover with a condenser through flat opening. They led a few analyses in Iran
and contrasted and a similar zone of detached sunlight-based still and found that
enhanced outline of sun powered still builds distillate yield fundamentally. El-Sebaii
et al. [31] had examinedmica as suspended safeguardmaterial on the investigation of
a traditional detached sun powered still. To lessen the side and base misfortunes was
the prime point of their exploration work. They found 11% expansion in distillate
yield.

Abou-Rayan and Djebdedjian [32] had analyzed the execution of a latent sun-
based still by Navier–strokes condition. They arranged a scientific model by think-
ing about a blend of air and water vapor blend and got a decent concurrence with
exploratory outcomes. Al-Hinani et al. [33] had considered hypothetical examination
of shallow bowl latent sun-oriented still to get comes about on glass cover, tilt, pro-
tection impact, and black-top covering on the safeguard plate in atmosphere states of
Oman. They found that the shallow water bowl with edge of tilt is equivalent to the
scope of Oman with higher protection thickness and an addition of distillate yield
by the black-top bowl absorber. Voropoulos et al. [34] had tentatively and hypothet-
ically assessed the conduct of aloof sun-oriented still in light of atmosphere infor-
mation and working conditions in Jeddah. They found that, the principle atmosphere
information and working conditions significantly affect uninvolved sun-oriented still
distillate yield. They likewise got great straight relationship. Fath Hassan and Hosny
[35] had recommended the utilization of balance on one of the consolidating covers
for improvement of the warmth exchange from outside gathering spread to the sur-
rounding for higher vanishing. They discovered 55% augmentation in distillate yield
by utilization of balance on the gathering front of inactive sun-oriented still. Valsaraj
[36] had led an examinations on the single slant, single bowl aloof sunlight-based
still with a coasting punctured aluminum sheet on the surface of saline solution for
significant concentrating sun beams. This game plan keeps the entire water mass get-
ting warmed and henceforth increase in distillate yield significantly when the water
profundity is high.

Ward [37] designed and fabricated anewmodular plastic solar still.He took several
laboratory experiments with the help of solar simulator and received considerable
distillate output of passive solar still in laboratory conditions due to neglecting losses.
Bassam et al. [38, 39] had spreader sponge cubes inside the passive solar still for
increasing surface area of brine. They took several experiments with different depths
with same size sponge cubes and received a 20% increase in distillate output due
to capillary action of water inside the sponge cubes. Abdallah and Badran [40] had
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proposed a new concept of increasing the distillate output of passive solar still by
solar tracking mechanism. To track the sun and increase distillate output were the
objectives of their research work and they found a remarkable increase in potable
water production in still.

Naim and Mervat [41] had examined the impact of utilizing charcoal as warmth
stockpiling material in atmosphere states of Jordan. They found that, charcoal is a
successful warmth stockpiling material for expanding 20% distillate yield of aloof
sunlight based still. Tiwari et al. (2003) proposed a PC demonstrate for different
warmth exchange coefficients for assessing the numerical reproduction aftereffects
of internal glass cover temperature, external glass cover temperatures, and distillate
yield. They inferred that, PC show is a best strategy to assess hypothetical investiga-
tion of above parameters. Ben Bacha et al. [42] performed hypothetical investigation
and model of the inventive refining module in light of sun-based numerous buildup,
vanishing cycle, and tried in atmosphere states of Egypt. They found a decent assen-
tation among hypothetical and exploratory results. Shukla [43] prepared a PC model
of the customary uninvolved sun-oriented still to assess the hypothetical distillate
yield in view of the vitality adjust condition. They contrasted hypothetical distillate
yield and trial distillate yield and discovered great understanding.

Al-Karaghouli and Alnaser [44] had performed examinations to investigate
improvements in distillate yield from twofold bowl and single bowl latent still in
atmosphere states of Jeddah. From a half year of nonstop work, they presumed that,
twofold bowl sunlight-based still expanded distillate yield of 40% more contrasted
and single bowl still.

Hansonet al. [45] had done in-house and field preliminaries on the execution of
single bowl latent sun-oriented still for evacuation of a chose gathering of inorganic
and bacteriological and natural defiles. They found that, capacity of evacuating sul-
lies did not change altogether between the units and the capacity to expel the natural
mixes relies upon Constant of Total disintegrated strong. Shukla and Sorayan [46]
had built up another method for upgrade in the distillate yield of uninvolved sun
powered still by utilization of Jute material. They found that, jute fabric has a prop-
erty to build dissipation because of decrease in saline water inside the bowl. They
additionally thought about hypothetical and test results and discovered great under-
standing between them. Zeinab and Ashraf [47] had directed a few examinations
on a solitary incline detached sun-oriented still with different sun-oriented vitality
engrossing materials like glass, elastic, dark rock for increase in distillate yield. Fol-
lowing a multimonth of research on above materials, they found that, dark rock was
more viable for expanding the distillate yield of inactive sun-based still took after
by elastic and glass. Sow et al. [48] had examined single, twofold, and triple impact
detached sunlight-based still in atmosphere states of Egypt by thought of various
misfortunes. They found that, misfortunes of triple impact sun-based still were more
contrasted and single impact and twofold impact. Nijmeh et al. [49] had inspected
the impacts of different sunlight-based vitality stockpiling materials on the distil-
late yield of a detached sun-based still in atmosphere states of Spain. They utilized
broke up salts, violet color, and charcoal and got 26% addition in distillate yield by
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utilization of potassium permanganate contrasted and regular aloof sunlight-based
still.

Omri et al. [50] had prepared natural convection numerical modeling in triangular
cavity with uniform solar insolation by control volume finite element method. Their
study proved that, the flow regime and the heat transfer were most critical parameters
for cavity and Rayleigh Number.

KauzoMurase et al. [51] proposed another idea of uninvolved sunlight-based still
coordinated with water dispersion organize in atmosphere states of Algeria. They
tried tube compose sun-oriented still numerically and tentatively and got great agree-
ment. Ayber [52] had contemplated slanted wick compose detached sun-based still
and reasoned that the day by day yield of such sun-oriented still is 2.5–3.5 kg/m2/day
for summer states of Turkey. The normal water temperature accessible from such
detached sunlight-based still is around 40 °C, which can be utilized for the house-
hold application notwithstanding refined water.

Tanaka and Nakatake [53] had proposed another model of latent sunlight-based
still by joining inner and outside reflectors for reflecting sun-oriented beams toward
the bowl. They completed a few trials in atmosphere states of China and inferred that,
inner and outer reflectors expanded distillate yield of 48%. Tiwari and Tiwari [54]
had assessed the execution of aloof sunlight-based still with changing the thickness
of brackish water in summer atmosphere states of New Delhi, India. They took five
profundities of water from 0.04 to 0.18 m amid 24 long stretches of time interim
on various five days in seven days. They reasoned that bring down profundity of
brackish water expanded distillate yield because of decline of volumetric warmth
limit. Omar Badran [55] had demonstrated an execution of aloof sunlight-based still
by fluctuating parameters on distillate yield. He led a few trials in atmosphere states
of Jordan and presumed that still expands distillate yield of 51%when it is joinedwith
a black-top bowl liner and sprinkler and furthermore builds the nighttime generation
of 16% by including above parameters.

Kumar and Bai [56] had performed research on passive solar still with new
improved condensation technique to provide better condensation of inner glass cover
for different brine samples. They concluded that higher distillate output from tap
water is available for comparison with seawater and dairy industry effluent.

Torchia-Nunez et al. [57] had performed enduring state transient hypothetical
energy investigation of an inactive sun powered still to discover the variables con-
centrated on the energy demolition. They inferred that, surrounding temperature was
not a compelling parameter for energy effectiveness and protection thickness ought to
be higher than 0.02 m to get higher energy productivity. They likewise reasoned that,
the better thermodynamic execution acquired when temperature holes were dimin-
ished. Velamurugan et al. [58] had done a few investigations of the incorporation
of wipe 3D shapes and balances with ventured sun-oriented still for better distil-
late yield in atmosphere states of Tamil Nadu, India. Expanding the surface zone of
salt water was the prime point of their present research. They got 30% addition in
distillate yield by combined impacts of wipe solid shapes and balances. Shakthivel
and Shanmugasudaram [59] had led an explore on different avenues regarding rock
of various sizes as sun powered vitality retaining materials in uninvolved sunlight-
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based still. They took 2, 4, and 6 mm sizes of rock took for the present trial. They
likewise directed warm examination of a sun-oriented still with different sizes of
rock and contrasted and trial results and discovered great ascension. After a basic
report, they found that, inactive sun powered still with 6-mm estimate rock was more
beneficial for expanding distillate yield. Sahoo et al. [60] had done work to expel
the fluoride content in drinking water utilizing sun-oriented still and furthermore
adjust the bowl liner and protection to build productivity and distillate yield. They
presumed that, fluoride diminished by 92–96% and productivity expanded by 6%
with reasonable darkened bowl liner and thermocol protection. Shanmugan et al.
[61] had used sponsor reflect simply over the glass front of detached sun-oriented
still to reflect abundance sun beams for addition of sunlight-based still. They got
noticeable 4.2 kg/m2 distillate yield by utilization of sponsor reflect.

Nafey et al. [62] had carried out an experiment of single-basin passive solar
still with use of concentration of surfactant on distillate output. They took different
concentration of surfactant like 50, 100, 200, and 300 ppm added to solar still. They
found an increase in distillate output by 0.7, 2.5, 4.7. and 7% by use of 50, 100,
200, and 300 ppm. They also conclude that, adding of more than 400 ppm decreases
distillate output by 6%.

Jiang et al. [63] had fabricated desalination technique of passive solar still inte-
grated with flash equipment. The aim of the work was to increase distillate yield by
flashing of brine in solar still. They carried out theoretical analysis and compared
with experiment analysis to see the agreement and found good agreement. Kabeel
[64] had designed and tested concave-type passive solar still with the pyramid-shape
glass cover. They used Jute cloth as a wick material on the base of passive solar
still for better absorption of sun rays and increased distillate output by capillary
effect. They found 30% increment in daily efficiency of a solar still compared with
conventional still.

Kumar and Umanad [65] had proposed a bond chart procedure to assess the
distillate yield and proficiency of latent sun powered still numerically and contrasted
and trial results and discovered great ascension. Ayber andAssefi (2009) had checked
on vital components influencing on the distillate yield of uninvolved sunlight-based
still. In their investigation, they took different elements like glass cover edges, glass
cover tendency edge, and salt water profundity on the distillate yield of uninvolved
sunlight-based still. After a thorough survey of a half year, they proposed themajority
of the above parameters for increase in distillate output. Abdullah et al. [66] had
considered different wick materials on the distillate yield of aloof sun-based still.
Wick materials spread inside the still and expanded distillate yield. They directed
different examinations in atmosphere states of Jordan. They discovered volcanic
shakes as best wick material, and it expanded distillate yield by 45%.

Feilizadeh et al. [67] proposed another idea of aloof sun-oriented still execution
investigation called a radiation show. They took different impacts of the radiation
show on water surface, side dividers, and back dividers of an inactive sun-oriented
still. They inferred that, side dividers and back dividers critically affect sun-oriented
still distillate yield and effectiveness. Dwivedi and Tiwari [68] had assessed life
cycle cost investigation of twofold and single slant latent sunlight-based still in
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atmosphere states of New Delhi, India. The point of their examination work was
to look at single and twofold slant, sun powered still with same saline solution
profundity in atmosphere states of New Delhi, India. They presumed that, solitary
slant latent sun powered is discovered more profitable contrasted and a twofold slant
uninvolved sun-oriented still. Kalidasa Murugavelet al. [69] had utilized different
sensible warmth stockpiling materials like quartzite shake, red blocks pieces, bond,
solid pieces, washed stones, and iron pieces on the distillate yield of inactive sun-
oriented still. They found that, quartzite shake is a best sensible warmth stockpiling
material.

Khaled [70] had manufactured latent sunlight-based still with pressed media for
increase in distillate yield. They utilized helical copper spring as adaptable stuffed
medium to create symphonious swaying. They found that, copper spring produces
great vibrating impact on expanding distillate yield 3.4 kg/m2/day and increment
of productivity 35% contrasted and customary sun-based still. Setoodeh et al. [71]
had arranged a model in ANSYS CFD in light of dissipation and buildup process
that happens in the latent sun powered still. They contrasted reproduction results
and 24-h time interim to acquire fitting outcomes and got great concurrence with the
aftereffects of recreations and tests.

Khalifa and Ibrahim (2011) had explained performance analysis of a passive
solar still for evaluation of distillate output with internal and external reflector tilted
at 0°, 10°, 20°, 30°, and 40° angles. They compared experimental results with a
mathematical model results and received good similarity in results.

Dev et al. [72] proposed a characteristic equations and correlation analysis for
predicting performance of double slope passive solar still in climate conditions of
New Delhi, India. They used quasi-static conditions for the analysis and obtained
good agreement of regression analysis for predicted and experimental values.

KalidasaMurugavel and Srithar [73] had performed an experiment with a double-
slope passive solar still with a minimum mass of water inside the basin. They used
various solar energy absorbing materials integrated with varying fins configurations
and tested in climate conditions of Tamil Nadu, India. They found that, light cotton
cloth covered with a lengthwise fin arrangement increased distillate output of passive
solar still.

Mahdi et al. [74] investigated performance analysis of a single slope solar still
with 4-mm plexi glass and its effect on internal heat transfer coefficients of a passive
solar still. They evaluated the performance ofwick solar still with evaporatormaterial
as charcoal in climate conditions of Iran. They conducted experiments with different
depth, flow rate, and salinity of brine. They found that, charcoal was the best material
to increase distillate output by 2 mm depth with less mass flow rate and low salinity
of brine.
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3 Conclusion

Following points are derived from the review paper:

Passive solar still has average distillate output around 3 L per day.
The main reason behind lower distillate output of passive solar still is loss of latent
heat for condensation from glass cover to ambient.
The reason behind use of single- and double-slope solar still is the latitude of the
particular location.
Higher evaporation temperature and lower condensation chamber leads to higher
distillate output.
Use of cloth in passive solar still leads to capillary action of water and leads to better
evaporation for increment in distillate output.
Lower depth of water inside the basin of sola still leads to lower volumetric heat
capacity and hence distillate output.
Various computational software are also used to predict the distillate output as well
as various temperatures obtained at solar still.
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Thermal Modelling of Solar Still

K. Sampathkumar and C. Elango

Abstract Water is the nature’s most precious gift to all living things in this planet
earth. In last few decades, numerous research activities have been conducted to obtain
clean water from polluted or brackish water. Solar water desalination is one of the
finest alternatives among all conventional methods to provide high quality fresh
water. Solar still is an excellent water desalination contrivance which is capable of
using solar energy very effectively. Many research works have been undertaken for
past decades for the utilization of the solar still for fresh water requirements. Apart
from the investigational researches on the concert of solar still, the formulation of
conjectural models has also attracted many researchers. But in theoretical modelling,
the prediction accuracy highly depends on the incorporation of essential parameters
involved during various heat transfer processes of the solar still. This article aimed
to provide the basic parameters involved and development of thermal modelling for
a simple solar still design.

Keywords Thermal modelling · Solar still · Energy balance

Nomenclature

Symbols

A Cross sectional area (m2)
b Width (m)
df Average distance from water surface to top glass cover (m)
dw Water depth in basin (m)
I(t) Solar radiation intensity (W/m2)
K Thermal conductivity (W/m K)
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l Length (m)
L Thickness (m)
m Mass per unit basin area (kg/m2)
ṁ Mass flow rate (kg/s)
R Reflectivity

Greek

α Absorptivity
β Coefficient of volumetric expansion
ε Emissivity
τ Transmissivity
θ Glass cover inclination with horizontal

Subscripts

ar Air
bn Basin
cv Convective
cd Conductive
cr Collector
ev Evaporative
eff Effective
fg Humid air
gl Glass cover
ig Inner glass cover surface
og Outer glass cover surface
rd Radiative
sl Solar still
sr Solar radiation
tl Total
vr Vapour
wr Water

1 Introduction

Water is the most valuable and essential part of our human life. For potable water
requirements, the human community is generally dependent on natural resources like
ponds, lakes, rivers, etc. But the requirement of freshwater is continuously escalating
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because of the growth in population and life modernization. The wastes and sewages
from industries are accumulated in the rivers and lakes, so that the availability of
clean water is diminishing [1]. According to a report, millions of people are unable
to acquire safe and fresh water resources and many children die every day from
waterborne diseases. The only available resource for larger quantity of water is the
Ocean. About 97.39% of water is available as sea water in oceans and concerning
2.1% water is sheltered as ice caps and glaciers in Polar Regions and less than 1% is
within human reach [2]. But water in ocean holds high salinity, so it is necessary to be
desalinated to get potable water. The desalinated water is not only used for drinking
purposes, but also used in many industrial applications. It is used in the manufacture
of various chemical products, beverages, medications and syrups. It is also used in
Lead-Acid batteries, aquariums and nuclear powered ships.

Water desalination is one of the oldest methods to obtain fresh water from salty
water, and it is one of the popular treatments throughout the world today. It has
become need of the hour in water polluted areas to avoid waterborne diseases. Many
conventional and non-conventional desalination techniques were invented to rectify
manmade errors. The desalination techniques using conventional energy sources
again cause other type of pollution to the nature. The conventional desalination
processes are energy demanding, and mostly too expensive for small quantities of
fresh water requirements. Some of the familiar technologies like Reverse Osmosis,
Nanofiltration, Multi Effect Distillation, etc. are commercially used nowadays in
large capacities and always require more electrical power to operate. But, these kind
of expensive technologies are not suitable for fulfilling drinking water requirements
of remote places.

Solar desalination process is the replica of nature’s hydrological cycle. In nature,
it produces rain when the sea absorbs radiation from the Sun and evaporates sea water
into vapour state. The water vapour from the sea level then rises above the surface
of earth, and the wind moves it from one place to another. When this moving water
vapour gets cooled down below its dew point temperature (DPT), the condensation
process takes place, and the fresh water again comes back to earth’s surface in the
form of rain. The same principle is applied in all kinds of desalination systems using
some form of energy for water evaporation and condensation processes. But, if the
energy is provided by burning fossil fuels, then it creates pollution and makes the
process costlier [3].

Solar water desalination process is one of the most reliable and eco-friendly
methods among all available renewable energy technologies. Solar still is the basic
setup required for solar desalination process. It is considered as a pretty alternative
due to its relatively simple in technology and design, easy to fabricate, need of only
semi-skilled labourer to operate, usage of freely available solar energy, free from
pollution, etc. It is very useful for remote areas where only saline water is available.
It can improve the quality of water to meet health standards by removing impurities.
In addition to that, solar stills can also ensure supply of pure drinking water during
a time of drought.

As stated earlier, during desalination process, the energy radiated from the Sun
is absorbed by the saline water kept inside the air tight enclosure which makes it to
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Fig. 1 Diagrammatic representation of SSSB solar still

evaporate as water vapour. Then, the vapour is condensed on a glass cover. The tube
is utilized to collect clean water droplets with the help of beaker. The evaporation
rate depends onmany parameters like temperature difference between heating source
and condensing medium, velocity of wind, humidity, etc.

The single slope single basin (SSSB) solar still is the easiest form among all
types of designs which can be constructed with easily accessible materials at much
lower cost. The Fig. 1 shows the diagrammatic representation of such kind of solar
still [4]. It is made up of a sealed box type enclosure which contains saline or brackish
water in its basin. Above this water surface, both water evaporation and water vapour
condensation take place simultaneously. The enclosure is preferably trapezoidal in
shape and usually prepared of wood, aluminium, asbestos, concrete, galvanized iron,
etc. The top side of the structure is provided with a taper and is enclosed by a
greatly transmitting glassy matter to make the condensed water droplets flow freely
on its inner face. The inside walls of the trapezoidal corral are mostly black tinted
to absorb radiation energy as much as possible from the Sun. Also the enclosure
arrangement is insulated perfectly at all four vertical sides as well as bottom side in
order to minimize various thermal energy losses from water to the surroundings. The
insulating materials widely used in solar stills are saw dust, polyurethane foam and
glass wool.

The radiative thermal energy is received from the Sun by the solar still and heats up
the basin water inside the enclosure. Subsequently the water mass is evaporated due
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to this heating process which in turn forms water vapour in the air space provided
inside the structure. The air–water vapour mixture nearer to the surface of basin
water has high temperature and low density compared with the air–water vapour
mixture nearer to the top glass cover. This automatically stimulates the heat transfer
process (convection) among liquid and solid surfaces. The air–water vapour mixture
rises towards the glass cover and then condenses partially at its inner surface. The
condensate produced in the form of droplets flows through a conduit attached with
the lower part of the glass cover and is then finally collected in a beaker through a hose
connected with that conduit. In addition to that, some provisions are made to decant
the salty water into the enclosed space and also to clean the contaminants settled
down in the basin periodically. The entire set-up generally faces South direction
on a wooden or iron stand in order to collect maximum possible radiative energy
throughout the day from the Sun.

The solar stills are generally categorized as either passive or active systems based
on its energy input mechanism. In passive system, Sun is the only source for thermal
energy in the form of radiation to heat the water available in the basin. But in active
system, some kind of external devices like solar collectors, solar concentrators, pho-
tovoltaic/thermal systems, etc. are used to afford added heat energy to evaporate
water in the basin [5–8].

For improving, solar still performance, many theoretical as well as experimental
attempts have been carried out during the past. Several design and operational modi-
fications have been explored for the improvement of solar still performance by many
researchers. But the experimental research needs comparatively longer duration with
high investment cost. Also, due to intricacy in fabrication and operation, the exper-
imental research works do not provide any flexibility to the researchers during the
analysis of solar still performance. Hence, it is suggested that the theoretical investi-
gations are found to be more convenient and highly suitable method to envisage the
influencing parameters of the still for its efficient operation and utilization.

In theoretical investigations, developing a thermal model is one of the most suc-
cessful methods to envisage the concert of any kind of thermal arrangement. In case
of solar still, energy balances between its components are used to develop the thermal
modelling. Also, these thermal models are able to present a clear-cut understanding
on the recital of solar stills under authentic working situation. In this context, numer-
ous theoretical models were developed by various investigators, namely Dunkle,
Adhikari, Kumar and Tiwari, etc. and successfully tested for their suitability. Even
though various designs have been developed during past few decades, single basin
single slope solar still has been widely used for its simplest structure and ease of
operation. This chapter aimed to present the basics for the development of thermal
modelling for such kind of solar still [9–12].
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Fig. 2 Schematic of solar still with energy flow

2 Energy Flow in Solar Still

In general, any kind of heat transfer may be broadly categorized as either steady-
state process or transient process. In steady-state process, either temperature or heat
flux is considered as constant with respect to time; but in case of transient, they are
time dependent. In real situations, the majority of the thermal energy exchanging
methods we come across is fleeting. These kinds of processes are generally very
tricky to investigate; however, they might be examined based on various suitably
assumed steady-state environment. In solar still, temperature and/or heat flux varies
continuously during heat transfer between its components. The Fig. 2 depicts the
various energy flows that are possible to take place during water desalination process
in a simple solar still [4].
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2.1 Heat Transfer Process in Solar Still

Simultaneous mass transfer and heat transfer is the basis for both water evaporation
and its condensation in solar still. The internal or external heat transfer process is
undertaken in the solar still based on its thermal energy flow into or out of the system.
The internal process ismainly accountable for the evaporation andmovement of fresh
water vapour which leaves behind all kind of impurities in the solar still basin itself.
The external process is accountable for the condensation of the fresh water vapour
as distillate output. The following section briefly explains both kinds of heat transfer
processes [4, 9].

2.1.1 Internal Heat Transfer Process

During this process, the high temperature is exchanged within the enclosed space
between basin surface of water and inner surface glass cover of solar still. It governs
about three kinds of heat transfer, such as evaporation, convection and radiation pro-
cesses inside the solar still. All these heat transfer (internal) processes are explained
as chase.

Heat Transfer—Convection

This process has comparatively more complicated mechanism in nature since it
involves both thermal conduction and fluid movement. It mostly based resting on
roughness and geometry of solid face and properties of liquid involved. In a solar
still, it takes situate among basin water (fluid) and inner face of top glass cover (solid
surface) across humid air within the enclosed space because of the difference in their
temperatures.

The rate of heat transfer (convective) (qcv,wr–ig) within the enclosed space is artic-
ulated in terms of water temperature (Twr) & temperature at glass cover inner surface
(T ig) by the following expression:

qcv,wr−ig � hcv,wr−ig(Twr − Tig) (1)

In the above equation, hcv,wr–ig is the heat transfer coefficient (convective) between
water and inner surface of the top glass. This coefficient is evaluated by subsequent
expression:

hcv,wr−ig � 0.884 ×
[(
Twr − Tig

)
+
(Pwr − Pig)(Twr + 273.15)

268.9 × 103 − Pwr

]1/3

(2)
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The inner surface of the top glass cover temperature (T ig) and saturation vapour
pressures at water temperature (Twr) and mentioned during the above expression can
be estimated as follows:

Pwr � exp

[
25.317 −

(
5144

Twr + 273

)]
(3)

Pig � exp

[
25.317 −

(
5144

Tig + 273

)]
. (4)

Heat Transfer—Radiation

The radiative heat energy transport is fastest among all types of heat transfer pro-
cesses, and it suffers no deterioration in a vacuum. Also, it occurs in all types of
substances such as solids, liquids and gases. Even the radiative heat transfer may
crop up among two objects estranged by any intermediate which is colder than both
objects. The heat transfer (radiation) progression takes place among glass cover inner
surface and water in the solar still.

In these kinds of processes, rate of heat transfer highly depends on the view factor
between the objects under study. In case of single basin single slope solar still, the
glass cover leaning with horizontal is comparatively small and hence view factor
between glass cover and water surface is assumed to be unity.

The rate of radiation heat transfer (qrd,wr–ig) between glass cover surface and water
can be attain by the subsequent expression:

qrd,wr−ig � hrd,wr−ig(Twr − Tig) (5)

In the above equation, hrd,wr–ig is radiative heat transfer coefficient between inner
surface of the top glass cover and water and evaluated by the formula,

hrd,wr−ig � εeffσ
[
(Twr + 273)2 + (Tig + 273)2

]
(Twr + Tig + 546) (6)

The effective emittance (εeff) in the above expression is determined by the empir-
ical relation

εeff �
(

1

εwr
+

1

εgl
− 1

)−1

(7)

Heat Transfer—Evaporation

Evaporative heat transfer process take place between water and water vapour bound-
ary when the vapour pressure becomes lesser than the diffusion pressure of water at
a given temperature.



Thermal Modelling of Solar Still 187

The evaporative heat transfer rate (qev,wr–ig) between glass cover and water inner
surface is envisage by the subsequent expression:

qev,wr−ig � hev,wr−ig(Twr − Tig) (8)

In the above equation, hev,wr–ig is known as heat transfer coefficient (evaporative)
among glass cover inner surface and water and evaluated through the formula,

hev,wr−ig � 16.273 × 10−3 × hcv,wr−ig

[
Pwr − Pig
Twr − Tig

]
(9)

The total internal heat transfer rate is the sum of all the above three types of
heat transfer rates such as convective (qcv,wr–ig), radiative (qrd,wr–ig) and evaporative
(qev,wr–ig) between inner surface of glass cover and water. Then it is calculated as
follows:

qtl,wr−ig � qcv,wr−ig + qrd,wr−ig + qev,wr−ig (10)

The total internal heat transfer rate can also be expressed in terms of total heat
transfer coefficient (internal), and temperatures of inner surface of glass cover and
water, as follows:

qtl,wr−ig � htl,wr−ig(Twr − Tig) (11)

In the above expression, the total internal heat transfer coefficient (htl,wr–ig)
between water and glass cover inner surface is evaluated by the following formula:

htl,wr−ig � hcv,wr−ig + hrd,wr−ig + hev,wr−ig (12)

In addition to that, the conductive heat transfer rate (qcd,ig–og) starting inner surface
to glass cover outer surface is determined as follows:

qcd,ig−og � Kgl

Lgl
(Tig − Tog) (13)

2.1.2 External Heat Transfer

This process also consists of all three kinds of heat transfer namely conduction,
convection and radiation processes taking place independently to each other. This
process can be assumed as the thermal energy loss commencing the solar still unit
to the surroundings. In solar still, the heat energy loss from outer surface of the glass
cover to the surroundings is considered as heat transfer (top loss) and as of water
to the surroundings during insulating material is considered as bottom and side loss
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heat transfer processes. It is significant to be noticed that higher top loss heat transfer
rate; the higher will be the rate of yield and lower the side loss and bottom heat
transfer rate, better will be the yield from the solar still. All these processes are
briefly summarized in the subsequent section.

Heat Transfer—Top Loss

Theheat energy is transferred fromouter surface of the glass cover to the surroundings
through convection as well as radiation.

The convective heat loss from outer surface of the glass cover to the surroundings
is specified by

qcv,og−ar � hcv,og−ar(Tog − Tar) (14)

In the above expression, hcv,og–ar is known as convective heat transfer coefficient
and be able to calculated in conditions of velocity of wind (v) by the subsequent
expression:

hcv,og−ar � 2.8 + (3.0 × v) (15)

Radiative energy (heat) loss from outer surface of glass cover to the surroundings
is given by

qrd,og−ar � hrd,og−ar(Tog − Tar) (16)

In the above expression, hrd,og–ar is known as heat transfer coefficient (radiative)
between surroundings and outer surface of glass cover and also prearranged by the
relation

hrd,og−ar � εglσ

[
(Tog + 273)4 − (Tsky + 273)4

(Tog − Tar)

]
(17)

where σ is known as Stefan–Boltmann constant.
Also,

Tsky � Tar − 6

The sum of both radiative heat loss (qrd,og–ar) and convective heat loss (qcv,og–ar)
is known as total top heat loss of solar still, and it is calculated as follows:

qtl,og−ar � qcv,og−ar + qrd,og−ar (18)
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Also, it is expressed in terms of total heat transfer coefficient (top loss), and
temperatures of the surrounding atmosphere and outer surface of the top glass cover,
as pursue:

qtl,og−ar � htl,og−ar(Tog − Tar) (19)

The total heat loss coefficient (top) (htl,og–ar) between outer surface of the glass
cover and surroundings can be expressed by the subsequent relation:

htl,og−ar � hcv,og−ar + hrd,og−ar (20)

The total heat loss coefficient (top) can also be calculated straight in provisos of
velocity of wind (v) by the following expression:

htl,og−ar � 5.7 + (3.8 × v) (21)

Heat loss coefficient (overall) (U tl,ig–ar) from inner surface of glass cover to the
atmospheric air is specified by the equation:

Utl,ig−ar �
(
Kgl/Lgl

)
htl,og−ar(

Kgl/Lgl
)
+ htl,og−ar

(22)

The top heat loss coefficient (overall) from water to the surroundings during the
glass cover is obtained by

Utl � htl,wr−igUtl,ig−ar

htl,wr−ig +Utl,ig−ar
(23)

Heat Transfer—Bottom and Side Loss

It is observed that the heat/thermal energy is also lost to the surroundings from water
through insulation material by radiation conduction and convection and basin liner.
These three heat energy transfer processes in the solar desalination unit are briefly
explained as follows:

The heat transfer rate by convection involving the water and basin liner and is
specified by the relation

qwr � hwr(Tbn − Twr) (24)

In the above expression, “hwr” is known as heat transfer coefficient (convective)
from water to basin liner.

The rate of heat transfer by conduction between basin liner and the surroundings
through insulation is given by
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qbn � hbn(Tbn − Tar ) (25)

In the above expression, the heat transfer coefficient (hbn) among the surroundings
and basin liner through the insulation is determined by the relation

hbn �
[
L ins

Kins
+

1

htl,bn−ar

]−1

(26)

where the heat loss coefficient (htl,bn–ar) can be calculated in conditions of velocity
of wind (v) through the following relation

htl,bn−ar � 5.7 + (3.8 × v) (27)

Bottom heat loss coefficient (overall) (Ubn) involving water and atmospheric air
is expressed as

Ubn � hwrhbn
hwr + hbn

(28)

Also, the overall side heat loss coefficient (Uss) involving water and atmospheric
air is given by

Uss �
(
Ass

Abn

)
Ubn (29)

The bottom and side heat loss coefficient (total) (Ubs) between water to surround-
ings is specified by

Ubs � Ubn +Uss (30)

In case of thin water depths inside the basin, the overall side heat loss coefficient
(Uss) may be ignored in view of the fact that the region of side walls involved losing
heat (Ass) is awfully petite compared with cross-sectional area of the basin (Abn) of
solar still.

Therefore, the overall external heat loss coefficient (ULS) from water to the atmo-
sphere through bottom, top and sides of the solar still is given by

ULS � Utl +Ubs (31)

2.1.3 Computation of Thermal Efficiency and Yield Rate of Solar Still

The yield rate of the still can be determined on hourly basis by the expression
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mew � qev,wr−ig

hfg
× 3600 � hev,wr−ig × (Twr − Tig)

hfg
× 3600 (32)

The daily yield rate is able to be dogged by the following relation

Mew �
24∑
i�1

mew (33)

The instantaneous thermal efficiency is obtained by the relation

ηi � qev,wr−ig

I (t)sr
(34)

Passive solar still thermal efficiency (overall) can be attain by the relation

ηpassive �
∑

mew × hfg∑
I (t)sr × Asl × 3600

(35)

Also, active solar still thermal efficiency (overall) can be attain by the equation

ηactive �
∑

mew × hfg∑
I (t)sr × Asl × 3600 +

∑
I (t)cr × Acr × 3600

(36)

2.1.4 Correctness of Thermal Models

Generally, the experiential data canbeused to validate the results predicted by thermal
models. Also the accuracy of thermal models can be evaluated by obtaining the root
mean square of percentage deviation (e) and correlation coefficient (r) and between
the experimental and theoretical values.

The correlation coefficient (r) can be calculated for “No” number of observations
as follows:

r � No
∑

X jYj −
(∑

X j
)(∑

Yj
)

√
No

∑
X2
j − (∑

X j
)2√

No
∑

Y 2
j − (∑

Yj
)2 (37)

The deviation (ej) percentage is obtained by the relation

ej � X j − Yj
X j

× 100 (38)

Also, the root mean square of percentage deviation (e) is determined by
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e �
√∑(

ej
)2

No
(39)

3 Thermal Analysis of Single Slope Single Basin Solar Still

Thermal analysis of SSSB solar still is much easier to understand due to simplicity
in its design and operational parameters. Also the perceptions developed during the
theoretical investigations might be easily implemented on other designs of solar
still with appropriate changes in their parameters. While developing the thermal
modelling, the energy balance relations between solar still’s components or regions
are equated. The energy balance equation is generally expressed with reference to
average temperature in that component or region. Also, all the relations of the solar
still are expressed per unit area of its components or regions [4, 9].

3.1 Assumptions

The subsequent assumptions are well thought-out, whereas developing the energy
balance relations for solar still:

1. The quantity of water within the enclosed space remains constant
2. The loss due to evaporation of water is neglected
3. The temperature pitch down the water deepness is neglected
4. The absorptance and heat ability of glass cover and insulation objects are

neglected
5. The leaning of glass face with horizontal is assumed to be zero
6. The cross-sectional area of water surface, basin and glass cover is equal
7. There is no leakage of water vapour in the solar still.

3.2 Solar Still Energy Balance Equations

The energy balance equations of solar still at its various components or regions are
developed as follows [1, 2].

3.2.1 Glass Cover—Outer Surface

Heat energy received from internal
surface of glass cover by conduction

�
Thermal energy vanished to the
surroundings by convection and
radiation
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qcd,ig−og � qcv,og−ar + qrd,og−ar (40)

Or

qcd,ig−og � qtl,og−ar (41)

On substitution of the Eqs. (13) and (19) in the Eq. (41), the expression can be
obtained as follows:

Kgl

Lgl
(Tig − Tog) � htl,og−ar(Tog − Tar) (42)

The above equation is rearranged as follows:

Tog �
(
Kgl/Lgl

)
Tig + htl,og−arTar(

Kgl/Lgl
)
+ htl,og−ar

(43)

3.2.2 Glass Cover—Inner Surface

Thermal energy captivated from
solar radiation + Thermal energy
established from water by
convection, evaporation and adiation

�
Thermal energy vanished to
outer surface of the glass
cover by conduction

α′
gl I (t)sr + qcv,wr−ig + qev,wr−ig + qrd,wr−ig � qcd,ig−og (44)

Or

α′
gl I (t)sr + qtl,wr−ig � qcd,ig−og (45)

On substitution of the Eqs. (11) and (13) in the Eq. (45), the expression can be
obtained as follows:

α′
gl I (t)sr + htl,wr−ig(Twr − Tig) � Kgl

Lgl
(Tig − Tog) (46)

where

α′
gl � (1 − Rgl)αgl (47)

On substitution of the value of “T og” from Eq. (43), the above Eq. (46) can be
modified as follows:

α′
gl I (t)sr + htl,wr−ig

(
Twr − Tig

) � (
Kgl/Lgl

)(htl,og−arTig − htl,og−arTar(
Kgl/Lgl

)
+ htl,og−ar

)
(48)
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By rearranging the above expression, we get,

Tig � α′
gl I (t)sr + htl,wr−igTwr +Utl,ig−arTar

htl,wr−ig +Utl,ig−ar
(49)

3.2.3 Basin Liner

Thermal energy fascinated
from solar radiation

�
Thermal energy vanished to water
by convection + Thermal energy vanished to
the surroundings by conduction and convection

α′
bn I (t)sr � qwr + qbn (50)

On substitution of the Eqs. (24) and (25), the above Eq. (50) becomes,

α′
bn I (t)sr � hwr(Tbn − Twr) + hbn(Tbn − Tar) (51)

where

α′
bn � αbn(1 − αgl)(1 − Rgl)(1 − Rwr)(1 − αwr) (52)

The Eq. (51) can be expressed by rearranging the terms as follows:

Tbn � α′
bn I (t)sr + hwrTwr + hbnTar

hwr + hbn
(53)

3.2.4 Basin Water

Thermal energy engrossed from
solar radiation + Thermal energy
received from basin liner by
convection + Thermal energy
customary from external devices

�
Thermal energy stored
+ Thermal energy lost to
glass cover inner surface by
evaporation, convection, and radiation

α′
wr I (t)sr + qwr + Qu � mwrCwr

dTwr
dt

+ qcv,wr−ig + qev,wr−ig + qrd,wr−ig (54)

Or

α′
wr I (t)sr + qwr + Qu � mwrCwr

dTwr
dt

+ qtl,wr−ig (55)

By substituting the Eqs. (24) and (11), the above Eq. (55) becomes,

α′
wr I (t)sr + hwr(Tbn − Twr) + Qu � mwrCwr

dTwr
dt

+ htl,wr−ig(Twr − Tig) (56)
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where

α′
wr � (1 − αgl)(1 − Rgl)(1 − Rwr)αwr (57)

For passive solar still, the value of Qu � 0 since no thermal energy is received
from external devices.

Therefore, the Eq. (56) can be modified by substituting the values of T bn and T ig

and expressed as

αeff I (t)sr +ULSTar � mwrCwr
dTwr
dt

+ULSTwr (58)

where

αeff � α′
bn

hwr
hwr + hbn

+ α′
wr + α′

gl

htl,wr−ig

htl,wr−ig +Utl,og−ar
(59)

Also

ULS � Utl +Ubn (60)

Utl � htl,wr−igUtl,ig−ar

htl,wr−ig +Utl,ig−ar
(61)

Ubn � hwrhbn
hwr + hbn

(62)

The Eq. (58) can be rearranged as

dTwr
dt

+
ULS

mwrCwr
Twr � αeff I (t)sr +ULSTar

mwrCwr
(63)

The Eq. (63) is written in simplified form as follows:

dTwr
dt

+ aTwr � f (t) (64)

where,

a � ULS

mwrCwr
(65)

f (t) � αeff I (t)sr +ULSTar
mwrCwr

(66)

The approximate solutions for the over first-order differential equation may be
obtained with the subsequent hypothesis:
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1. The time phase is very small
2. The rate of “a” is invariable during that time period
3. The function “f (t)” is invariable for the time period between 0 and t

Also, by applying the boundary condition, Twr(t�0) � Twr0, the resolution for the
Eq. (64) is given as

Twr � f (t)

a

[
1 − e−at

]
+ Twr0e

−at (67)

4 Popular Thermal Models

The widespread research in the area of energy analysis of solar still is fine utilized
for enhancement of its recital prediction. To predict the performance of the solar
still, several thermal models have been developed by the researchers over the past
few decades bymodifying its design and operational variables. The following session
briefly depicts some of the popular thermalmodels established by various researchers
along with its major limitations [4].

4.1 Dunkle’s Model [Year-1961]

The most accepted and highly utilized thermal model since its inception is Dunkle’s
model. It is mainly used to estimate different heat transfer coefficients implicated
in the analysis of solar still. It presents widely established experiential relations to
predict the recital of single effect solar still. In this model, Dunkle developed the
Nusselt—Rayleigh empirical correlation which is already proposed by Jakob [1957]
for free convection of air in an enclosed space:

Nu � C.Ran With C � 0.075 and n � 1/3 (68)

Evaporative heat transfer coefficient from glass cover to water (he, wr–gl) is evalu-
ated by using the following expressions:

hev,wr−gl � 0.0163 × hcv,wr−gl

[
Pwr − Pig
Twr − Tig

]
(69)

hcv,wr−gl � 0.884 × [
	T ′]1/3 (70)

where

	T ′ �
[(
Twr − Tig

)
+
(Pwr − Pig)(Twr + 273.15)

268.9 × 103 − Pwr

]
(71)
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The limitations of Dunkle’s model are given as follows:

1. The empirical correlationswere initially developed for free convective heat trans-
fer of air devoid of considering evaporation

2. The difference in temperature range between evaporative and condensing facade
is assumed as 17 °C

3. The moist air’s thermo-physical properties are assumed at Twr ≈ 50 °C
4. The evaporation and condensation surfaces are parallel
5. The attribute length between evaporation and condensation surfaces is neglected

It is experiential from the investigations that the Dunkle’s model was widely
accepted by many researchers for solar desalination process even in the working
situation that are not declining under the limitations of that model.

4.2 Chen et al.’s Model [Year-1984]

Chen et al. developed a mathematical expression to estimate the convective heat
transfer coefficient based on Rayleigh number in the range (3.5 × 103 < Ra < 1 ×
106) which can be expressed as,

hcv,wr−gl � 0.2Ra0.26
Kfg

df
(72)

4.3 Clark’s Model [Year-1990]

In this model, the evaporative heat transfer rate from water to glass cover can be
estimated as follows:

qev,wr−gl � (k ′/2)hcv,wr−gl(Pwr − Pig) (73)

where k ′ � 0.016273
The Clark’s model is generally applicable when

1. The spacing among evaporation and condensation surfaces is huge
2. The condensation and evaporation rates are equal; it is only possible for elevated

working temperature range of the desalination process (i.e. greater than 80 °C)

The Clark’s model was experimentally validated for the operating temperature
range greater than 55 °C. The experiment was conducted in air-conditioned space
which supply high rate of heat transfer. But this is not possible in real operating
conditions of the still.
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Table 1 Values of “c” for
Grashof numbers versus
different water temperatures

Water
Temperature (°C)

c × 109

Gr < 2.51 × 105
Gr > 2.51 × 105

40 8.1202 9.7798

60 8.1518 9.6707

80 8.1895 9.4936

4.4 Adhikari et al.’s Model [1990]

Adhikari et al. suggested that the Dunkle’s expression is applicable only for the
Grashof number less than 2.51 × 105 and requires modification for higher Grashof
numbers. A simulation experiment was conducted in a controlled environment to
estimate the quantity of water evaporated under steady-state conditions. They pro-
posed the subsequent expression to calculate approximately the hourly yield rate
directly, such as

mew � c(	T ′)n(Pwr − Pig) (74)

where

	T ′ � (Twr − Tgl) +
(Pwr − Pgl)(Twr + 273.15)

268.9 × 103 − Pwr
(75)

In theEq. (74), the value of “c” is taken as constant for particular range of operating
temperatures. If the operating temperature range is changed, then a different value
of “c” is to be assumed for the estimation of hourly yield rate. The Table 1 provides
the values of “c” for various water temperatures and Grashof numbers.

The value of “n” used in Eq. (74) can be assumed as follows:

n � 1/3 for 2.51 × 105 < Gr < 107

n � 1/4 for 104 < Gr < 2.51 × 105

4.5 Kumar and Tiwari Model [Year-1996]

Kumar and Tiwari used the linear regression analysis approach by utilizing actual
experimental data and proposed a theoretical model for estimating various internal
heat transfer coefficients. This model is more reasonably used for various operating
temperatures of water. Also the values of the constants used in that model, such as
“C” and “n”, are not fixed andwere determined from experimental data. Further these
values were used for the estimation of Nusselt number (Nu) which in turn utilized
to determine the convective heat transfer coefficient (hc,wr–gl). Also the effects of
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orientation of the condenser cover, cavity of the solar still and range of operating
temperature were incorporated in the model.

The Nusselt number (Nu) expression to guesstimate the convective heat transfer
coefficient is given by

Nu � hcv,wr−gldf
Kfg

� C(Gr Pr)n (76)

Or

hcv,wr−gl � Kfg

df
C(Gr Pr)n (77)

where

Gr � βgd3
f ρ

2
fg(Twr − Tig)

μ2
fg

(78)

Pr � μ f gCp, f g

K f g
(79)

The rate of yield during time “t” is estimated by

mew � 0.01623

hlg
× Kfg

df
× C(Gr Pr)n × (Pwr − Pig) × Abn × t (80)

In the above expression, the values of the constants “C” and “n” are calculated
from actual experimental data and governed by the subsequent relations:

C � exp(C0) And

n � m

where,

C0 �

(
No∑
i�1

yi

)(
No∑
i�1

x2i

)
−

(
No∑
i�1

xi

)(
No∑
i�1

xi yi

)

No

(
No∑
i�1

x2i

)
−

(
No∑
i�1

xi

)2 (81)

m �
No

(
No∑
i�1

xi yi

)
−

(
No∑
i�1

xi

)(
No∑
i�1

yi

)

No

(
No∑
i�1

x2i

)
−

(
No∑
i�1

xi

)2 (82)



200 K. Sampathkumar and C. Elango

From above expressions, it is noticed that “No” is the number of observations,
and the values of “x” and “y” are obtained from actual experimental data.

4.6 Zheng Hongfei et al.’s Model [Year-2001]

Zheng Hongfei et al. proposed a minor correction in the phrase suggested by Chen
et al. to estimate the internal convective heat transfer coefficient which is given as
follows:

hcv,wr−gl � 0.2(Rac)
0.26 Kfg

df
(83)

where

Rac � d3
f ρfggβ

μfgαfg
	T ′′ (84)

Also

	T ′′ �
[(

Twr − Tig
)
+
(Pwr − Pig)(Twr + 273.15)

MarPtl
Mar−Mwr

− Pwr

]
(85)

In the above Eq. (84), the value of “αfg” stands for humid air’s thermal diffusivity.

4.7 Tsilingiris Model [Year-2007]

A sophisticated model was proposed by Tsilingiris to represent the methods for
first-order estimation of humid air’s thermo-physical properties. Tsilingiris utilized
the belongings of dry air and water vapour mixture instead of inappropriate dry air
properties alone to evaluate various parameters of the solar still.

Convection heat transfer coefficient is evaluated by

hcv,wr−gl � CKmix

(
gρmixβ

μmixdmix

)n[
(Tsi − Tgl) +

Tsi(Pvs − Pvg)(Mar − Mvr)

MarPtl − Pvs(Mar − Mvr)

]n

(86)

The evaporation heat transfer coefficient is estimated by

hev,wr−gl � 1000hlg
hcv,wr−gl

Cp,ar

(Rcv)ar
(Rcv)vr

Ptl
(Ptl − Pvs)(Ptl − Pvg)

(87)

The yield rate per unit still area is expressed by
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ṁw � hcv,wr−gl

Cp,ar

(Rcv)ar
(Rcv)vr

[
Ptl(Pvs − Pvg)

(Ptl − Pvs)(Ptl − Pvg)

]
(88)

5 Conclusions

Solar still, an incomparable apparatus, can be effectively utilized for rewarding the
clean water necessities of rural and remote areas. In the literature, numerous design
and operational modifications have been suggested to improve its performance and
yield rate. But it is observed that extensive research works were carried out on
various types of solar stills only under unrealistic laboratory conditions; only very
few investigations were reported in factual applications. Hence, there is a gap exists
between the solar still design proposed and its implementation. Therefore, an in-
depth research on the conversion of laboratory model into a real model is required
for better utilization of the solar still for potable water requirement to the end users.

The thermalmodelling is one of themost reliable andpowerful approaches that can
be exploited to predict and optimize the solar still performance under given set of real-
time operating parameters without spending much capital investment and time. The
incredible leap in the field of computer software development provides tremendous
opportunities to predict the behaviour of thermal models. Also it could be helpful to
identify the techno-economic viability of the solar still during its implementation. It is
recommended that thermal modelling might be developed, and the most influencing
parameters can be incorporated by simulation methods during the designing stage of
the solar still. This will definitely make the solar still more suitable and to perform
well according to local weather conditions where it is to be actually operated.

It is also recommended that, for solar energy rich countries like India, smaller
water desalination plants consisting of several solar still units are best suited to supply
potable water to remote places because of its various functional and operational
benefits. At present, the solar stills are unable to contend with fossil fuel fired or
electrically operated water desalination plants; but it will certainly turn out to be
a feasible technology in near future when all other resources will have completely
exhausted.

Appendix

Fractional thermal energy taken by the top glass cover

α′
gl � (1 − Rgl)αgl (1)

Fractional thermal energy taken by the basin water
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α′
wr � (1 − αgl)(1 − Rgl)(1 − Rwr)αwr (2)

Fractional thermal energy taken by the basin liner

α′
bn � (1 − αgl)(1 − Rgl)(1 − Rwr)(1 − αwr)αbn (3)

Vapour temperature

Tvr � Twr + Tig
2

(4)

Specific heat

Cp,fg � 999.2 + (0.1434 × Tvr) + (1.101 × 10−4 × T 2
vr)

− (6.7581 × 10−8 × T 3
vr) (5)

Density

ρfg � 353.44

(Tvr + 273.15)
(6)

Thermal conductivity

Kfg � 0.0244 + (0.7673 × 10−4 × Tvr) (7)

Viscosity

μfg � 1.718 × 10−5 + (4.620 × 10−8 × Tvr) (8)

Latent heat of vapourization

hlg � 3.1615 × 106 × [
1 − (

7.616 × 10−4 × Tvr
)]

For Tvr > 70◦C (9)

hlg � 2.4935 × 106 ×
[
1 − (

9.4779 × 10−4 × Tvr
)
+

(
1.3132 × 10−7 × T 2

vr

)
−(

4.7974 × 10−9 × T 3
vr

)
]

For Tvr > 70◦C

(10)

Expansion factor

β � 1

(Ti + 273.15)
(11)

Grashof number
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Gr � βgd3
f ρ

2
fg	T

μ2
fg

(12)

Prandtl number

Pr � μfgCp,fg

Kfg
(13)
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Thermal Modeling of Pyramid Solar Still

Kuldeep H. Nayi and Kalpesh V. Modi

Abstract Solar desalination ismost encouraging an alternative solution for fulfilling
the requirement of clean and drinkable water in today’s world of energy crises and
water scarcity. Performance viability of solar desalination system is themain concern
in this fast and advance world/life. Albeit, conventional solar still is cheap in cost,
simple in construction, operation, and maintenance; its low productivity raises many
questions on its worldwide applicability. Pyramid solar still is an innovative idea and
design for the solar still that have higher productivity and many more other bene-
fits over conventional solar still. Performance of solar still depends on operational,
design and meteorological parameters. Thus, it is necessary to establish function that
describe the relationship, which can be utilized for optimization of system and fur-
thermore to anticipate viability and competitiveness of system. Therefore, thermal
modeling (theoretical/mathematical model) of system plays vital role before actual
implementation of system as well as after implementation for performance evalua-
tion and improvement. In this chapter, basic fundaments of pyramid solar still with
its advantages over conventional solar still are described. Further, thermal model-
ing (theoretical/mathematical model) is developed which can be useful to study the
pyramid solar still.
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Nomenclature

English Letters

C Specific heat in kJ/kg K
hfg Latent heat of evaporation of water in J/kg
m Mass in kg
Q Heat transfer rate in kW
R Reflectivity
T Temperature in K

Greeks

α Absorptivity
ε Emissivity
η Efficiency
σ Stefan–Boltzmann constant

Subscripts

a Ambient air
b Basin
c Top Cover
cond Conductive
conv Convection
DW Distillate water
evp Evaporation
eff Effective
i Instantaneous
rad Radiative
t Total
Theo Theoretical
w Water

1 Introduction

Water is key element for sustain life on earth. It is also necessary for irrigation,
agriculture, sanitation, energy generation, industrial production, etc. In twenty-first
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century, the most burning worldwide problem for humankind is shortage of available
drinking water for current and future generation. One of the most adverse effects of
overpopulation is depletion of natural resources. It is estimated that the per capita
water availability may be reduced to 1137 billion cubic meters (BCM) by 2065 in
India as compared to 1614 BCM for 2011 [1]. However, the situation can be better
saved if sincere attempts are made to conserve water. On Earth, 96.5% of the planet’s
water is found in oceans that cannot be consume and utilize directly. Moreover,
many remote areas are not accessible to ocean water. Therefore, it is necessary to
find out solution to make brackish/contaminated water potable. Solar desalination
is one of the most promising and sustainable solution to fight against the problem
of water scarcity. Besides, the most attractive feature of solar desalination is that
it uses inexhaustible and pollution free renewable solar energy for conversion from
brackish/contaminated water into clean and pure drinkable. Thus, it is revolutionary
for energy sectors, too. Solar still is device used for solar desalination. Conventional
single basin single slope solar still is that in which saline/contaminated water is
filled in basin that covered with inclined highly transparent glass or acrylic or plastic
cover. Solar radiation penetrates into solar still through transparent top cover, that
raises the temperature of basin saline water and saline water gets evaporated due to
partial pressure. Evaporated water vapor raises up and condense at inner surface of
top cover, which is at low temperature. The condensed water droplets glide down
and collected by the collecting channel and drained out from solar still for end use.
This condensate water is clean and hygienic [2].

In real world, advancement in innovation and technology in any system acquires
priority. This concept tends to make system higher efficient, reliable eco-friendly
and inexpensive. Thus, engineers and designers have recently developed the range
of innovative and efficient configurations of solar still that can supply higher yield at
low cost than that of conventional solar still. Figure 1 represents the various solar still
configuration such as double slope solar still, multi-stage or multi-effect solar still,
inverted trickle solar still, stepped solar still, weir type solar still, hemi-spherical solar
still, spherical solar still, v-type solar still, pyramid solar still (triangular and square),
cylindrical solar still, tubular solar still, conical solar still, etc. [3, 4]. Many attempts
have been made to increase daily productivity of solar still by incorporating other
auxiliary system with solar still such as solar still integrated with solar collectors,
integrated with hybrid PV/T system, integrated with heat exchanger, integrated with
solar pond, etc. [5, 6].

2 Pyramid Solar Still

Unlike conventional single basin single slop solar still, pyramid solar still has pyra-
midal top glass cover. Based on shape of that pyramid top glass cover, pyramid
solar still: can be classified as shown in Fig. 2: (a) Triangular pyramid solar still and
(b) square pyramid solar still.
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Fig. 1 Classification of solar still based on geometry

Fig. 2 a Triangular pyramid solar still [8] b Square pyramid solar still [9]
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Pyramidal shaped glass cover of solar still potentially offer major several advan-
tages over conventional (single basin single slope) solar still [7]. Conventional solar
still must be placed in such a way that its inclined glass cover surface faces sun
directly and tracking is required to gain maximum solar radiation throughout the
day, whereas pyramid solar still can be placed irrespective of direction. The shading
of side wall on saline water surface in basin is lesser in case of pyramid solar still
than that of conventional solar still.

Till now very few but notable works on pyramid solar still has been reported in
literature. First ever work in the pyramid solar still was reported by Hamdan et al.
[10]. They have compared the performance of single, double and triple basin square
pyramid solar still under the climatic condition of Amman, Jordan and achieved
44%maximum daily efficiency and 4.896 kg/m2 daily yield from triple basin square
pyramid solar still. 24% and 5.8% higher distillate water was obtained from triple
basin pyramid solar still than single and double basin pyramid solar still, respectively.
Fath et al. [11] have analytically compared the performance of square pyramid solar
still with conventional single slope solar still. In the study, they have utilized scale-
down dimension of the Great Pyramid of Giza, Egypt for construction of square
pyramid solar still and compared the performance from thermal and economic point
of view with conventional single slope single basin solar still. Also, many attempts
have been carried out for increasing daily productivity of pyramid solar still. Kabeel
[12] have attempted to increase the daily productivity of pyramid solar still with the
use of concave wick surface in basin and concluded that the concave wick surface
increases evaporation area that lead to enhancement in daily yield of pyramid solar
still. About 4.1 l/m2 daily average productivity with maximum instantaneous effi-
ciency of 45% and average daily efficiency of 30% was achieved. Comparing cost of
this concave wick pyramid solar still with conventional solar still, cost of liter for this
pyramid solar still was 22% lower than that of conventional solar still. OMahian and
A Kianifer [13] have carried out mathematical modeling and experimental study on
active and passive type square pyramid solar still. In active pyramid solar still, they
obtained 4.2 l yield per day due to forced convection. At 4-cm saline water depth
in basin, percentage error of 11.4% for passive solar still and 25% for active solar
still was obtained between experimental and theoretical results. About 25% incre-
ment in daily yield was noted due to forced convection induced by placing small fan
inside solar still in experimental study conducted by Taamneh et al. [9]. Satyamurthy
et al. [8] have reported the effect of various operational parameters including mass
of saline water, phase change material (PCM), saline water temperature at different
depth of saline water, wind velocity over glass cover, etc. on the performance of
triangular pyramid solar still. The lowest cost of distillate output of 0.031 $/liter
was obtained for pyramid solar still which reveals that pyramid solar still is most
promising alternative of conventional solar still [7].
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3 Thermal Modeling of Square Pyramid Solar Still

Thermal/theoretical modeling of any system is the first step toward development of
system. The study of theoretical model can be utilized: for selection of critical design
criteria, for innovative development in system, for checking reliability and capability
of system for desired purpose before actual execution of system at full scale and for
performance evaluation or comparison between available alternatives. Performance
of any solar still is evaluated based on its daily productivity and efficiency. Although
working principle and construction of solar still is simple, its theoretical analysis is
complex and based on experimental conditions. Thermal modeling of any thermal
system can be carry out by two ways (i) Energy analysis based on first law of ther-
modynamics (first law energy efficiency) (ii) Exergy analysis based on second law
of thermodynamics (second law energy efficiency). In present section, theoretical
model of square pyramid solar still has been presented using energy balance equa-
tions based on first law of thermodynamics. The study involves the various heat flows
occurs in system. Dunkle [14] has developed the various heat transfer correlations,
which are utilized to calculate the heat transfer in solar still.

Fig. 3 illustrates the various heat transfer occured in solar still. Solar radiation
enters in solar still through highly transparent top cover, where some part of it is
reflected back, some is absorbed by top cover itself based on material of top cover
and remaining radiation is transmitted and reaches at surface of saline water in basin.
A part of solar radiation available at surface of saline water is transmitted and reaches
to absorber plate of solar still, a part is reflected back towards glass cover that produces
greenhouse effect inside solar still and a part is absorbed by saline water itself that
raises the temperature of saline water. The solar radiation transmitted through saline
water is absorbed by the absorber plate as it acts as a black surface that raises the
temperature of the absorber plate. The absorber plate supplies the heat to saline
water by convection and a part of heat is lost by conduction in surrounding through
bottom and side of still. Saline water receives the heat from basin and solar radiation,
which causes the evaporation of saline water. The evaporated water vapor rises up
and condenses at the inner surface of glass cover due to the difference between saline
water temperature and glass cover temperature. Thus, glass cover receives heat from
evaporated water vapor that condense on it, from enclosed air and from heated water
in addition to the direct absorbed solar radiation. The energy which is transferred to
the cover is conducted through it and is lost to the surrounding by convection and
radiation.

3.1 Energy Balance Equations

The performance of any solar still can be evaluated from its thermal model. In
present section, theoretical model is developed to study the transient analysis and
performance of pyramid solar still. For thermal system, theoretical model can be
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Fig. 3 Energy flow in solar still [15]

developed from energy balance equations of various component of system. Basin,
saline water and glass cover are main part of conventional solar still.

The assumptions considered in theoretical models are as follows: constant saline
water level is maintained in basin, no temperature gradients along the glass cover
thickness and along the saline water depth, physical properties of basin material,
salinewater, glass cover, and insulationmaterial are constant in operating temperature
range, and vapor leakage losses are neglected.

(a) Energy balance equation for basin:

Solar energy absorbed by basin� Energy stored in basin + energy lost to water mass
by convection + total energy lost to ambient

I (t)Abα
′
b � mbCb

dTb
dt

+ Qconv,b−w + Qloss (1)

where I(t) is incident solar energy for solar still (W/m2), Ab is area of basin (m2),
α′
b is fraction of solar radiation absorbed by basin material, mbCb is heat capacity

of basin material (W/m2K) and dTb
dt is temperature gradient with respect to time in

basin.
Energy supplied to saline water from basin by convection and total energy lost to

ambient is estimated using Eqs. (2) and (3), respectively.



212 K. H. Nayi and K. V. Modi

Qconv,b−w � hconv,b−wAb(Tb − Tw) (2)

Qloss � UbAb(Tb − Ta) (3)

Overall heat loss coefficient for basin (Ub) represents combine effect of conductive
heat loss from basin to insulation material and convective heat loss from insulation
to surrounding and is estimated from Eq. (4) [16].

Ub �
(
yins
kins

+
1

ht,b−a

)−1

; ht,b−a � 5.7 + 3.8V (4)

where yins and kins are thickness of insulation (m) and thermal conductivity of insu-
lation material (W/m2K), respectively. ht,b–a is convective heat loss coefficient based
on surrounding wind velocity (V in m/s).

(b) Energy balance equation for saline water

Solar energy absorbed by saline water + Energy received from basin by convection
� Energy stored in water + Total energy lost to inner surface of glass cover

I (t)Awα′
w + Qconv,b−w � mwCw

dTw
dt

+ Qt,w−c (5)

Aw is area of saline water that absorbs the solar radiation (m2), α′
w is fraction

of solar radiation absorbed by saline water, mwCw is heat capacity of saline water
(W/m2K) and dTw

dt is temperature gradient with respect to time in saline water.
Energy lost to inner surface of glass cover from saline water is actually occur in

three mode thus total energy lost to glass cover from saline water includes energy
lost by conduction, by convection and by radiation.

∴ Qt,w−c � ht,w−cAw(Tw − Tc) � (
hconv,w−c + hrad,w−c + hevp,w−c

)
Aw(Tw − Tc)

(6)

In Eq. (6), convective and evaporative heat transfer coefficient between saline
water and glass cover can be calculated by Eqs. (7) and (8), respectively, as suggested
in Dunkle’s model [14],

hconv,w−c � 0.884 ×
[
(Tw − Tc) +

(pw − pc).Tw
268, 900 − pw

] 1
3

(7)

hevp,w−c � 16.273 × 10−3.hc,w−c.
(pw − pc)

(Tw − Tc)
(8)

In above empirical relations, Tw and T c are temperature of saline water and glass
cover, respectively, in K . pw and pc are saturation vapor pressure of saline water and
glass cover at respective temperature and are given by Eq. (9) [17].
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p � e[25.317−
5144
T ] (9)

And radiative heat transfer coefficient between saline water and glass cover is
[14] …

hrad,w−c � εeffσ(Tw + Tc)
(
T 2
w + T 2

c

)
; εeff �

(
1

εw
+

1

εc
− 1

)−1

(10)

(c) Energy balance equation for Top cover:

Solar energy absorbed by cover + Total energy received from saline water by con-
vection, radiation and evaporation � Energy stored in cover + Total energy lost to
surrounding

I (t)Acα
′
c + Qt,w−c � mcCc

dTc
dt

+ Qt,c−a (11)

Ac is area of glass cover that absorbs the solar radiation (m2), α′
c is fraction of solar

radiation absorbed by glass cover, mcCc is heat capacity of cover material (W/m2K)
and dTc

dt is temperature gradient in glass cover with respect to time.
Energy lost from top cover to surrounding occurs by convection and radiation.

Thus, total energy lost from cover to surrounding has main two components, viz.
convective heat loss and radiative heat loss which can be estimated by Eqs. (12) and
(13), respectively.

Qconv,c−a � hconv,c−aAc(Tc − Ta) (12)

Qrad,c−sky � hrad,c−skyAc
(
Tc − Tsky

)
; Tsky � Ta − 6 (13)

Convective heat transfer coefficient between top cover and surrounding can be
calculated as hconv,c–a � 2.8 + 3 V [16], and radiative heat transfer coefficient is given
by Eq. (14)

hrad,c−sky � εgσ
(
Tc + Tsky

)(
T 2
c + T 2

sky

)
(14)

Substituting values of different heat transfer and/or losses from Eqs. (2), (3), (6),
(10), (12) and (13) in basic energy balance equations of various component of solar
still, i.e., Eqs. (1), (5) and (11) and rearranging terms, one can get the governing
differential equations for the various components of solar still as below,

dTb
dt

+
Ab

mbCb
(hconv,b−w +Ub)Tb � Ab

mbCb

(
I (t)α′

b + hconv,b−wTw +UbTa
)

(15)

dTw
dt

+
Aw

mwCw

(
Ab

Aw
hconv,b−w + ht,w−c

)
Tw � Aw

mwCw

(
I (t)α′

w +
Ab

Aw
hconv,b−wTb + ht,w−cTc

)

(16)
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dTc
dt

+
Ac

mcCc

(
Aw

Ac
ht,w−c + hconv,c−a + hrad,c−sky

)

Tc � Ac

mcCc

(
I (t)α′

c +
Aw

AcCc
ht,w−cTw + hconv,c−aTa + hrad,c−skyTsky

)
(17)

Equations (15), (16) and (17) are the basic governing differential equations for
solar still, viz. basin, saline water and top cover, respectively.

The solution of above governing differential equations was obtainedwith assump-
tions that the time interval is very small, values of heat transfer coefficient are constant
during that small time interval and nearly steady-state condition is achieved during
that small time interval.

Applying initial conditions as Tb(t � 0) � Tb0, Tw(t � 0) � Tw0, Tc(t � 0) �
Tc0, the solution obtained for Eqs. (15), (16) and (17) are as below,

Tb �
(

f1
P1

)(
1 − e−P1t

)
+ Tb0e

−P1t (18)

Tw �
(

f2
P2

)(
1 − e−P2t

)
+ Tw0e

−P2t (19)

Tc �
(

f3
P3

)(
1 − e−P3t

)
+ Tc0e

−P3t (20)

where

f1 � Ab

mbCb

(
I (t)α′

b + hconv,b−wTw +UbTa
)
and

P1 � Ab

mbCb

(
hconv,b−w +Ub

)
,

f2 � Aw

mwCw

(
I (t)α′

w +
Ab

Aw
hconv,b−wTb + ht,w−cTc

)
and

P2 � Aw

mwCw

(
Ab

Aw
hconv,b−w + ht,w−c

)
,

f3 � Ac

mcCc

(
I (t)α′

c +
Aw

Ac
ht,w−cTw + hconv,c−aTa + hrad,c−skyTsky

)
and

P3 � Ac

mcCc

(
Aw

Ac
ht,w−c + hconv,c−a + hrad,c−sky

)

The average value of temperature for the time duration can be calculated as

T̄ � 1
t

t∫
0
T dT , Eqs. (18), (19) and (20) can be represented as below,

T̄b �
(

f1
P1

)(
1 − 1 − e−P1t

P1t

)
+ Tb0

(
1 − e−P1t

P1t

)
(21)

T̄w �
(

f2
P2

)(
1 − 1 − e−P2t

P2t

)
+ Tw0

(
1 − e−P2t

P2t

)
(22)
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T̄c �
(

f3
P3

)(
1 − 1 − e−P3t

P3t

)
+ Tc0

(
1 − e−P3t

P3t

)
(23)

Using initial temperature (initial condition), initial value of heat transfer coeffi-
cients can be calculated. After small interval of time, temperature of various compo-
nents of solar still can be calculated from Eqs. (13) to (16). Thus, the temperature of
various components of solar still can be calculated by following similar procedure
for the time duration of experiment.

• Estimation of fraction of solar radiation absorbed by various component of
solar still

In energy balance equations of various component of solar still, i.e., Eqs. (1), (5) and
(11), α′

b, α
′
w andα′

c are fraction of solar energy absorbed by basin material, saline
water and top covermaterial, respectively. These parameters depend on the individual
absorptivity and reflectivity of material used for basin, water and top cover.

From the solar radiation available at the surface of glass cover, a part of solar
radiation is reflected back based on reflectivity of cover material and then depending
on its absorptivity, a part of solar radiation is absorbed by itself and remaining part of
solar radiation is transmitted to saline water. Some amount of solar radiation which
is transmitted to saline water from top cover is reflected from top surface of saline
water, some amount is absorbed by it and remaining is transmitted to basin where
basin absorbed solar radiation based on its absorptivity after reflection. Figure 4
illustrates this simple mechanism.

Thus, fraction of solar energy absorbed by top cover material, saline water and
basin material are given as [18] …

α′
c � (1 − Rc)αc (24)

α′
w � αw(1 − αc)(1 − Rc)(1 − Rw) (25)

α′
b � αb(1 − αc)(1 − Rc)(1 − Rw)(1 − αw)(1 − Rb) (26)

3.2 Estimation of Hourly Yield and Efficiency

Hourly theoretical distillate output from temperature (°C) can be predicted by [19]
and represented as below,

mDW|Theo � 0.012(Tw − Tc)(Tc − Ta) − 3.737 × 10−3Tw(Tc − Ta) − 5.144

× 10−3Tc(Tc − Ta) + 5.365 × 10−3(Tc − Ta)
2 + 0.212(Tc − Ta) − 3.828

× 10−3Tw(Tw − Tc) − 5.015 × 10−3Tc(Tw − Tc) + 2.997 × 10−3(Tc − Ta)
2

+ 0.217(Tw − Tc) + 1.182 × 10−3TcTw + 1.663 × 10−3T 2
c − 0.106Tc

− 0.065Tw + 8352 × 10−4T 2
w + 1.992 (27)
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Instantaneous efficiency of solar still at any particular time can be estimated as
[16],

ηi � mDWhfg
I (t)Ab�t

(28)

4 Conclusion

Thermal model for the performance evaluation of solar still especially for pyra-
mid solar still is developed and comprehensively described in this chapter. Pyramid
solar still offers extremely great points of interest over conventional single basin
single slope solar still. Equation (27) is utilized to estimate distillate yield from the
solar still based on theoretical temperatures of various components of solar still as
described in Sect. 3.1, and these results also show the good agreement with exper-
imental results [19]. It is clear that the theoretical distillate yield mainly depends
on the temperature of main components of solar still as well as the temperature of
the surrounding. Furthermore, from the various relations obtained in this chapter for

Fig. 4 Solar radiation absorbed by various solar still components
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temperature estimation, temperature of solar still component (i.e. basin, saline water
and glass cover) has great effect of various climatic parameters like solar radiation,
wind speed, surrounding temperature, atmosphere humidity, etc.; various design and
material parameters like top cover inclination angle, area and material of absorber
plate and condensing cover, salinity of saline water, depth of saline water, thickness
of absorber plate and top cover, thickness and material of insulation, etc. Thus, all
parameters mentioned above have a significant effect on the yield of solar still so it
is necessary to optimize those all parameters to achive maximum yield. Further, the
daily productivity of pyramid solar still can be improved by providing some addi-
tional accessories and add-ons in a simple solar still such as wick materials, storage
materials, nanoparticles, and additional solar collectors and reflectors, etc. Notwith-
standing the energy analysis carried out in this chapter, second law efficiency analysis
of pyramid solar still need to be developed as it identify areas required for improve-
ment in solar still. As pyramid solar still has large advantages over conventional solar
still, pyramid solar still can be thought as an alternative for conventional solar still.
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Integrated PVT Hybrid Active Solar Still
(HASS) with an Optimized Number
of Collectors

M. K. Gaur, G. N. Tiwari, Anand Kushwah, Anil Kumar and Gaurav Saxena

Abstract The objective of the chapter was to find the optimum number of collectors
for PVT hybrid active solar still (HASS). The basin of solar still has been attached
with number of PVT collectors connected in series. On the basis of energy and
exergy analysis, number of collectors has been optimized for water having different
heat capacity. Mathematical relations were derived for determining the temperatures
of water, outer, and inner glass surface. Data of climatic condition in Delhi during
summer day (May 22, 2008) have been used for the numerical computations. Result
shows that the optimized number of collector rises with the rise in basin water mass.
Linear and nonlinear decrement has been observed in exergy efficiency and day-
to-day efficiency with the increase in mass of water. Observation based on exergy
efficiency shows that the maximum output is obtained at N � 4 for the mass of 50 kg
of water. Validation of thermal model is being done by experimental data.

Keywords Optimization · PVT collector · Hybrid solar still · Active · Exergy

1 Introduction

The world population is increasing at a too rapid rate which in turn increases the
demand of human basic needs like food, water, etc. The available fresh water is also
getting polluted by various means. There are limited fresh water reserves which may
not fulfill the demand in the future. The water scarcity problem is severely affecting
various dry regions around the globe. Demand of fresh water gets almost double in
every two decades [1].
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India has only 4% of fresh water, feeding 17% of world population. World is
going to face the biggest challenge of availability of fresh water. By year 2025,
about 25% population of the world will face water scarcity and nearly 65% will face
water-stressed situations. By the year 2030, high water stress condition will arise
for 1/2 of the world population [2]. The solar stills are in existence from sixteenth
century, as it is cheap and easy method of making fresh water. The water purification
systems operating on solar energy are basically categorized as active and passive
solar stills [3]. Solar still functions on basic principle of evaporation and condensation
process. The latent heat released during condensation process is utilized for further
evaporation process in a double or multiple effects solar still. Use of multiple effects
and active mode equipment such as pumps and fans will raise the solar still efficiency
but the total cost of the system also increases. Active components can be driven by
PV/T technologies for reducing operating cost and to attain payback after certain
duration.

The solar still performance is judged by its efficiency and productivity. The effi-
ciency of single-effect still is expressed as the ratio of latent heat of condensation of
water to the amount of solar energy falling on the solar still. A short time efficiency
(typically 15 min) is called as instantaneous efficiency while whole day efficiency
is called as overall efficiency. The per day water output obtained from the solar still
from 1 m2 area is termed as its productivity. Basic passive solar still has productiv-
ity of about 25 L/m2 day. Thus, minimum of 1 m2 surface is essential to fulfill the
demand of water requirement of individual for meeting their essential needs [4].

The present chapter describes the methodology which may be used for optimiza-
tion of the number of collectors to get maximum day-to-day yield from HASS.
Exergy analysis, day-to-day yield, and energy efficiency for water mass of varying
heat capacity is being calculated, and the number of collectors for HASS has been
optimized.

2 General Description and Review

Hybrid Integrated PV/T System means solar still is integrated with PV module.
For unit surface area, PV/T collector gives higher electrical and thermal output in
comparison with PV module and also it has reduced initial and maintenance cost
especially in a regions having extreme weather condition like deserts and coastline
areas.

Recent improvements in PV/THASS have been done byKumar and Tiwari [5] for
making it more efficient. They observed that obtained day-to-day yield is 3.49 times
as obtained in case of passive solar still. In the literature [6, 7], thermal modeling
of integrated system of PV/T solar water heater has been carried out. Inside heat
transfer coefficient is studied by Kumar and Tiwari [8] for PV/T HASS.

Glass cover was inclined at an angle of 30° with horizontal. DC Pump is provided
to circulate the water in active mode. Readings are taken throughout the year on the
CSSPSS and HASS in the natural weather situation of India.
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Gaur and Tiwari [9] optimized the number of collectors by using energy as well
as exergy equations for PVT integrated HASS. Solar still of system consists of PVT
attached FPC.

The semi-transparent PV module partially covers the PV/T-FPC. The DC power
generated by it operates the DC pump which circulates the warm water from FPC to
the solar still.

All FPC have an area of 2 m2 and 10 tubes provided with inclination angle of
45° with the ground. A PV module having power output of 37 W and dimension of
0.27 m × 1.20 m is attached at the lower end of FPC. Power output of PV panel
was 0.22 kWh/day, sufficient to operate the DC pump for entire day. Net thermal
gain of 3.662 kWh/day was recorded for every PVT-FPC. In experiments quantity of
basin water in the solar still were varied as 50, 100, 150, and 200 kg. Experimental
outcome demonstrates that the greater yield was observed in case of minimum water
mass (50 kg). Result obtained in terms of Day-to-day yield and efficiency is plotted
graphically. Day-to-day productivity rises with rise in number of PVT-FPC while
day-to-day solar still efficiency falls. With rise in number of FPC, the solar still
becomes more efficient because of higher heat loss to surrounding from FPC. It was
observed that if the quantity of water is kept constant, then the solar still efficiency
falls up to 40% with the rise in number of FPC from 2 to 10. The higher day-to-day
yield is 7.89 for 50 kg water mass and 0.054 kg/s flow rate. Result shows that, the
optimum number of FPC for HASS is 4 and optimum mass of water is 50 kg.

3 Heat Transfer Models

The factors affecting the convective heat transfer coefficient are geometry of cover,
temperature change between vaporizing and condensing surface, physical character-
istics and flow characteristic of water. Convective heat transfer coefficient is deter-
mined using various models which are described below:

3.1 Dunkle’s Model

Dunkle’s model [10] for evaluating evaporative and convective heat transfer coeffi-
cients is:

hcw � 0.884
[
�T ′]1/3 (3.1)

where

�T ′ � Tw − Tgi +

(
Pw − Pgi

)
(Tw + 273.15)

268.9 × 103 − Pw
and
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hcw � 0.0163 hcw
Pw − Pgi
Tw − Tgi

(3.2)

For Gr > 3.2 × 105, c � 0.075 and n � 0.33.
The model has limited application due to certain limitations.

3.2 Chen et al. Model (CM)

Chen et al. [11] suggested the model for determining free convective heat transfer
coefficient for solar stills with varying Rayleigh number (3.5 × 103 < Ra < 106)
and is given as follows:

hcw � 0.2Ra0.26
Kv

Xv
(3.3)

3.3 Adhikari et al. Model

Adhikari et al. [12] suggested the model for predicting the amount of distillate yield,
i.e., written as follows:

ṁw � α
(
�T ′)n(Pw − Pgi

)
(3.4)

This relation is used for finding evaporative and convective heat transfer coefficients.
The values of ‘α’ for different temperatures of water in basin and Gr are shown

in Table 1.

n � 1/4 for 104 < Gr < 2.51 × 105

n � 1/3 for 2.51 × 105 < Gr < 107

Table 1 Value of α for
different ranges of
temperature

Sr. No. Temperature
(°C)

α × 109

Gr < 2.51 ×
105

Gr > 2.51 ×
105

1 40 8.1202 9.7798

2 60 8.1518 9.6707

3 80 8.1895 9.4936
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3.4 Zheng et al. Model (ZM)

To estimate the convective heat transfer coefficient, the modified Rayleigh number
is used by Zheng et al. [13] in the expression derived by Chen et al. The correlation
after modification is as follows:

hcw � 0.2Ra′0.26 Kv

Xv
(3.5)

where Ra′ � X3
vρvgβ

μvαv
�T ′′ (3.6)

and �T ′′ � (
Tw − Tgi

)
+

(
Pw − Pgi

)

(
MaPt

Ma−Mw

) (Tw + 273)

The rate at which water evaporated from unit area of vaporizing surface can be
calculated by:

ṁ � hcw
ρvCPvLe1−n

× Mw

R

(
Pw
Tw

− Pgi
Tgi

)
(3.7)

In this correlation, n � 0.26.

3.5 Kumar and Tiwari Model (KTM)

Model developed by Kumar and Tiwari [14] is more realistic and is applicable for
varying temperature of water. The effects of operative temperature, condenser cover
alignment, and solar still cavity have been considered in the model. To find the value
of ‘C’ and ‘n’, the regression analysis has been used. Step of development of model
is given below:

The Nu for convective heat transfer coefficient can be determined as:

Nu � hcw × Xv

Kv
� C(Gr · Pr)n (3.8)

or

hcw � Kv

Xv
C(Gr · Pr)n (3.9)

where
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Gr � gβL3ρ�T

μ2
and Pr � μCpv

k
(3.10)

For different temperature of water, standard relations are used to determine the value
of Gr and Pr.

The distilled water obtained after time (t) can be calculated by:

mw � qew × t

L
(3.11)

where

qew � hcw × Ab × (
Tw − Tgi

)
(3.12)

The evaporative heat transfer coefficient is calculated as:

hew � 0.0163 hcw

(
Pw − Pgi

)

(
Tw − Tgi

) (3.13)

Putting the relation for hcw in above Eq. (3.13)

hew � 0.0163 × Kv

Xv
× C(Gr · Pr)n × Pw − Pgi

Tw − Tgi
(3.14)

The value of hew from Eq. (3.12) is substituted in Eq. (3.11), then we get

mw � 0.01623

L
× Kv

Xv
× C(Gr · Pr)n × (

Pw − Pgi
) × Ab × t (3.15)

This Eq. (3.15) we can rewritten as

mw � K × C(Gr · Pr)n (3.16)

where

K � 0.01623

L
× Kv

Xv
× (

Pw − Pgi
) × Ab × t (3.17)

Taking log on each sides of Eq. (3.17) and equating thiswith the straight line equation,

Y � mx + Co

where

Y � ln
(mw

R

)
,Co � lnC, x � ln(Gr · Pr), and m � n
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By linear regression analysis,

n � No
∑

XY − ∑
X

∑
Y

No
∑

X2 − (∑
X

)2

C �
∑

X2 ∑
Y − ∑

X
∑

XY

No
∑

X2 − (∑
X

)2

where No is number of observations.
Value of ‘m’ and ‘C’ is used to determine the value of ‘C0’ and ‘n’.
C � exp(Co) and n � m.
The values of these constants are used for finding convective and evaporative heat

transfer coefficients.

4 Experimental Setup

The experimental system comprises of a solar still attached with hybrid FPC. The
pump is operated by D.C. power produced by a PV solar panel that partially covers
the hybrid FPC. The warm water is circulated from hybrid FPC to solar still by
using D.C. pump. Control valve is provided for keeping the water flow rate constant.
Typical hybrid FPC for the isolated location where the electric supply is not regular
is developed by Dubey and Tiwari [6].

Plate-in-tube type collectors placed inside the aluminum box and covered and
rubber sealed by reinforced glass (4 mm thickness). Collectors connected in series
have 10 tubes each and area of 2 m2. The distance between the two tubes is 12.5 cm.
For reducing the heat loss frombottom, the collector is insulated by 10-cm-thick glass
wool. The inclination angle of collectors is kept 45° with the ground for receiving
the maximum solar isolation for the weather in winter season of New Delhi.

The lower endof collectorwas attachedwith a glass–glass PVsolar panel of 0.28m
× 1.20 m (37 Wp). The PV module generates an electrical energy of 0.22 kWh/day
that is enough to operate the pump for whole day.

The blackened surface of collector not packed with PV module directly absorbs
the falling solar radiation. Feed water of solar still enters from bottom of the PV
integrated hybrid FPC. The rear surface of the PV panel also convects the heat to
feed water. Proper insulation was provided on the connecting pipes to reduce thermal
losses. The net thermal energy received by each hybrid FPC is 3.661 kWh/day. The
solar still having basin area of 1 m2 is enclosed with a glass inclined at an optimum
angle of 30° with the horizontal.
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4.1 Thermal Modeling

For series connected PV/T collectors following points are assumed to carry out the
thermal modeling of the integrated hybrid active solar still:

• Quasi state analysis has been carried out.
• Proper insulation was provided on connecting pipes.
• Warmth limit of engrossing material and protecting material is immaterial.
• No vapor leakage from the solar distiller unit.
• In comparison with basin area Ab, the side area (As) is very less.
• No stratification in water mass.
• The ohmic losses in the solar cell and PV module are negligible.

4.1.1 Design of Photovoltaic Thermal (PV/T) Water Collector

The PVT collector consists of 2 m2 effective area. Collector is partially enclosed by
PVmodule of glass–glass type having an operative area of 0.604 m2. For glass–glass
type PV panel, the solar isolation is conducted through non-packed area of PV panel
and finally engrossed by the blackened absorber.

Heat is transmitted from PV module packed and unpacked area to absorber by
convection. The water flowing beneath absorber heats up and rises.

4.1.2 Thermal Modeling of the Bottom of Absorber Enclosed by PV
Module

In this system, the upper part of the front side of solar FPC is enclosed by glass and
its lower part β is enclosed by PVmodule. For each element of PV/T integrated FPC,
the energy balance equations are given below [9]:

(i) For solar cells of PV module (glass–glass):

αcβcτg I (t)Wdx � [
Utc,a(Tc − Ta) + hc,p

(
Tc − Tp

)]
Wdx + ηcβc I (t) · Wdx (4.1)

From Eq. (4.1), the cell temperature is determined by

Tc � (ατ)1,eff I (t) +Utc,aTa + hc,pTp
Utc,a + hc,p

(4.2)

where αc, τG, and βc is the absorptivity, transmissivity, and packing factor of glass
of solar cell, respectively, I(t) is solar intensity, W dx is elementary section, ηc

is efficiency of solar cell, U tc,a is overall heat transfer coefficient from solar cell to
ambient through glass cover, hc,p is conductive heat transfer coefficient from solar cell
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to blackened absorber plate through air gap, T c, T a, and T p are solar cell temperature,
ambient temperature, and blackened absorber plate temperature, respectively [9].

(ii) For determining temperature of absorber plate below the PV panel
(glass–glass):

αp(1 − βc)τ
2
g I (t)Wdx + hc,p

(
Tc − Tp

)
Wdx � hp,f

(
Tp − Tf

)
Wdx (4.3)

From Eq. (4.1), the formula for finding temperature of plate is

Tp � (ατ)2,eff I (t) + PF1(ατ)1,eff I (t) +UL1Ta + hp,fTf
UL1 + hp,f

(4.4)

where αp is the absorptivity of blackened plate, T f is fluid temperature, PF1 is first
penalty factor due to the glass cover of PV panel, hp,f is conductive heat transfer coef-
ficient from plate to fluid, UL1 is an overall heat transfer coefficient from blackened
surface to ambient.

(iii) For water flowing from an absorber pipe beneath the PV panel (glass–glass):

Energy balance of fluid flowing through absorber pipe is given byGaur and Tiwari
[9]

ṁfCf
dTf
dx

dx � F ′hp,f
(
Tp − Tf

)
W dx (4.5)

Putting the value of Eqs. (4.4) and (4.5) in Eq. (4.5), we get

ṁfCf
dTf
dx

dx � F ′[PF2(ατ)m,eff I (t) −UL ,m(Tf − Ta)
]
W dx

where ṁf ismass flow rate of fluid,Cf is specific heat of fluid,F ′ is collector efficiency
factor, PF2 is second penalty factor due to the absorber beneath PV panel, (ατ )m,eff
is the effective absorptivity-transmissivity of PV module, UL,m is an overall heat
transfer coefficient of PV module.

After rearrangement of terms, both sides of equations are integrated and then
boundary conditions are applied. Tf|x�0, Tf � Tfil and at Tf|x�L , Tf � Tfo1, we get

Tfo1 − Ta −
(
PF2(ατ)m,eff I (t)

UL ,m

)

Tfi − Ta −
(
PF2(ατ)m,eff I (t)

UL ,m

) � exp

(
− F ′AmUL ,m

ṁfCf

)

or, Tfo1 �
(
PF2(ατ)m,eff I (t)

UL ,m
+ Ta

)(
1 − exp

(
− F ′AmUL ,m

ṁfCf

))
+ Tfi exp

(
− F ′AmUL ,m

ṁfCf

)

(4.6)
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Here, the water at outlet of PV panel and absorber arrangement becomes inlet for
glass-absorber arrangement. T fo2 is the final water temperature that is coming out
from PV/T water collector [9].

The thermal energy available at PV module-absorber combination:

Q̇u,m � ṁfCf(Tfo1 − Tfi)

After putting the expression of T fo1 form Eq. (4.6), we get,

Q̇u,m � AmFRm
(
PF2(ατ)m,eff I (t) −UL ,m(Tfi − Ta)

)

(iv) The temperature of water at outlet of the end of collector:

According to Duffie and Beckman (1991) and Tiwari (2004), the relation to find
the outlet temperature of water is,

Tfo2 �
(

(ατ)c1,eff I (t)

UL ,c1
+ Ta

)(
1 − exp

(
− F ′Ac1UL ,c1

ṁfCf

))
+ Tfi2 exp

(
− F ′Ac1UL ,c1

ṁfCf

)

(4.7a)

As, Tfi2 � T fo1, the relation for final outlet temperature becomes,

Tfo2 �
(

(ατ)c1,eff I (t)

UL ,c1
+ Ta

)(
1 − exp

(
− F ′Ac1UL ,c1

ṁfCf

))

+

[(
PF2(ατ)m,eff I (t)

UL ,m
+ Ta

)(
1 − exp

(
− F ′AmUL ,m

ṁfCf

))

+Tfi exp

(
− F ′AmUL ,m

ṁfCf

)]
exp

(
− F ′Ac1UL ,c1

ṁfCf

)
(4.7b)

Thermal energy accessible from the FPC is as follows:

Q̇u,(m+c) � ṁfCf(Tfo2 − Tfi)

Similarly thermal energy obtainable from the PV integrated FPC (bottom side) can
be calculated as,

Q̇u,(m+c) � AmFRm
[
PF2(ατ)m,eff I (t) −UL ,m(Tfi − Ta)

]

+ AcFRc
[
(ατ)c,eff I (t) −UL ,c(Tfo1 − Ta)

]

Here Tfo1 � Tfi +
Q̇u,m

ṁfCf

After simplification of the above equation, we get

Q̇u,(m + c) �
[
AmFRm PF2(ατ)m,eff

(
1 − AcFRcUL ,c

ṁfCf

)
+ AcFRc(ατ)c,eff

]
I (t)
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Table 2 Design parameters of PV FPC and solar still

Parameters Value Parameters Value

Am 0.324 m2 FRc 0.9

N 2, 4, 6, 8, 10 Ab 1 m2

F ′ 0.8 Mw 50, 100, 150 and 200 kg

(ατ )m, eff 0.304 Cf � Cw 4190 kJ/kg °C

FRm 0.95 h2c 5.7 + 3.8 V a,, here V a � 4 m/s

UL,m 2.074 L 2.25 × 105 J/kg

PF2 0.979 mw 0.054 kg/s

Ac 1.675 m2 t 3600 s

UL,c 5 W/m2 °C α′
g

0.05

(ατ )c, eff 0.8 α′
w

0.34

α′
b

0.359 Lg 0.004 m

Kg 0.78 W/m °C

−
[
AmFRmUL ,m

(
1 − AcFRcUL ,c

ṁfCf

)
+ AmFRcUL ,c

]
(Tfi − Ta) (4.8)

An instantaneous efficiency for this case can be obtained by Eqs. (4.9a) and (4.9b).
MATLAB 7.0 software is used for computing the values of gain factor and loss
coefficient. Table 2 shows the design parameters.

For the case of single glazed,

ηi � 0.56 − 4.42
Tfi − Ta
I (t)

(4.9a)

and for the case of double glazed,

ηi � 0.59 − 2.46
Tfi − Ta
I (t)

(4.9b)

Similarly for N number of partially PV-shaded collectors, the useful expression of
heat output gain is given as:

Q̇u,N (m+c) � AN
(
(ατ)eff,N I

′(t) −UL ,N (Tfi − Ta)
)

(4.10)

where

(ατ)ef f,N � (FR(ατ))1

[
1 − (1 − Kk)

N

NKK

]
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and UL ,N � (FRUL)1

[
1 − (1 − KK )N

N KK

]

AN is area of N collectors partially shaded with PV.

4.2 Energy Balance for HASS

Energy balance equation for the various parts of solar still is described below [9]:

(i) For exterior surface of cover

The energy balance equation for exterior surface of cover is given by

Kg

Lg
(Tci − Tco) � h2c(Tco − Ta) (4.11)

h2c is total heat transfer coefficient of external surface of cover, and its value is given
in Table 2.

(ii) For interior surface of cover

The energy balance equation for interior surface of the glass cover is shown by:

α′
g I (t)Ag + h1w(Tw − Tci)Ab � Kg

Lg
(Tci − Tco)Ag (4.12)

h1w is total heat transfer coefficient of internal surface of cover.

(iii) For determining mass of water

The thermal energy available in the water at the exit of N th collector is supplied
to the solar still. Energy balance equation for solar still water mass is:

Q̇u,N (m+c) + Abα
′
w I (t) + hbw(Tb − Tw)Ab � MwCw

dTw
dt

+ h1w(Tw − Tci)Ab

(4.13)

(iv) Basin liner

Energy balance equation for basin liner is given as:

Abα
′
w I (t) � hbw(Tb − Tw)Ab + hba(Tb − Ta)Ab (4.14)

After solving all equations and putting the temperature value of various parts of solar
still in the Eq. (4.13), the final expression will be:
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Q̇u,N (m+c) + Abα
′
w I (t)

� MwCw
dTw
dt

−
[(

Abα
′
gh1wAg

Uc,gaAg + h1wAb

)
+

(
Abα

′
ghbw

hba + hbw

)]
I (t)

+ Ab

[(
Uc,gaAgh1w

Uc,gaAg + h1wAb

)
+

(
hbahbw

hba + hbw

)]
(Tw − Ta)

or,

Q̇u,N (m+c) +

[
α

′
w +

(
α′
gh1wAg

Uc,gaAg + h1wAb

)
+

(
α′
bhbw

hba + hbw

)]
Ab I (t)

� MwCw
dTw
dt

+ (U A)s(Tw − Ta)

or, Q̇u,N (m+c) +
[
α

′
w + h′

1α
′
gAg + h1α

′
b

]
Ab I (t) � MwCw

dTw
dt

+ (U A)s(Tw − Ta)

or, Q̇u,N (m+c) +
(
α

′
eff

)
Ab I (t) � MwCw

dTw

dt
+ (U A)s(Tw − Ta) (4.15)

where
(
α

′
eff

)
�

[
α

′
w + h′

1α
′
gAg + h1α

′
b

]

h
′
1 � h1w × (

Uc,gaAg +U1wAb
)−1

h1 � hbw × (hba + hbw)−1

(U A)s � Ab
[
Ut Ag +Ub

]
,Ut � Uc,gah1w × [

Uc,gaAg + h1wAb
]−1

and

Ub � hbahbw × (hba + hbw)−1

Uc,ga � Kg

Lg
× h2c

{(
Kg

Lg

)
+ h2c

}−1

, h2c � 5.7 + 3.8Va

hba �
[
Lb

kb
+

1

2.8

]−1

In summer month, hbw � 250 W/m2 K.
In winter month, hbw � 200W/m2 K.
The Eq. (4.15) is written as first order differential equation as:

AN (ατ)eff,N I
′(t) − ANUL ,N (Tfi − Ta) +

(
α

′
eff

)
Ab I (t)
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� MwCw
dTw
dt

+ (U A)s(Tw − Ta)

As, Tfi � Tw then

AN (ατ)eff,N I
′(t) +

(
α

′
eff

)
Ab I (t) � MwCw

dTw
dt

+ (U A)s(Tw − Ta) + ANUL ,N (Tw − Ta)

Let us assuming,
(I A)eff � AN (ατ)ef f,N I

′(t) +
(
α

′
eff

)
Ab I (t) and (U A)eff � [

(U A)s + ANUL ,N
]

Then,

(I A)eff � MwCw
dTw
dt

+ (U A)eff(Tw − Ta)

or,
dTw
dt

+
(U A)eff

MwCw
Tw � (I A)eff + (U A)effTa

MwCw

or,
dTw
dt

+ aTw � f (t) (4.16)

where
a � (U A)eff

MwCw
and f (t) � (I A)eff+(U A)effTa

MwCw

Following assumptions are used for obtaining the approximate solution of the
Eq. (4.16),

• In time interval �t, f (t) � f̄ (t) i.e. f (t) is constant.
• In time interval �t, ‘a’ is also constant.

Solution of Eq. (4.16) is shown by:

Tw � f̄ (t)

a

(
1 − e−at

)
+ Twoe

−at (4.17)

where

t � 3600 s
Two � Basin temperature at t � 0
f̄ (t) � mean value of f (t) in the time period of 0 and t.

Inner (T ci) and outer (T co) glass temperature is determined after knowing the
water temperature (Tw) [9].
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5 Exergy Analysis

According to second law of thermodynamics, the exergy analysis includes investiga-
tion of total inflow and outflow of exergy and exergy destruction from system. Solar
still exergy analysis is given by Hepbasli [15]:

∑
Ėxin −

∑
Ėxout �

∑
Ėxdest (4.18)

where
∑

Ėxin,
∑

Ėxout, and
∑

Ėxdest is the exergy input, exergy output, and exergy
destruction, respectively. The exergy output for a solar still is given by Syahrul et al.
(2002):

∑
Ėxout � Ab × q̇ew ×

(
1 − Ta + 273

Tw + 273

)
(4.19)

Total exergy input for the HASS is summation of exergy input of PVT collector and
solar still. It is written as:

∑
Ėxin �

∑
Ėxin(solar still) +

∑
Ėxin[(PV/T)FPC] (4.20)

Patela (2003) uses the below relation to determine exergy input of PVT collector:

∑
Ėxin[(PV/T)FPC] � A(c+m) ×

∑
I ′(t) ×

[

1 − 4

3
×

(
Ta + 273

Ts

)
+
1

3
×

(
Ta + 273

Ts

)4
]

(4.21)

The exergy input of solar still is given as:

∑
Ėxin(solar still) � Ab ×

∑
I (t) ×

[

1 − 4

3
×

(
Ta + 273

Ts

)
+
1

3
×

(
Ta + 273

Ts

)4
]

(4.22)

Overall Thermal efficiency and Exergy Efficiency of HASS

For HASS, overall thermal efficiency is written as:

ηth �
(∑

ṁew × L
)

[(
Ab

∑
I (t)

)
+

(
N × A(c+m) × ∑

I ′(t)
)] × �t

(4.23)

Overall exergy efficiency is:

ηĖx � Exergy output of solar still
(∑

Ėxout
)

Exergy input of solar still
(∑

Ėxin
)
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ηĖ x � 1 −
∑

Ėxdest∑
Ėxin

(4.24)

Exergy destruction in a solar still is given as:

∑
Ėxdest � Mw × Cw × (

Tw − Tgi
) ×

(
1 − Ta + 273

Tw + 273

)
× (

Ab + Ag
)

The design parameters used in calculations, temperatures, and other factors forHASS
have been mentioned in Table 2.

The developed thermal modeling for various parts of HASS is used for calculating
the hourly deviations of convective, evaporative, radiative, and total heat transfer
coefficient is calculated. Hourly deviation of these entire heat transfer coefficient,
water temperature, basin, interior surface of glass, exterior surface and ambient air
and hourly variation of yield for two PVT collectors with 50 kg water mass and
0.054 kg/s mass flow rate.

Study demonstrates that the evaporative heat transfer coefficient reaches to a high-
est value of approx. 140W/m2 °C, which is much larger than radiative and convective
heat transfer coefficient, i.e., 10 and 3.29 W/m2 °C, respectively. Evaporative heat
transfer coefficient is observed higher because of rise in temperature of water in solar
still basin.

From study, it is clear that temperatures of basin, water, interior, and exterior
surface of cover exhibit similar rising and then slowly decreasing trend with time
of the day; the highest temperature of the above was observed at 3 p.m. However,
the ambient air temperature was observed to have relatively lower value during most
of the day. The pattern of hourly variation of basin and water temperature nearly
coincides with each other because absorbing material of the basin has low heat
capacity.

Study shows variations of yield with numbers of PVT collectors. At 2 p.m., hourly
yield reaches to maximum because of high temperature of water resulting in rise in
the value of evaporative heat transfer coefficient.

Study demonstrates deviations of day-to-day yield and day-to-day efficiency with
PVT collectors for 0.054 kg/s mass flow rate and 50 kg mass of water.

Result demonstrates that with rise in number of PVT collectors, day-to-day yield
also rises while day-to-day efficiency falls. As number of PVT collector rises, the
heating surface area increases and also heat lost to ambient also rises and therefore
efficiency of HASS decreases. The day-to-day solar still efficiency falls with rise in
collectors keeping water mass constant. But if the quantity of water is varied from 50
to 200 kg and the numbers of PVT collectors is kept constant, then maximum value
of day-to-day solar still efficiency decreases. It is because heat capacity of water
rises, and it is inversely proportional to temperature of water.

The study demonstrates that hourly exergy variation with time as it reaches to its
highest value at 1 p.m. and then reduces. The increment in hourly exergy efficiency
has been observed up to 4 p.m.
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Study demonstrates the variations in day-to-day exergy and day-to-day exergy
efficiency with numbers of collectors for fixed mass and water mass flow. With the
rise in number of collectors, the day-to-day exergy rises because of increased water
temperature. Maximum day-to-day exergy efficiency is observed for two collectors,
and it falls with rise in the number of collectors.

At high temperature, the heat lost to surrounding is more in comparison with gain
in useful energy.

Study demonstrates the day-to-day exergy efficiency variation with number of
collectors for different water mass. As the water mass rises from 50 to 200 kg, the
day-to-day exergy efficiency decreases for two or more numbers of PVT collectors.

Two number of collectors is the optimum value for 50 kg water mass for given
HASS. Similarlywe can obtain the value of optimumnumber of collectors for various
mass values of solar still.

6 Conclusion

On the basis of experimentation on a solar still attached with FPC and photovoltaic
module with 0.054 kg/s mass flow rate and different water mass and other solar still
parameters (Table 2), these observations have been made:

i. Evaporative heat transfer coefficient is observed higher in comparison with con-
vective and radiative heat transfer coefficients.

ii. The day-to-day yield obtained during experimentation (7.9 kg) is greater than
day-to-day yield of passive solar still obtained by different investigators.

iii. Based on day-to-day exergy efficiency, it has been noticed that with rise in mass
of basin water, optimum number of collectors also increases.
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Analysis of Solar Stills by Using Solar
Fraction

Rajesh Tripathi

Abstract Thermal modeling of solar stills is based on energy balance equation for
each component of the solar still, viz. condensing cover, water mass, and basin liner.
These energy balance equations are dependent on the climatic conditions and design
parameters of the solar still. The climatic conditions and design parameters used in
the chapter include the following:

(i) Absorptivity and reflectivity of condensing cover, water surface, and basin of
solar still

(ii) Transmissivity of condensing cover and water surface
(iii) Heat capacity of condensing cover and water mass
(iv) Thickness of condensing cover
(v) Basin water depth
(vi) Solar intensity
(vii) Water, basin, condensing cover, and ambient temperatures
(viii) Wind velocity
(ix) Time.

In the present chapter, a thermal model of passive and active solar stills has been
described in detail by calculating solar fraction inside the solar still. The thermal
modeling has been done by using the latitude, longitude of the location of experiment,
that is, Delhi. Solar fraction is calculated for given solar azimuth and altitude angle
using AutoCAD software.

Keywords Solar fraction · Solar still · Thermal modeling

Nomenclature
Ac Area of collector (m2)
AE Area of east wall (m2)
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Ah Area of water directly receiving rays (m2)
AN Area of north wall (m2)
AN′ Area of projection of north wall (m2)
AW Area of west wall (m2)
AS Area of south wall (m2)
Awater Area of water surface (m2)
Cw Specific heat of water in solar still (J/kg °C)
Fb Solar fraction for the basin of the still
Fn Solar fraction for the north wall of the still
FR Heat removal factor
hb Overall heat transfer coefficient from basin liner to ambient air through

bottom and side insulation (W/m2 °C)
h1g Convective heat transfer coefficient from glass cover to ambient (W/m2 °C)
h1w Total heat transfer coefficient from water surface to glass cover (W/m2 °C)
hw Convective heat transfer coefficient from basin liner to water (W/m2 °C)
hcw Convective heat transfer coefficient from water surface to glass (W/m2 °C)
hew Evaporative heat transfer coefficient fromwater surface to glass (W/m2 °C)
I Solar intensity on the glass cover of the solar still (W/m2)
Ic Solar intensity on the glass cover of the solar collector panel (W/m2)
Ih Solar radiation incident on the horizontal surface of solar still (W/m2)
IE Solar radiation incident on the east wall of solar still (W/m2)
IW Solar radiation incident on the west wall of solar still (W/m2)
IN Solar radiation incident on the north wall of solar still (W/m2)
IS Solar radiation incident on the south wall of solar still (W/m2)
Ieff Effective solar radiation intensity (W/m2)
L Latent heat of vaporization (J/kg)
Mw Mass of water in basin (kg)
ṁew Hourly output of still (Kg/m2 h)
ṁew(E) Experimental hourly output of still (Kg/m2 h)
ṁew(T) Theoretical hourly output of still (Kg/m2 h)
N Number of observations
Q̇u Rate of useful energy from collector (W)
T a Ambient air temperature (°C)
T b Basin temperature (°C)
T ci Inner temperature of condensing cover (°C)
Tw Average water temperature (°C)
T g Average glass temperature (°C)
UL Overall heat transfer coefficient (W/m2 °C)
X i Theoretical or predicted value
Y i Experimental value
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Greek Symbols

α Absorptivity
α′
b Solar flux absorbed by the basin liner

α′
w Solar flux absorbed by water mass

α′
g Solar flux absorbed by glass cover

ρ Reflectivity
τ Transmittance

Subscripts

b Basin liner
c Collector
g Glass cover
w Water

1 Introduction

Using solar energy to obtain potable water from saline/brackish water is known as
solar distillation. Different methods have been in existence since the fourth century
B.C. for getting potable water from saline/brackish water. Delyannis and Delyannis
[3] and Talbert et al. [18] overviewed different solar distillation plants in the world.
Delyannis [4] and Tiwari et al. [23] reviewed various methods of passive and active
solar distillation along with different models that increased the productivity of stills.
Tiwari and Rao [22], Tiwari and Yadav [24] and Tiwari et al. [21] classified solar
distillation systems in two main categories; passive and active solar stills as they are
shown in Fig. 1. The passive solar still can be further classified as conventional single
slope solar still and conventional double slope solar still. Conventional double slope
solar still is further classified as symmetrical and non-symmetrical double slope solar
stills.

The yield of solar stills can be increased by several methods; however, most of the
studies are done using concentrators and flat-plate collectors. Dunkle [5], Cooper,
[2], Hirschmann and Roefler [8] and Kumar and Tiwari [11] analyzed heat and mass
transfer in solar stills.

Other published works to increase the yield of solar still which is well explained
by Kabeel and Mohamad [10], Tanaka [19], Kabeel and Mohamad [9], Harris and
Nagarajan [7], Eltawii and Omara [6], Omara [14], Alaudeen et al. [1], Morad et al.
[13], Rajamanickam andRajupathy [15], Taamneh [17], Somwanshi and Tiwari [16].

The present chapter deals with thermal modeling of passive and active solar stills
by considering solar fraction inside the solar still in order to increase its yield.



240 R. Tripathi

Solar Distillation System

Non- SymmetricalSymmetrical

Conventional double 
slope solar still

Nocturnal distillationHigh temperature 
distillation

Active systemPassive system

Conventional 
single slope solar still

Fig. 1 Types of solar distillation

2 Experimental Set-up and Procedure

Figure 2 shows the schematic diagram of an active solar still. The inner surface of the
still is painted black to absorb more solar radiations and a condensing cover made
of glass having 3 mm thickness covers the still. The area of the solar still is 1 m2.

The still is then coupled to two flat-plate collectors having effective area 4 m2

by using well-insulated pipes. Figure 3 shows the photograph of the experimental
set-up. When the collector was used to pump hot water into the basin of the still,
there occurs an increase in the temperature difference between the glass and water
surface. During this process, the solar still acts as an active solar still. To avoid the
heat losses, the pump is operated only during the sunshine hours (from 9 a.m. to
4 p.m.). However, when the pump was not operated at all, then the solar still acts as
a passive solar still.

The basin of the solar still is filled with water to different depths, i.e., 0.05,
0.10, and 0.15 m. In this way, storage effect on heat and mass transfer is studied.
Experiments are started at 9 a.m. and continued for 24 h till 8 a.m. in the next
day. The observations presented in Tables 1, 2, 3, and 4 represent for particular
days from November 30 to December 8. Different parameters like total and diffuse
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Fig. 2 Schematic diagram of an active solar still coupled with a flat-plate collector

Fig. 3 Photograph of the experimental set-up
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Table 1 Design parameters for the experimental solar still and the flat-plate collector

Solar still Single collector

Ab = 1 m2

Ag = 1 m2

As = 1 m2

Aw = 1 m2

Cw = 4190 J/kg °C
hw = 100 W/m2 °C
Lv = 0.155, 0.205 and 0.255 (m), respectively,
for 0.05, 0.1 and 0.15 m water depth
Rg = 0.05
Rw = 0.05
αg = 0.05
Attenuation Factor = 0.6002, 0.5492 and
0.523, respectively, for 0.05, 0.1 and 0.15 m
water depth

Ac = 2 m2

Cf = 4190 J/kg °C
F ′ = 0.8
ṁ = 0.39 L/s
UL = 8 W/m2 °C
(ατ )c = 0.8

Table 2 Calculated solar
fraction (Fn) for different
days of experimentation

Time
(h)

Fn for different basin water depth of solar still

0.05 m 0.1 m 0.15 m

Passive Active Passive Active Passive Active

9 0.51 0.51 0.51 0.51 0.5 0.5

10 0.44 0.44 0.43 0.44 0.43 0.44

11 0.41 0.41 0.41 0.41 0.4 0.41

12 0.4 0.4 0.4 0.4 0.39 0.4

1 0.41 0.41 0.41 0.41 0.4 0.41

2 0.44 0.44 0.43 0.44 0.43 0.44

3 0.51 0.51 0.51 0.51 0.5 0.5

4 0.69 0.68 0.67 0.69 0.66 0.67

radiations, water, inner and outer glass, vapor and ambient temperatures and the yield
are measured every hour for different depths of water for passive and active modes
of experimentation. Calibrated copper–constantan thermocouples are used for water,
glass and vapor temperatureswhich are recordedwith the help of a digital temperature
indicator having the least count of 0.1 °C. A calibrated mercury thermometer having
a least count of 0.1 °C is used to record the ambient temperature and the yield is
measuredwith ameasuring cylinder of a least count of 10ml.A calibrated solarimeter
of a least count of 2 mW/cm2 is used to measure solar intensity.

The hourly variation of solar intensity, water, glass and ambient temperatures and
hourly yield for different depths of water in solar still is used to evaluate average
values of each parameter for numerical computation (Tables 5, 6, 7 and 8).

A computer program in MATLAB is made to calculate the convective and evapo-
rative heat transfer coefficients. The calculated values of convective and evaporative
heat transfer coefficients are then used to calculate the theoretical values of water
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Table 3 Measured temperatures reading and yield in passive mode for 0.05 m water depth in the
basin for each hour interval

S. No. Time (h) I (W/m2) Ic (W/m2) Tw (°C) T ci (°C) T a (°C) ṁew (l)

1 9 369.78 780 16.4 19 15 0

2 10 570.56 864 25.1 23 16 0.01

3 11 657.85 936 33.2 26 18 0.021

4 12 724.86 864 40.4 31 20 0.056

5 13 658.04 624 47.9 35.5 22 0.108

6 14 456.53 478 53.2 39.5 23 0.128

7 15 324.28 222 46.2 36 24 0.1

8 16 117.59 0 42 35 23 0.082

9 17 0 0 38 34.1 22 0.064

10 18 0 0 35.3 32.2 20 0.053

11 19 0 0 32.3 29.5 17 0.042

12 20 0 0 30 27 16 0.032

13 21 0 0 28 26.5 16 0.028

14 22 0 0 26.5 25 16 0.025

15 23 0 0 24 23 16 0.02

16 24 0 0 22 21 16 0.016

17 1 0 0 21 20.1 16 0.014

18 2 0 0 20 19 15.5 0.012

19 3 0 0 19 18.1 15.5 0.01

20 4 0 0 18 17.1 15.5 0.009

21 5 0 0 17 16.5 15.5 0.008

22 6 0 0 16 15.5 15 0.007

23 7 0 0 15.5 15.1 15 0.006

24 8 0 0 15 14.7 15 0.005

25 9 369.78 535 18 19.5 15 0.004

temperature, inner glass temperature and the yield for 24 h, by providing the initial
values of water and glass temperature and the effective solar intensity values (which
are calculated by using Eq. (6).
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Table 4 Measured temperatures reading and yield in active mode for 0.05 m water depth in the
basin for each hour interval

S. No. Time (h) I (W/m2) Ic (W/m2) Tw (°C) T ci (°C) T a (°C) ṁew (l)

1 9 369.55 533 19.1 23 14 0

2 10 570.47 779 40.6 32.6 18 0.068

3 11 680.96 895 50 40.8 22 0.281

4 12 747.05 967 56 48.3 23 0.53

5 13 660 862 67.9 57.7 24 0.75

6 14 433.34 589 62.6 56.9 25 0.665

7 15 318 438 60.5 50.8 25 0.46

8 16 94.04 170 49.4 41.6 26 0.36

9 17 0 0 42.6 32.9 26 0.24

10 18 0 0 37.4 27.7 26 0.18

11 19 0 0 32.5 23.6 26 0.12

12 20 0 0 29.4 21.3 26 0.06

13 21 0 0 26.3 19.4 24 0.053

14 22 0 0 24.1 18.1 20 0.047

15 23 0 0 22.4 16.9 15 0.03

16 24 0 0 20.8 15.6 11 0.027

17 1 0 0 19.4 14.7 10 0.021

18 2 0 0 18.4 14 10 0.018

19 3 0 0 17.5 13.4 10 0.016

20 4 0 0 16.8 13.1 10 0.014

21 5 0 0 16.1 12.8 10 0.013

22 6 0 0 15.6 12.6 10 0.011

23 7 0 0 15.2 12.5 10 0.011

24 8 0 0 15.1 14.9 9 0.011

25 9 369.55 533 18.4 22.9 14 0.009

3 Thermal Modeling

3.1 Evaluation of Solar Fraction

The solar fraction for a particular wall of solar still, following Tripathi and Tiwari
[25], can be calculated as follows:

Total energy received by water:

IeffAwater = IhAh + ρ[IEAE + IWAW + INAN + ISAS] (1)
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The solar fraction (Fn) for a particular wall of still is defined as follows,

Fn = solar radiation available on thewall of the still for a given time

solar radiationmeasured on thewall and floor of the still for the same time
(2)

Using AutoCAD software, a three-dimensional model of a single slope solar still
of dimension 1m× 1m basin area with 10.2° inclination of glass cover is developed.
To calculate the value of solar fraction (Fn), the following main steps are followed:

• Determination of solar altitude angle (αs) and solar azimuth angle
• Computation of solar fraction (Fn) for a wall of solar still.

Table 5 Measured temperatures reading and yield in passive mode for 0.1 m water depth in the
basin for each hour interval

S. No. Time (h) I (W/m2) Ic (W/m2) Tw (°C) T ci (°C) T a (°C) ṁew (l)

1 9 392.46 565 13.9 15 14 0

2 10 569.78 772 17.5 17 18 0.008

3 11 680.26 888 22.2 20 20 0.016

4 12 701.16 895 27.4 23 22 0.026

5 13 625.31 888 32 27.5 25 0.033

6 14 571.27 772 37.3 31.5 23 0.042

7 15 399.73 527 43.9 35 24 0.05

8 16 140.97 234 46.2 39.5 23 0.056

9 17 0 0 44.2 36.1 18 0.062

10 18 0 0 40.3 33.2 15 0.056

11 19 0 0 36 30.5 13 0.05

12 20 0 0 32 27.5 12 0.042

13 21 0 0 28 24.5 12 0.035

14 22 0 0 25.5 21.5 11 0.03

15 23 0 0 22 19.5 10 0.024

16 24 0 0 20 18.1 9 0.018

17 1 0 0 18 17.1 9 0.014

18 2 0 0 17 16.2 8 0.012

19 3 0 0 16 15.2 7 0.01

20 4 0 0 15 14.3 7 0.009

21 5 0 0 14 13.3 7 0.008

22 6 0 0 13 12.3 7 0.007

23 7 0 0 12 11.4 9 0.006

24 8 0 0 11 10.4 10 0.005

25 9 392.46 565 13 15 14 0.004
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Table 6 Measured temperatures reading and yield in active mode for 0.1 m water depth in the
basin for each hour interval

S. No. Time (h) I (W/m2) Ic (W/m2) Tw (°C) T ci (°C) T a (°C) ṁew (l)

1 9 392.48 570 21.8 27.4 14 0

2 10 570.59 777 34 32.3 17 0.032

3 11 680.74 894 42.6 40.4 20 0.072

4 12 702.02 900 52.3 49.6 23 0.25

5 13 636.19 828 57 52.7 25 0.3

6 14 570.84 777 59.5 54 25 0.35

7 15 368.08 532 57.3 50.6 25 0.38

8 16 164.59 288 51 42.5 24 0.36

9 17 0 0 47.5 35.4 21 0.34

10 18 0 0 42.6 31.3 16 0.232

11 19 0 0 38.9 27.9 15 0.16

12 20 0 0 36.5 25.5 14 0.12

13 21 0 0 33 23.1 13 0.1

14 22 0 0 30.7 21.5 12 0.08

15 23 0 0 28.1 19.7 13 0.063

16 24 0 0 26.4 18.4 12 0.053

17 1 0 0 25.1 17.3 11 0.046

18 2 0 0 23.9 16.9 11 0.038

19 3 0 0 22.8 16.5 11 0.03

20 4 0 0 21.9 15.6 11 0.023

21 5 0 0 21 14.7 11 0.022

22 6 0 0 19.8 14.4 11 0.021

23 7 0 0 18.6 14.1 11 0.021

24 8 0 0 18 13.8 12 0.017

25 9 392.48 570 21 24 14 0.01

The flowchart of the AutoCAD software model used to calculate the solar fraction
(Fn) is shown in Fig. 4.

Neglecting the energy received by east, west, and south walls Eq. (1) can be
written as

IeffAwater = IhAh + ρ
[
IhA

′
N

] (
as INAN = IhA

′
N

)
(3)

Hence, solar fraction for the north wall is given by

Fn= A′
N

Ah+A′
N

(4)
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7

START

Select set-up, System of units

Open work sheet

Preparation of the model
* Make the front view 

* Pedit the lines

Extrude the lines         * Give vertical height

Draw a horizontal line at the top of front view of the model

Rotate the line by solar altitude angle

Come to the top view and rotate the same line by solar azimuth 
angle (ray) 

Copy the ray at various points on solar still

Extend the rays towards floor of solar still

Take the ratio of dimensions of projection of north wall to the 
total projection of floor and north wall (Fn) 

STOP

Fig. 4 Flowchart of the AutoCAD software model
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And solar fraction for the basin of the still is given by

Fb = 1 − Fn (5)

Using Eq. (4) in Eq. (3) and solving we get

Ieff = Ah+A′
N

Awater
[Ih(1 − Fn) + ρFn Ih] (6)

3.2 Energy Balance

The energy balance equations for different components of an active solar still [12]
are given as:

Glass cover:

α′
g Ieff + h1w

(
Tw − Tg

) = h1g
(
Tg − Ta

)
(7)

Water mass:

Q̇u + α′
w

(
1 − α′

g

)
Ieff + hw(Tb − Tw) = (MC)w

dTw
dt

+ h1w
(
Tw − Tg

)
(8)

Basin liner:

α′
b

(
1 − α′

g

)(
1 − α′

w

)
Ieff = hw(Tb − Tw) + hb(Tb − Ta) (9)

where

Q̇u = AcFR
[
(ατ)c

]
Ic −UL(Tw − Ta) (10)

If Q̇u = 0, the above equations become energy balance equations for a passive
solar still.

Water temperature (Tw) and glass temperature (T g) for given climatic and design
parameters can be solved by using Eqs. (7)–(9) as given by Tiwari [20]. Further the
hourly yield per unit area can be calculated from the known values of Tw and T g,
and is given by

ṁew = hew
(
Tw − Tg

)

L
× 3600 (11)
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3.3 Statistical Tools

Coefficient of correlation is given by

r = N
∑

X iYi −
(∑

X i
)(∑

Yi
)

√
N

∑
X2
i − (∑

X i
)2

√
N

∑
Y 2
i − (∑

Yi
)2

(12)

where

N Number of observations
X i Theoretical or predicted value obtained from thermal modeling
Y i Experimental value of different observed parameters as described in Sect. 2

Root mean square of percent deviation is given by

e =
√∑

(ei)2

N
(13)

where

ei =
[
X i − Yi

X i

]
× 100 (14)

4 Results and Discussion

Table 1 presents the design parameters for solar still and flat-plate collectors that are
used to calculate the hourly water and glass temperature and the hourly yield for
passive as well as active solar stills using the internal heat transfer coefficients for
both stills.

The steps of the flowchart given in Fig. 3 are used to compute the solar fraction
due to the north wall of the solar still for particular days of experimentation. The
values of solar fraction as given in Table 2 are then used to evaluate effective solar
intensity (Ieff) with the help of Eq. (6) and the results are given in Tables 3, 4, 5, 6,
7 and 8.

The obtained effective solar intensities and the design parameters are used to
validate the thermal model for evaluating hourly yield (ṁew) for particular days
during the months of November and December.

The effect of water depth on the internal convective heat transfer coefficient as
obtained from the thermal model for the passive and active mode for different depths
of water in the basin is shown in Figs. 5, 6, 7, 8, 9, and 10, respectively.

The convective heat transfer coefficients as obtained by Dunkle’s relation [5]
are also shown in the same figures for comparison. In the figures, PM represents
the present thermal model (as explained above in this chapter) including the solar
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Table 7 Measured temperatures reading and yield in passive mode for 0.15 m water depth in the
basin for each hour interval

S. No. Time (h) I (W/m2) Ic (W/m2) Tw (°C) T ci (°C) T a (°C) ṁew (l)

1 9 391.8 560 11 12 16 0

2 10 569.41 766 12.2 14 19 0.007

3 11 679.65 882 15.4 16 20 0.01

4 12 723.17 921 20 19 22 0.014

5 13 681.86 882 24 22 22 0.02

6 14 569.41 765 28 25.5 22 0.028

7 15 321.3 467 32.9 27.5 20 0.036

8 16 140.67 231 36.2 30 14 0.041

9 17 0 0 42.5 33.5 13 0.047

10 18 0 0 40.3 32 12 0.044

11 19 0 0 37.2 30 10 0.04

12 20 0 0 34.2 28.3 10 0.038

13 21 0 0 31.2 26.1 9 0.036

14 22 0 0 28.3 24.4 9 0.033

15 23 0 0 25.2 22 8 0.03

16 24 0 0 22.2 20 8 0.027

17 1 0 0 20.2 18 8 0.024

18 2 0 0 18.2 16 7 0.02

19 3 0 0 16.2 15 6 0.016

20 4 0 0 15.2 14 7 0.013

21 5 0 0 14.2 13 8 0.011

22 6 0 0 13.1 12 9 0.009

23 7 0 0 12.3 11.1 10 0.007

24 8 0 0 11.2 10.1 12 0.006

25 9 391.8 560 11.4 12 16 0.003

fraction and DM represents the Dunkle’s model. From the figures, it is observed that
the internal convective heat transfer coefficient decreases with the increase of water
depth in the basin. It happens due to decrease in water temperature in both passive
and active modes.

Figures 11, 12, 13, 14, 15, and 16 present the theoretical and experimental results
of the hourly yield for passive and active mode, respectively, for different depths of
water in the basin. A fair agreement between the experimental and theoretical results
for 0.05 m water depth in the basin is observed in the passive mode of operation.
However, for higher depths, 0.10 and 0.15 m of water in the basin, the variation
between the experimental and theoretical results is large. This large variation is due
to the fact that for higher depths of water in the basin, the water temperature in the
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Table 8 Measured temperatures reading and yield in active mode for 0.15 m water depth in the
basin for each hour interval

S. No. Time (h) I (W/m2) Ic (W/m2) Tw (°C) T ci (°C) T a (°C) ṁew (l)

1 9 345.82 508 17 21.6 14 0

2 10 570 770 25 24 17 0.016

3 11 657.18 854 32.6 31 19 0.029

4 12 610.55 780 41 37.9 21 0.04

5 13 609.64 789 46.4 42 23 0.08

6 14 499.65 668 47.6 42.1 23 0.1

7 15 344.95 508 47.3 41.3 23 0.15

8 16 117.46 216 42.7 34.6 22 0.18

9 17 0 0 40 29.4 17 0.2

10 18 0 0 38 27.2 14 0.21

11 19 0 0 35 24.1 13 0.19

12 20 0 0 31.4 20.5 12 0.17

13 21 0 0 29.1 18.6 11 0.15

14 22 0 0 27.2 17 11 0.13

15 23 0 0 25.3 15.5 10 0.1

16 24 0 0 23.6 14 9 0.085

17 1 0 0 22 13.1 9 0.065

18 2 0 0 20.1 11.2 9 0.05

19 3 0 0 18.9 10.7 8 0.04

20 4 0 0 17.8 10.2 8 0.03

21 5 0 0 16.6 9 7 0.025

22 6 0 0 15.2 7.7 7 0.02

23 7 0 0 14.6 8.4 8 0.015

24 8 0 0 14.2 9.4 10 0.013

25 9 345.82 508 17 16.9 14 0.01

still is well below 50 °C and also the difference in water and inner glass temperature
is less than 17 °C as proposed by Dunkle. For the case of 0.10 and 0.15 m basin
water depth, the water temperature is so much less, during the morning hours, than
the inner glass temperature that the rate of distillate output (q̇ew) and finally the yield
(ṁew) theoretically becomes negative (not shown in Fig. 13). This is due to the fact
that during the morning hours of the experimentation for higher depths (0.10 and
0.15 m), the relative humidity (γ ) inside the solar still is not 100%, while in the
present thermal model the relative humidity is considered as 100%. To get the best
comparison between the experimental and theoretical results, some of the values
having large variations are not shown in Figs. 11, 12, 13, 14, 15, and 16.
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Fig. 5 Hourly variation of convective heat transfer coefficient in passive mode at 0.05 m depth
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Fig. 6 Hourly variation of convective heat transfer coefficient in passive mode at 0.1 m depth
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Fig. 7 Hourly variation of convective heat transfer coefficient in passive mode at 0.15 m depth
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Fig. 8 Hourly variation of convective heat transfer coefficient in active mode at 0.05 m depth
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Fig. 9 Hourly variation of convective heat transfer coefficient in active mode at 0.1 m depth
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Fig. 10 Hourly variation of convective heat transfer coefficient in active mode at 0.15 m depth
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Fig. 11 Hourly variation of theoretical and experimental yield in passive mode at 0.05 m depth
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Fig. 12 Hourly variation of theoretical and experimental yield in passive mode at 0.1 m depth
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Fig. 13 Hourly variation of theoretical and experimental yield in passive mode at 0.15 m depth
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Fig. 14 Hourly variation of theoretical and experimental yield in active mode at 0.05 m depth
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Fig. 15 Hourly variation of theoretical and experimental yield in active mode at 0.1 m depth
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Fig. 16 Hourly variation of theoretical and experimental yield in active mode at 0.15 m depth
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As seen from Figs. 14, 15, and 16 smaller variations are observed between exper-
imental and theoretical results during daytime as compared to that during nighttime.
These variations slowly shift toward nighttime in active mode of operation when the
water depth in the basin is increased from 0.05 to 0.15 m. For statistical analysis of
the results, the values of root mean square deviation and coefficient of correlation
between experimental and theoretical results are also shown in the same figures. As
the yield is very low during the nighttime, hence, the root mean square deviation
is slightly high. However, the value of coefficient of correlation lies in the range
between 0.91 and 0.99, which shows the fair agreement between the experimental
and theoretical results.

5 Conclusions

The following conclusions can be drawn from the study of the present thermalmodel:

• Solar fraction (Fn) should be computed as it plays a very significant role in thermal
modeling of a solar still for active as well as passive mode of operation.

• Thermalmodeling of solar stills should include the temperature-dependent internal
heat transfer coefficients.

• For higher depths ofwater in the basin, relative humidity should bemeasured inside
the solar still to obtain fair agreement between the theoretical and experimental
results.

• Active mode of operation of solar still gives the better agreement between the
theoretical and experimental results as compared to passive mode of operation.
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Exergy Analysis of Active and Passive
Solar Still

Ravi Kant, Om Prakash, Rajesh Tripathi and Anil Kumar

Abstract Over the last fewdecades, theworldwidedemand for freshwater is expand-
ing quickly as the supply of freshwater is limited. Solar still (SS) is a profitable sun
oriented device that is utilized for changing over the brackish and saline water into
clean water. A number of experiments have been performed on SS to evaluate its
execution under various climatic and operational conditions. Besides experiments,
theoretical investigations have also been helpful in assessing the importance of SS.
In this chapter, distinctive methodologies which have been utilized for exergy inves-
tigation of solar stills are discussed in detail.

Keywords Desalination · Principle of solar still · Classification of solar still ·
Exergy analysis
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R. Kant
Department of Mechanical Engineering, Radharaman Engineering College,
Bhopal 462046, India

O. Prakash
Department of Mechanical Engineering, Birla Institute of Technology,
Mesra, Ranchi 835215, India

R. Tripathi
Department of Applied Sciences, Galgotias College of Engineering and
Technology, Greater Noida 201306, India

A. Kumar (B)
Department of Mechanical Engineering, Delhi Technological University, Delhi 110042, India
e-mail: anilkumar76@gmail.com

© Springer Nature Singapore Pte Ltd. 2019
A. Kumar and O. Prakash (eds.), Solar Desalination Technology,
Green Energy and Technology, https://doi.org/10.1007/978-981-13-6887-5_12

261

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-13-6887-5_12&domain=pdf
mailto:anilkumar76@gmail.com
https://doi.org/10.1007/978-981-13-6887-5_12


262 R. Kant et al.

Exw Availability used for water heating (W/m2)
Exins Loss of availability due to insulation (W/m2)
Exc,w−g Availability due towater and the cover of glass in convection (W/m2)
Exe,w−g Availability due to water and the cover of glass in evaporation

(W/m2)
Exr,w−g Availability due to water and the cover of glass in radiation (W/m2)
Exr,g−a Availability due to cover of glass and atmosphere in radiation

(W/m2)
Exc,g−a Availability due to cover of glass and atmosphere in convection

(W/m2)
Ėxin Input of available energy in solar still (W)
Ėxevap Output of available energy in solar still (W)
Ėxdest Loss of availability in solar still water (W)
Ėxsun Available energy input from the sun to the still (W)
Ėxwork Availability of the rate of the work for a still (W)
hew Heat transfer coefficient (evaporative) for interface between the sur-

faces of the glass and water (W m−2 °C−1)
I(t) Total radiation (W m−2)
Q̇ew Thermal energy in evaporation of water vapors (W m−2)
qc,w−g Heat transfer (convective) fromwater surface to glass cover (W/m2)
qr,w−g Heat transfer (radiative) from surface of water to cover of glass

(W/m2)
qe,w−g Heat transfer (Evaporative) from water surface to cover of glass

(W/m2)
qc,b−w Heat transfer (convective) from basin to surface of water (W/m2)
qb Heat transfer (convective) from basin liner (W/m2)
qc,w−g Heat transfer (convective) from surface of water to cover of glass

(W/m2)
T a Ambient air temperature (°C)
T ci Temperature of the inner cover of the condensing material (°C)
TS Temperature from the sun (K)
Tw Temperature of water (°C)
α Absorptivity
g Cover of glass
η Efficiency
τ Transmissivity
w Mass of water
t Total
b Basin liner
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1 Introduction

Saline/salty water can be cleaned utilizing sun powered energy. The utilization of
sun powered energy to create consumable water is a main factor in removing water
contamination while majority of other water decontamination methods utilize con-
ventional energy, for example, coal, oil, gas, and so forth.

A solar still is a device utilized for sunlight based cleaning in which freshwater is
obtained from saline water. It is a kind of man made structure of certain materials,
such as fiber reinforced plastic (FRP), cement, steel with protection. A glass sheet is
used to cover the still from where the sun-oriented radiation enters the water surface.
A little reflection and maximum transmission occurs at the cover of the glass and at
the surface of water. A noteworthy amount of radiation is consumed by the liner of
the basin. The exchange of heat is via convection to the saline water. Exchange from
the water to the cover of the glass happens by three modes: evaporation, convection,
and radiation. Vapor goes out of the majority of ingredients and microorganisms via
heat dissemination to the liner of the basin. The vapor then rises and condenses in the
inner cover which is at a temperature less than water. Vapor condensation occurs at
the inner condensing cover, and this condensate trickles down toward the trough due
to sloped glass cover [18]. Scientists have attempted to enhance the output of SS by
proposing its different outlines, materials, and working criteria for various climate
situations.

Tiwari and Tiwari have proposed that the SS for a single slope yieldsmay fluctuate
from 0.5 to 1.2 kg/m2/day during winter time and 1.0–2.5 kg/m2/day during summer
time for Delhi (India) climatic conditions [29]. Tiwari and Tiwari estimated the
effectiveness of the SS of single slope as 25.8, 19.7, 22.8% at glass cover slants 15°,
30°, and 45° separately for the mid-year climatic state of Delhi, India [30]. Malik
et al. have demonstrated that the general effectiveness of a normal SS is accomplished
with minimum amount of mass of water in the basin [18].

There are large varieties of stills which are used to obtain freshwater from saline
water. Based on converting solar energy, generally solar stills are of 3 types—active,
passive, and hybrid. Based on the shape, SS is differentiated as single slope and
double slope. The various designs of SS are classified in Fig. 1.

The performance of SS can be increased by increasing saline water temperature
using different techniques such as flat plate collector, external reflector [28], and
solar pond [12]. The productivity of solar still can be increased by 16% by using
inclined external reflector [27]. According to Deniz, various parameters influencing
the productivity of solar still are as follows: inclination angle of condensing cover,
cooling of condensing cover, gap distance between condensing cover and water
surface, etc. [4].

The term exergy is used first time in 1956 by the Rant [22]. The exergy is the
combination of two Greek words ex (external) and ergos (work). Available energy
of a system is the maximum useful amount of work in the process when system
comes in equilibrium with surroundings [26]. The nature of energy is understood
by exergy examination in light of the thermodynamics second law and includes the
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Fig. 1 Various design of active and passive solar still [32]

irreversibility. The exergy investigation gives an exact measurement of how the SS is
a perfect desalination device [20]. Researchers have examined SS in view of exergy
investigation [1, 3, 16, 20, 21, 24, 25, 33].

Dwivedi andTiwari have calculated the energy payback time alongwith the exergy
assessment for solar still [7]. Torchia et al. completed an investigation of the available
energy in a SS of passive type [33]. Farahat et al. investigated exergy of flat plate
solar collector [10]. Eldalil displayed another idea of solar still with a normal day
by day efficiency of around 60% [9]. Kumar and Tiwari calculated available energy
efficiency of a SS [16]. Dev et al. compared the energy and available energy analysis
of SS for a passive slope type [5]. Saidur et al. audited an exergy investigation of
different solar stills [23]. Ahsan et al. compared analysis of designing, fabricating,
cost, and production of water between old and improved SS of tubular nature. A
relation between the production of water and difference in temperature inside the
still is too discussed [2].

Vaithilingam and Esakkimuthu studied distinctive depths of water from 1 to
2.5 cm. The impacts of depths of water on efficiencies of energy and available energy
and available energy decimation of different segments of the solar still were consid-
ered. The greatest efficiencies of energy and available energy of 30.97 and 3.48%
were acquired at depth of 1 cm of water. The day by day efficiencies of energy and
available energy diminished from 30.9 to 19.21% and 3.48 to 1.81%, separately,
when the depths of water increased from 1 to 2.5 cm [34].

Nematollahi et al. developed a model of SS by using solar collector and humidifi-
cation tower. They concluded that by decreasing the length of humidification tower
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and inlet air temperature, the overall efficiency of available energy increases [19].
Kwatra did analysis of available energy for describing the thermal behavior of var-
ious SS [17]. Nunez et al. analyzed theoretical available energy of steady state and
transient SS. The exergy examinations reveal that a better performance of the ther-
moactive is reached when differences in temperature are less after achieving higher
temperatures [33].

2 Exergy Analysis of Solar Still

2.1 Passive Solar Still

A number of literatures with exergy investigation of different desalination systems
are found. Various exergy investigations of the solar still have been accounted for in
the writing. Ranjan et al. did examination of energy and available energy for a single
slope solar still. It was seen that the efficiency of energy is in particular increments
than the effectiveness of available energy. The momentary rate of available energy
was assessed for the parts of detached solar still. It demonstrates that greatest rate on
hourly basis of available energy decimations in cover of glass, body of water, liner
of the basin reach up to 9.7, 62.5, and 386 W/m2, separately. It has been discovered
that available energy decimation value in the still segments is particularly reliant on
the amount of sun oriented radiation with time [21].

Shanmugan et al. [25] considered, tentatively, the execution of SS and assessed
the momentary available energy and energy productivity of it. The momentary pro-
ductivity of the energy changes during the amid winter from 12.00 to 60.00% and
amid summer from 32.00 to 57.00%. The momentary available energy productivity
varies amid winter from 6.00 to 19.00% and amid summer from 7.00 to 18.00%.

Aghaei Zoori et al. [1] displayed hypothetically and tentatively investigation of the
efficiencies in energy and available energy of SS. It was observed that the efficiency
of the available energy and energy of the solar still incremented from 3.14 to 10.5%
and 44.1 to 83.3%, respectively, when the bay salt water stream rate diminishes from
0.2% to 0.065 kg/min.

Kumar and Tiwari [16] thought about the exergy productivity of a slope of single
type SS which is passive in nature and an active one where the SS was combined
with a photovoltaic unit. They explained that the available energy effectiveness of
the still of active type was about 5 times high than that of the passive one.

Kianifar et al. [14] investigated an active and a passive pyramid-molded still using
2 units to reveal both of available energy and monetary examination. In the detached
SS water depths of 4 cm, the everyday efficiency of available energy observed to be
2.43% during winter and 3.06% during summer. For the mid-year, when the depth
of water diminishes from 4 to 8 cm, the day by day efficiency of available energy
diminished from 3.06 to 2.81%.
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Hypothetical exergy effectiveness of a SS of passive type having 30° turned edge
of cover of glass and water depths of 0.04 m on a usual day in the month of June was
assessed by Kaushik et al. [13]. The day by day efficiency of energy and available
energy of the solar still was found to be 20.7 and 1.31%, individually.

2.2 Active Solar Still

Various exergy investigations of the SS have been accounted for in the writing.
Dwivedi and Tiwari [8] displayed warm investigation for a double slope active SS.
The timely or hour basis efficiency of the available energy of a still of active type
have been assessed for 30 mm salt water depths. It was seen that double slope active
still gives 51% better efficiency in comparison with the still of passive type. The
available energy effectiveness of a single slope SS is less than the available energy
effectiveness of a dual slope active SS.

Tiwari et al. experimented active and latent SS on taking the time in an hourly
basis efficiency [31]. The impact of the depth of water and the quantity of collectors
on energy and available energy efficiency of the active SS is acquired. The outcomes
demonstrated that as the depth of water and quantity of collectors reduce the energy
productivity increments and the energy effectiveness undergoes huge changes in
contrast to the adjustment in the available energy effectiveness.

Sethi and Dwivedi investigated double slope active still. It was observed that
month to month and yearly, exergy yield increases with number of sunny mornings
in every period of a year and it shifts from 0.26 to 1.34% [24].

Kumar et al. coordinated an emptied collector of tubular nature with a single slope
solar still and worked in constrained condition [15]. The energy along with exergy
efficiencies has been assessed. Results of exergy analysis for solar stills are shown
in Table 1.

3 Exergy Balance Equations

The exergy for any solar still or its segments can be found by using the relation as
given by Dincer and Rosen [6] as:

Exergy input− exergy output

(
useful

and

or
losses

)
− exergy accumulation

= exergy consumption or destruction (1)
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Table 1 Results of exergy examination for solar stills

S. No. Type of solar still Authors Remarks/findings References

1 Passive solar still Ranjan et al. – The greatest exergy
and energy
efficiency of the
still are 4.93 and
30.42%
individually

– The most extreme
rate of availability
hour wise
obliterations in
glass cover, water
body and basin
liner reach up to
9.7, 62.5

[21]

Torchia-Núñez et al. – The greatest exergy
productivity of
brackish water,
authority, and SS
are 6, 12.9 and 5%

[33]

Kianifar et al. – The most extreme
day by day
efficiency of
availability for a
still of passive
nature at 4 cm
water depths, is
2.43% during the
winter months, and
3.06% during the
summer months

[14]

Shanmugan et al. – The momentary
exergy productivity
changes amid
winter in a range in
between 6.00 and
19.00% and amid
summer in between
a range from 7.00
to 18.00%

[25]

(continued)
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Table 1 (continued)

S. No. Type of solar still Authors Remarks/findings References

Aghaei Zoori et al. – The effectiveness
of availability and
energy for the solar
still increments in
between the range
3.14–0.5% and
44.1–83.3%,
individually, at the
point when the
delta saline
solution stream rate
diminishes from
0.2 to 0.065 kg/min

[1]

Kumar and Tiwari – The efficiencies of
availability and
energy were
diminished by 36.7
and 21.8%,
individually, when
the plate basin
absorptivity
reduced from 0.90
to 0.60

– They reasoned that
the effectiveness of
availability of the
active solar still
was about 5 times
more than its
passive one

[16]

2 Active solar still Sethi and Dwivedi – The day by day
exergy yield
fluctuates from
0.26 to 1.34%

– The day by day
thermal efficiency
fluctuates from
13.55 to 31.07%.

[24]

Tiwari et al. – The greatest exergy
efficiency of the
still for various
saline solution
depths 5, 10, and
15 cm are 1.71,
1.13, and 0.81%,
individually

[31]

(continued)
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Table 1 (continued)

S. No. Type of solar still Authors Remarks/findings References

Dwivedi and Tiwari – It was seen the
active still with the
double slope sort
during similar
modes gives 51%
more efficiency in
contrast with the
still of double slope
detached sort

[8]

Vaithilingam and
Esakkimuthu

– The most extreme
efficiencies due to
availability and
energy are of 3.48
and 30.97% and
were acquired at
1 cm depth of water

[34]

Kumar et al. They coordinated a
solar still of single
slope and a collector
of tubular type in
constrained mode.
The efficiencies due
to availability and
energy have been
assessed

[15]

3.1 Basin Liner

The liner of the basin of detached solar still assimilates the portion of sun oriented
available energy Exsun coming to it. A piece of this, i.e., helpful available energy
Exw is used for heating up the saline water, and there is a very less loss in protection
Exins and the rest is demolished Exd,b.

Exd,b =
(
τgτwαb

)
Exsun − (Exw + Exins) (2)

whereτg, τw and αb are the transmission capabilities of the cover of the glass, water,
and the absorptivity of the liner basin liner, respectively.

3.2 Saline Water

Available energy of the mass of the saline water in the basin is the total of the
division of sunlight based on available energy consumed by water, i.e.,

(
tg αw

)
Exsun
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and available energy from the liner of the basin (Exw). Some portion is used as the
available energy related to the exchange of heat among the surface of the saline water
and cover of the glass in the still (Ext,w−g) and the rest is devastated

(
Exd,w

)
.

Exd,w = (
tg αw

)
Exsun + Exw − Ext,w−g (3)

where the saline water absorptivity is given by αw and
(
Ext,w−g

)
is the available

energy for the transfer of heat through evaporation
(
Exe,w−g

)
, radiation

(
Exr,w−g

)
,

and convection (Exc,w−g) among the surface of the saline water and cover of the glass
inside the still and is found out as given below:

Ext,w−g = Exe,w−g + Exr,w−g + Exc,w−g (4)

3.3 Cover of Glass

Exd,g = αgExsun + Ext,w−g − Ext,g−a (5)

where the absorptivity of the cover of the glass is given by αg and Ext,g−a is loss of
available energy due to loss of heat in between the cover of glass and the atmosphere
due to radiation Exr,g−a and Exc,g−a convection and is given as:

Ext,g−a = Exr,g−a + Exc,g−a (6)

4 Efficiency of Availability of a Still

The general exergy balance for solar still can be written, Hepbalsi [11], as:

∑
Ėxin −

∑
Ėxout =

∑
Ėxdest (7)

or,

∑
Ėxsun −

(∑
Ėxevap +

∑
Ėxwork

)
=

∑
Ėxdest (8)

where the exergy input to the solar still is radiation exergy and can be written as:

Ėxin = Ėxsun = As × I (t) ×
[
1− 4

3
×

(
Ta + 273

Ts

)
+ 1

3
×

(
Ta + 273

Ts

)4
]

(9)
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where As is area of solar still, I(t) is solar radiation on inclined glass surface of solar
still and T s is the Sun temperature in Kelvin.

Ėxevap =
∑(

1− Ta+273
Tw+273

)
× Q̇ew

3600
(10)

where,

Q̇ew = Ashew(Tw − Tci) (11)

The availability of energy monthly is obtained by product of Eq. 10 and no of
clear days.

The rate of availability work performed on the solar still is given by:

Q̇ew = Ashew(Tw − Tci) (12)

The availability destroyed for the still water is given by:

Ėxdest = Mw Cw (Tw − Ta )

(
1− Ta + 273

Tw + 273

)
(13)

The efficiency of availability of still is defined, Hepbalsi [11], and is given below:

ηEX = Exergy output of solar still
(
Ėxevap

)
Exergy input to solar still

(
Ėxin

) = 1− Ėxevap
Ėxin

(14)

The availability output of a solar still can be calculated from the equation below:

Ėxevap = As hew (Tw − Tci ) ×
(
1− Ta + 273

Tw + 273

)
(15)

The daily output of available energy will be sum of hourly exergy evaluated
by Eq. 15.

5 Conclusion

The efficiency of energy and exergy are different and are basically climate dependent,
i.e., if both the analysis of exergy and energy are considered, the former has an
advantage as it gives actual insights in the working of the material in terms of the
distillation process. Hence, analyzing the exergy of the solar still will give the value
of the quality of energy of the solar still. That means how much the amount of useful
energy being utilized from the energy of the sun. The lesser temperature difference
between the basin liner and the water, more energy flow from the basin liner to
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the water. With the increase in the difference of the temperature the flow of exergy
increases which further decreases the unavailability or unavailable energy. The more
is the temperature difference between the surface of the water and the inner material,
the more will the exergy due to evaporation and hence decreases the loss of available
energy from the left-out water. The difference in the temperature of the glazing
surface and the outer material is very high hence results in less loss of energy in the
system. During the change in the form of energy from solar to heat, the efficiency
of exergy is low in comparison to instatntaneous efficiency. The amount of loss of
exergy from the liner of the basin to that of the left-out water and the surface of the
glazing is maximum. Hence the analysis of exergy for a solar still together with all
the parts is an effective way to design a technically and economically viable solar
still.
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Abstract This manuscript brings out with an impact of insulation on energy and
exergy effectiveness of a solar photovoltaic panel incorporated inclined solar still.
This research is mainly focuses on the studies of the solar still performance from
the different parameter such as solar still yield, thermal efficiency, exergy efficiency,
solar panel electrical, exergy and thermal efficiency and overall daily thermal and
exergy efficiency of the solar panel integrated inclined solar still. The maximum
distilled water of 6.2 kg was achieved as the solar panel integrated inclined still with
the bottom and the sidewall insulation. The daily yield of 3.3, 4.1 and 6.2 kg, the daily
energy effectiveness of 31.32, 38.81, and 57.88 and the daily exergy effectiveness of
1.72, 2.21, and 4.61%was obtained from the solar panel integrated solar still without,
with the sidewall, and with the bottom and sidewall insulation, respectively.
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Abbreviations

CSS Conventional solar still
EHTC Evaporative heat transfer coefficient
ISS Inclined solar still
PV/T Photovoltaic thermal
PV-ISS PV panel integrated inclined solar still

Nomenclature

A Area (m2)
Exinput Exergy input of the PV-ISS (W/m2)
Exoutput Exergy output of the PV-ISS (W/m2)
h Heat transfer coefficient (W/m2K)
I Current (A)
I(t) Solar intensity (W/m2)
L Latent heat of vaporization (kJ/kg K)
M Hourly yield (kg/m2 h)
P Partial vapor pressure (N/m2)
T Temperature (°C)
V Voltage (V)
η Efficiency (%)

Subscript

a Ambient
c Convective
d Daily
e Evaporative
g Glass
gi Inner glass
overall, exe Overall exergy
pv Photovoltaic
s Surface area of condensing cover
w Water
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1 Introduction

Due to the crisis in water, several desalination processes based on renewable energy
methods were developed in order tomeet up the demand of getting fresh intakewater.
Over the past few decades, the efficient and more economical solar still technologies
were developed. The design and fabrication of a conventional solar still (CSS) are
very simple and require less maintenance. The basin is constructed with locally
available materials and fabricated in the structure of right angle triangle, and a glass
is covered over it. In order to increase the absorptivity of basin material, it is coated
with black paint and to avoid the loss of heat from the basin to the ambient, material
such as wood and sawdust is used as thermal insulators. Inside the basin, enough
spaces were provided to fill the brackish or saline water while the solar intensity is
absorbed bywater for quick evaporation from the top liner. Due to the partial pressure
developed inside the basin, the evaporated water reach the inner glass cover surface
to get condensed by the ambient parameters. The water droplets thus formed on the
collector cover gets condensed and collected in a distillate collector which is kept
at the end of the collector cover. The distillate collected in the distillate collector
glides through the inclination provided, and freshwater is collected in the separate
calibrated flask. The main drawback of CSS is its lower yield and poor latent heat of
condensation to the surrounding. To overcome the above difficulties, several design
configurations were incorporated to improve the yield of the CSS. To improve the
productivity, different modifications in a solar still were made. Inclined Solar Still
(ISS) is one such modified form of CSS. However, limited progress was made in the
improvement of inclined still [1–14]. Inclined solar still has the following additional
features incorporated to its design such as flexibility in inclination angle increased
effective area, the direct projection of solar intensity toward basin, increased the
length of flowing water, an increased retention time of flowing water and higher
evaporation rate. All these features improve the performance of ISS as compared to
CSS [15]. Researchers have take several efforts in the modification of the ISS for
high productivity and reported that wick-type ISS are effective [16].

Improvement techniques in solar energy-based desalination approaches are
researched universally, and novel approaches are grown-up regularly. One such pri-
mary improvement techniques are the PV panel coupled with the solar still and
collector or concentrator to enhance the electrical power and efficiency of the panel.
It is economical, effortless, and simple to fix especially in remote areas. Com-
prehensive reviews of improvement techniques in renewable energy-based desali-
nation techniques were studied [17–20]. From the detailed review, it was initiate
that the solar panel integrated with solar still can give the distilled yield of about
6–12 L/m2/day. Impact of insulation thickness is studied by Khalifa and Hamood
[21], and effect of insulation on solar still production is experimentally investigated
by Elango and Murugavel [22] and Al-Karaghouli and Alnaser [23]. Manokar et al.
[24, 25] researched the PV panel integrated inclined solar still performance from
the aspect of solar still yield, exergy and thermal efficiency, and PV panel electrical
power production capacity and efficiency. In this manuscript, the exergy and thermal
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efficiency of the PV panel and the overall thermal and exergy effectiveness of the
system has been presented.

2 Construction of the Solar Panel Incorporated Inclined
Solar Still

The schematic representation and photographic view of the PV panel integrated
Inclined Solar Still (PV-ISS) is shown in Figs. 1 and 2, respectively. In this work,
ISS absorber plate is made of PV panel and the collector cover is made of 4-mm-thick
transparent glass. In order to improve the retention time between the solar panel and
water, cotton threads were attached to the external of the PV panel. Water flowing
arrangement in PV-ISS is shown in Fig. 3. In this system, water is feeding from the
water storage tank and distributed to the ISS by equally holed PVC pipe which is
attached to the top of the experimental setup. During all the experimental day, the
inlet water flow is maintained at a constant level by using the control valve. Every
1-h hot water collected at the bottom of the experimental setup is again filled into the
storage tank manually. The condensed water from the collector cover is collected by
attaching a glass strip at the inner collector cover surface, and the condensed water
is collected at the bottom of the experimental setup by using the measuring jar. To
measure the temperature of various places, k-type thermocouples were used.

Deviations of solar intensity, wind speed, voltage, and current were measured by
using a solar meter, cup type anemometer, and digital type multimeter, respectively.
Table 1 shows the error analysis of the different instruments used in the experiment.
The investigational error from the solar power meter, collector cover, panel, and the

Fig. 1 Schematic figure of the PV-ISS with and without insulation [24]
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Fig. 2 Photographic view of the PV-ISS [24]

Fig. 3 Water flowing provision in the PV-ISS [24]
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Table 1 Error analysis of the different instruments

S. No Instruments Accuracy Range % error

1 Thermocouple ±1 °C 0–90 °C 0.5

2 Solar power meter ±1 W/m2 0–2000 W/m2 2.5

3 Anemometer ±0.1 m/s 0–10 m/s 10

4 Measuring jar ±10 mL 0–500 m L 5

5 Multimeter ±1 V
±0.1 A

0–500 V
0–5 A

0.5
10

Table 2 Cost analyses for
the PV-ISS

S. No Materials Unit cost (Rs.) Total cost
(Rs.)

1 Absorber Rs. 100/W Rs. 15,000

2 Collector
material

Rs. 1600 Rs. 1600

3 Glass strip Rs. 100 Rs. 100

PV-ISS (A) Rs. 16,700

4 Stand and
storage tank

Rs. 1000 Rs. 1000

5 Control valve Rs. 150 Rs. 150

6 Insulation
material

Rs. 100 Rs. 100

8 Labor cost Rs. 250/h Rs. 500

Accessories
and labor cost

(B) Rs. 1750

Total cost (A + B) Rs. 18,450/-

basin water temperatures is 3, 1.3, 1.3, and 1.4%, respectively. Table 2 shows the
cost breakdown analysis for the PV-ISS.

Researchwas conducted on PV-ISS by three different insulation conditions (i) PV-
ISS with no insulation (test—1) (ii) PV-ISS with the sidewall insulation (test—2)
and (iii) PV-ISS with the bottom and the sidewall insulation (test—3). Research was
conducted for the period of March 2017, and during the experimental investigational
days, no clouds have occurred.
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3 Results and Discussion

3.1 Hourly Variations of Solar Intensity, Atmosphere
Temperature, Wind Velocity, and Collector Cover
Temperature

Figure 4a, b shows the deviations of (a) solar irradiance and (b) ambient temperature.
The maximum solar irradiance during the carrying out tests is noted as 970, 1005,
and 985 W/m2 on 15.3.2017, 19.3.2017, and 31.3.2017, respectively. It is noted that
the atmosphere temperature during the noontime is highest, and the highest value
is recorded as 40 °C on 15.3.2017 and 19.3.2017. The average solar irradiance and
atmosphere temperature at the time of carrying out tests is reported as 794–813W/m2

and 34.5–36.5 °C, respectively.
The variation of (a) wind speed and (b) collector cover temperature is displayed

in Fig. 5a, b. The average wind velocity throughout the carrying out tests was marked
as 1.7–1.9 m/s. The collector cover temperature of the PV-ISS is highest at 12 P.M.
The maximum value of 51, 53, and 51 °C is noted on 15.3.2017, 19.3.2017, and
31.3.2017, respectively. The daily average collector cover temperature of the PV-ISS
is 44.78, 45.56, and 43.67 °C on 15.3.2017, 19.3.2017, and 31.3.2017, respectively.
The collector cover temperature mainly depends on the solar intensity, wind velocity,
and insulation. It is observed that lower daily average solar radiation (794W/m2) and
higher wind velocity (1.93 m/s) results in lower collector cover temperature. Higher
wind speed enhances the heat transfer rate from the PV-ISS collector cover to the
atmosphere which will reduce the collector cover temperature.

Fig. 4 a, b Hourly deviations of a solar irradiance and b ambient temperature
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Fig. 5 a, b Hourly variation of a wind speed and b collector cover temperature

3.2 Deviations of the Basin and Water Temperature
of the PV-ISS

Figure 6a, b shows the variation of (a) basin and (b) water temperature of the PV-ISS
in all the three testing. It is observed that the maximum basin temperature of 58,
61, and 69 °C are recorded for the test-1, test-2, and test-3, respectively. The daily
average basin temperature of the PV-ISS in test-1 is 49.33, test-2 is 52.78, and in
test-3 is 59.11 °C. Test-2 and test-3 increased the daily average basin temperature up
to 6.5 and 16.5% than the test-1. It is observed that the maximum water temperature
of PV-ISS is 59, 62, and 68 °C and daily average water temperature of 51.78, 53.67,
and 58.56 °C ismeasured for the test-1, test-2, and test-3, respectively. The insulation
effect increased the daily average water temperature by 3.5 and 11.6% for the test-2
and test-3 than the test-1. Test-2 maintained the water temperature at 5 P.M. is found
as 46 °C, and it is just lesser by 4 °C than that of test-3.

3.3 Distinction of the Evaporative Heat Transfer Coefficient
(EHTC) and Hourly Yield of PV-ISS

Variations of an EHTC of the PV-ISS in different testing are shown in Fig. 7a.
The maximum hourly EHTC in test-1 is 42.78, test-2 is 49.48, and in test-3 is
67.86 W/m2 K. The daily average EHTC in test-1 is 31.23, test-2 is 34.86, and
in test-3 is 46.46 W/m2 K. The maximum EHTC is obtained for the full insulation
conditions (test-3) because it reduces the heat energy losses from the absorber plate
of the PV-ISS to the atmosphere. Test-2 and test-3 enhance the daily average EHTC
up to 10.4 and 32.8% than the test-1.

The EHTC from basin to collector is calculated by [24],
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Fig. 6 a, b Hourly variation of a basin and b water temperature

Fig. 7 a, b Hourly variation of a EHTC and b yield

he,w−g � 16.273 × 10−3 × hc,w−g

[
Pw − Pgi
Tw − Tgi

]

Convective heat transfer coefficient from the basin to the collector is calculated
by [24],

hc,w−g � 0.884

[(
Tw − Tgi

)
+

(
Pw − Pgi

)
(Tw + 273)(

268.9 × 10−3 − Pw
)
]

Partial vapor pressure at the basin water temperature is calculated by [24],
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Pw � exp

(
25.317 −

(
5144

273 + Tw

))

Partial vapor pressure at the collector cover temperature is calculated by [24],

Pgi � exp

(
25.317 −

(
5144

273 + Tgi

))

Figure 7b shows the hourly distilled yield produced from the PV-ISSwith different
testing. The maximum yield from the PV-ISS is higher at test-3. All the testing were
produced maximum hourly yield at 12 P.M. as the solar intensity is maximal at 12
P.M. The maximum hourly yield of test-1 is 0.56, test-2 is 0.71, and in test-3 is
1.13 kg. The hourly yield from the PV-ISS raise in the sunup period, and it reached
the maximal at the noon period, after that it will reduce as the solar radiation is
decreased. The daily yield obtained in test-1 is 3.33, test-2 is 4.41, and in test-3 is
6.21 kg. Test-3 produced the maximum yield than the other two testing because of
insulation effect. Test-3 produced the 46.3 and 33.4% increase in daily yield than the
test-1 and test-2, respectively. Insulation minimizes the heat losses from the basin of
PV-ISS to the surroundings which increase the yield.

3.4 Variations of the Thermal and Exergy Efficiency
of the PV-ISS

The daily yield obtained in test 1 is 3.33, test 2 is 4.41, and in test 3 is 6.21.
Figure 8a shows the thermal efficiency of the PV-ISS in different testing. The

maximum hourly thermal effectiveness in test-1 is 35.89, test-2 is 41.36, and in test-
3 is 60.42%. The thermal efficiency of the PV-ISS is higher in the test-3 than the
other two testing. The daily average thermal efficiency in test-1 is 31.32, test-2 is
38.81, and in test-3 is 57.88%. Test-3 produced more thermal effectiveness than the
other two testing because insulation reduced the heat flow from the bottom of the
PV-ISS to the surroundings.

The thermal efficiency of the PV-ISS is estimated as [24],

ηpassive �
∑

ṁewL∑
I (t)As × 3600

× 100

The variation of the exergy efficiency of the PV-ISS in different testing is drawn
in Fig. 8b. It is seen that the exergy efficiency of the PV-ISS is maximum in the test-3
as compared to other two testing. Due to the higher basin and water temperatures
of PV-ISS with fully insulation condition, the exergy effectiveness increases. The
maximum hourly exergy effectiveness in test-1 is 2.92, test-2 is 3.88, and in test-3
is 7.14%. The maximum daily average exergy effectiveness of 4.61% is recorded in
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Fig. 8 a, b Variation of a thermal efficiency and b exergy efficiency of the PV-ISS

the test-3. From the exergy calculation, it is found that test-2 and test-3 produced
22.3 and 62.7% increase in exergy effectiveness than the test-1.

The exergy effectiveness of the PV-ISS is given by [24],

ηoverall,exe �
∑

Exoutput∑
Exinput

The hourly exergy output is calculated by [24],

Exoutput � mewL fg

3600
×

[
1 − Ta

Tw

]

The hourly exergy input is calculated by [24],

Exinput � Aw I
′(t) ×

[
1 − 4

3

(
Ta
Ts

)
+
1

3

(
Ta
Ts

)4
]

3.5 Variations of the Solar Panel Power Production,
Temperature, Electrical, Thermal, and Exergy Efficiency

Figure 9 shows the hourly variations of the PV panel power generation for all the
testing. The maximum hourly power production from the test-1, test-2, and test-3
are 94.5, 88.8, and 72 Watts, respectively. The daily average power production from
the system is test-1 is 67.80, test-2 is 59.09, and in test-3 is 50.2 W. It is observed
that test-1 produced 12.85 and 25.96% higher power production than the test-2 and
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Fig. 9 Variations of the
solar panel power generation
for all the testing

test-3, respectively, due to without insulation condition and lower panel temperature.
It is found that insulation negatively affects the PV panel performance because of
increases in panel temperature.

The hourly variations of the solar panel temperature, solar panel electrical, thermal
and exergy efficiency for the PV-ISS in different testing is shown in Fig. 10a–c. From
the figure, it is found that the hourly PV panel temperature reached the maximum
value of 48 °C in test-1, 52 °C in test-2, and 59 °C in test-3. The PV panel temperature
reaches its maximal at 1 P.M. and following its value decreases because of decreases
in solar intensity. The daily average panel temperature of 42.56, 45.22, and 50.56 °C
is reached for the test-1, test-2, and test-3, respectively. The daily average panel
temperature of test-2 and test-3 is 5.90 and 15.82% higher than the test-1. Test-
2 increases the panel temperature of about 5.9% only but the test-3 increases the
panel temperature up to 15.82%. PV-ISS with bottom insulation reduces the heat
energy losses from the panel to the surroundings, and hence, it increases the panel
temperature.

The electrical efficiency of the solar panel under different testing is shown in
Fig. 10a–c. From the figure, it is found that electrical efficiency of the PV panel
increases linearly and reached its maximum at 12 P.M. and after that its value
decreases. The maximum hourly electrical efficiency of 11.54, 10.50, and 8.51%
and daily average electrical efficiency of 9.24, 7.93, and 6.84% is obtained from
the test-1, test-2, and test-3, respectively. It is found that test-1 produced 14.2 and
25.95% higher electrical efficiency than the test-2 and test-3, respectively.

From the electrical power and efficiency calculations, it is clear that PV panel
performance mainly depends on the PV panel temperature and solar intensity. Test-2
increases the daily average panel temperature up to 5.9% than the test-1 which would
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Fig. 10 Variations of the panel temperature, solar panel electrical, exergy and thermal effectiveness
for all the studies

result in 12.85 and 14.20% reduction in the panel power production and electrical
efficiency. Test-3 increases the daily average panel temperature up to 15.82% than
the test-1 which would result in 25.96 and 25.95% reduction in the panel power
generation and electrical efficiency.

The electrical efficiency of the solar panel is calculated by [25],

ηpv electrical � FF ∗ V ∗ I

Is (t) ∗ As
× 100%

Thehourly thermal efficiency of the solar panel is calculated by dividing the hourly
electrical efficiency of the PV panel by the conventional power plant electrical power
production efficiency (0.38). It has the similar curve as the electrical efficiency curve
and reached its peak value of 30.36% in test-1, 27.62% in test-2, and 22.40% in
test-3. The daily average thermal efficiency of the panel is 24.31% in test-1, 20.86%
in test-2, and 18% in test-3.

The thermal efficiency of the solar panel is obtained by [25],
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ηpv thermal � FF ∗ Voc ∗ Isc
0.38Is (t) ∗ As

× 100%

The exergy efficiency of the solar panel is maximum at the lower solar irradiance.
The exergy efficiency of the solar panel is starting (9 A.M) at higher value (25.21,
20.29, and 18.44% for the test-1, test-2, and test-3, respectively) and it decreases
linearly and reached its lesser value at 12 P.M. (9.58, 8.40, and 9.04% for the test-1,
test-2, and test-3, respectively) again its start increases and reached the higher value
at the end of the experiment (25.57, 24.89, and 23.96 for the test-1, test-2, and test-
3, respectively). The daily average exergy efficiency of the panel is 16.73, 15.14,
and 14.5% for the test-1, test-2, and test-3, respectively. It is found that the exergy
efficiency of the solar panel at test-1 is 9.53 and 13.63% higher than the test-2 and
test-3, respectively.

The exergy efficiency of the solar panel is calculated by [25],

ηpv exergy � FF ∗ Voc ∗ Isc − V I

0.933Is (t) ∗ As
× 100%

3.6 Variations of the Overall Thermal and Overall Exergy
Efficiency

Variations of the overall thermal efficiency of the PV-ISS (thermal efficiencies of a
PV-ISS and a PV panel) at different testing are shown in Fig. 11a. The overall thermal
efficiency of the PV-ISS is maximum at test-3. When the PV-ISS is insulated, the
thermal effectiveness of the PV-ISS is increased,whereas the thermal efficiency of the
solar panel is decreased. The maximum hourly overall thermal efficiency of the PV-
ISS in test-1 is 73.31%, test-2 is 80.26%, and in test-3 is 95.40%. The daily average
overall thermal efficiency of the PV-ISS is in test-1 is 55.635, test-2 is 59.445, and
in test-3 is 75.84%. It is concluded that there are a 6.42 and 26.65% increases in the
overall thermal efficiency of the PV-ISS at test-2 and test-3 than the test-1.

The overall thermal efficiency of the PV-ISS is calculated by [26],

ηoverall P.thermal � mew ∗ hfg
IS (t) ∗ As ∗ 3600

× 100% +
FF ∗ Voc ∗ Isc − V I

0.933Is (t) ∗ As
× 100%

Figure 11b shows the overall exergy effectiveness of a PV-ISS at different testing.
From the figure, it can be identified that the overall exergy efficiency of the PV-ISS
is maximum at 9 A.M. and 5 P.M. because of the lower solar intensity conditions.
It is also identified that the overall exergy efficiency of the PV-ISS is minimum
at 12-1 P.M. because of the maximum solar intensity conditions. It is found that
insulation effect increases the daily average exergy efficiency of the PV-ISS, whereas
the daily average exergy efficiency of the panel is decreased. An increase in still
exergy efficiency and decreases in panel exergy efficiency would result in nearly the
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Fig. 11 a Variations of the overall thermal efficiency, b overall exergy efficiency for an PV-ISS
with respect to time

same overall daily exergy efficiency for all the testing. The overall daily average
exergy efficiency of the PV-ISS in test-1 is 18.45%, test-2 is 17.35%, and in test-3 is
19.17%.

The overall exergy efficiency of the PV-ISS is calculated by [26],

ηoverall Pexergy �
(
md ∗ hfg

)(
1 −

[
Ta+273
Tw+273

])

(As ∗ It)
[
1 +

(
1
3

[ Ta+273
6000

]4 − 4
3

[ Ta+273
6000

])]

+
FF ∗ Voc ∗ Isc − V I

0.933Is (t) ∗ As
× 100%

4 Conclusions

The impact of the insulation on the performance of the PV-ISS has been researched.
The results reveal that the daily yield, thermal, exergy, overall thermal, and overall
exergy efficiency of the PV-ISS are maximum at fully insulation condition than the
other two testing. The performance of the solar panel is maximum at the test-1
because of lower panel temperature. Insulation improves the solar still performance
positively and negatively affects the panel performance. Test-2 and test-3 produced
19.4 and 46.3% improvement in yield, 19.3 and 45.9% improvement in thermal
efficiency, and 22.3 and 62.7% improvement in the exergy efficiency than the test-1.
PV-ISS at test-1 produced 14.2 and 25.95% higher electrical efficiency than the test-2
and test-3, respectively. The PV-ISS produced the overall daily thermal efficiency of
55.63, 59.44, and 75.84% and overall daily exergy efficiency of 18.45, 17.35, and
19.17% at test-1, test-2, and test-3, respectively.
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Latent Heat Storage for Solar Still
Applications

Abhishek Anand, Karunesh Kant, A. Shukla and Atul Sharma

Abstract Water is critical and inevitable for all forms of life, which is available
in copious but not suitable for direct ingestion. Also, the existing technologies are
costly, bungling, and energy inefficient. They trip on fossils fuel which is infect-
ing. The technology we are considering here exploits direct solar energy for water
desalination. This greener technology further concentrates on the latent heat storage
through phase changematerials (PCMs). The PCMs are profusely available at reason-
able rates. The technology transition will reduce the carbon footprint safeguarding
the energy security and environmental sustainability.

Keywords Solar energy · Latent heat storage · Solar still · Phase change
materials · Desalination

1 Introduction

The available water resources on the earth are projected to be nearby 1,386,000,000
cubic kilometers (km3). Out of this, total freshwater is about 35,000,000 km3 which
is only 2.5% of the total stock of the water in the hydrosphere. A large fraction of
this freshwater about 24,000,000 km3 (68.7%) is in the form of permanent snow
cover in the Arctic and Antarctic region (Figs. 1 and 2). The surface water flowing
in the rivers and lakes is nearly 90,000 km3. This is used for multiple purposes like
municipal, irrigational, and industrial supply. Most of this water is contaminated,
and to make it palatable, multiple treatment processes are sine qua non. A little
more than 30% exists as groundwater. Much of the groundwater is inaccessible for
extractions. Global water withdrawals stand at 3900 km3 per year or 10% of the
total global renewable energy resources. The consumptive use of water is estimated
to be about 1800–2300 km3 per year. The intermittent and unreasonable extraction
of water is detrimental to the natural hydrological cycle. Most of the aquifers are
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Fig. 1 The total water reserves on earth

prone to industrial pollution and salt intrusion. The adversity of water treatment with
existing technology is apparent. Linking water desalination with the renewables
will moderate our reliance on conventional resources with superfluous advantage
combating climate change.

2 Water Desalination Technologies

The basic water desalination process is classified into two types, i.e., thermal desali-
nation process and membrane desalination process (Fig. 3). The thermal process
works through the application of heat, and the membrane process utilizes some kind
of semi-permeable membrane. The broader discussion of each is carried out in the
subsequent section with their further sub-classification.

2.1 Thermal Technologies

As the name indicates, these types of technologies include the heating of saline
water and gathering the condensed vapor to yield pure water. These technologies
have seldom been used for saline water purification since it involved extraordinary
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Fig. 2 The freshwater reserves

Fig. 3 Water desalination process

operating cost. These types of technologies can be further classified into the following
groups:

• Multi-stage Flash Distillation (MSF)
• Multi-effect Distillation (MED)
• Vapor Compression Distillation (VCD)
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2.1.1 Multi-stage Flash Distillation (MSF)

The MSF process works in steps. The pressure is lowered at each sequential step.
The water underneath high pressure is directed to first “flash chamber” where the
pressure is dropped that boils water instantaneously results in rapid vaporization
called flashing. Theflashed vapor is changed into freshwater by condensation through
the heat exchanger. The process has a working efficiency of around 20%. The MSF
makes available 60% of all desalinated water worldwide. As the efficacy is low, with
the MSF only trivial amount of brackish water is converted into freshwater.

2.1.2 Multi-effect Distillation (MED)

Since the late 1950s, theMEDprocess has been in practice. The process takes place in
multiple of vessels. A series of the evaporator is positioned each producing “effect”
that produces water at reduced pressure. The vessels located hitherto assists as a
heating device for the succeeding vessels. The adeptness of MED can be enriched by
adding more vessels in the chain. MED can be categorized into horizontal, vertical,
stacked tube depending on the organization of tubing of the heat exchanger.

2.1.3 Vapor Compression Distillation (VCD)

The VCD process works independently or in combination with MED. The com-
pression of the vapor engenders the required heat. The mechanical compressor is
extensively used for this purpose. VCD units are installed in hotels, resorts, etc.
because of its compact size.

2.2 Membrane Desalination

The membrane desalination process makes use of a semi-permeable membrane to
purify water. The process is energy consuming and not environmentally sound.
The membrane desalination process is further classified into three types which are
described below.

2.2.1 Electro Dialysis (ED)

ED is a membrane process, in which ions are elated through a semi-permeable mem-
brane, under the impact of an electric potential. These membranes are ions selective
which means that either of the two positive or negative ions can pass through it
depending on the type of electrolytic membrane used. Multiple membranes are used
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in this process which ultimately removes positive or negative ions that flow through
it, and then, these ions are removed from wastewater.

2.2.2 Reverse Osmosis (RO)

In the process of osmosis, solvent molecule moves from the lower salt concentration
to the higher concentration through a semi-permeable membrane until the equilib-
rium is reached. It is a spontaneous process. But the reversal of it, i.e., reverse osmosis,
pressure equal or greater than osmotic pressure is applied on the higher salt concen-
tration side so that the solvent molecules move to the lower concentration leaving
behind the salt residue. In this way, desalination is achieved.

2.2.3 Electro Dialysis Reversal (EDR)

In the Electro Dialysis Reversal process, we need to change the polarity of the
electrode at the continuous interval. EDR technology offers higher water recovery.
It has the higher potential to prevent scaling and fouling arises out of the high salt
concentration of Calcium (Ca) and Magnesium (Mg). It is quite effective in treating
Barium (Ba) and Strontium (Sr) ions.

3 Solar Still

Solar still uses the direct energy of the sunlight to purify water. It is generally a
thermal desalination process. The technology is quite energy efficient as it requires
no additional energy inputs. Water is allowed to evaporate, and the vapor is then
allowed to condense which is then collected. The process is the same as we see
during precipitation. The solar still is categorized into two types, i.e., active process
and passive process and is shown in Fig. 4.

3.1 The Passive Solar Still

The passive still works in direct heat of the sunlight with no other additional source of
heat. The temperature achieved is relatively low, so the productivity is quite meagre.
The basic design of the passive solar still is shown in Fig. 5.



298 A. Anand et al.

Fig. 4 Classification of solar still

Fig. 5 Passive solar still [4]

3.2 The Active Solar Still

As the efficiency attained in the passive design is low, the passive design is supported
with additional heat supplying mechanism making it active solar still. The high
temperature at the basin gives better productivity after amelioration and refining.
The prototype of active solar still is shown in Fig. 6.

The active solar still is further categorized into three types which are described
below.
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Fig. 6 Active solar still [4]

3.2.1 High-Temperature Distillation

In this process, additional heat energy to the collector is provided through the appli-
cation of the solar collector, parabolic concentrator, heat pipe, solar ponds, etc.

3.2.2 Pre-heated Water Application

This process uses pre-heated water. The water used generally is wastewater. The
wastewater is available from some thermal power plant or chemical plant. This heated
wastewater can be feed into the basin of the solar collector for further heating.

3.2.3 Nocturnal Production

The nocturnal production works in the absence of sunlight during the dark. For this,
solar energy stored during the daytime can be utilized or some waste heat from other
sources can also be used.

4 A Brief Description of Conventional Solar Still

The typical conventional solar still has a collector to store water and absorber with
transparent glass to trap the maximum heat falling on the glass material. The water is
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Fig. 7 A typical solar still

stored in the collector basin painted black to absorb the heat. There is a considerable
gap between the collector basin and the upper surface of the glass cover for the
efficient evaporation and condensation to take place. The collector basin is connected
through the external water pipeline for the continuous supply of water. The distillate
is then collected which is purified water. A model of this is shown in Fig. 7.

5 The Solar Still Basin Design

The various basin’s designs are discussed in successive sections.

5.1 The Spherical Solar Still

The spherical solar still as shown in Fig. 8 has spherical collecting basin as well as
spherical absorber plate. The collector is made up of steel which is coated with black
to absorb the heat. The whole system is supported by aluminum mesh covered with
low-density polyethylene (LDPE) material.

5.2 The Pyramidal Solar Still

It has a flat water collecting basin as shown in Fig. 9. The absorber plate is pyramidal
in shape. The cost of fabrication of pyramidal still is less. The insulating materials
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Fig. 8 Spherical solar still [4]

can be made up of sawdust which reduces its cost. Also, the sawdust is eco-friendly
material.

5.3 The Hemispherical Solar Still

The water collecting bowl of the hemispherical still is constructed with mild steel
materials. The storage bowl is coated black to enhance its absorbing power. The top
hemispherical shield is made up of the acrylic sheet which is transparent with a solar
transmittance of more than 80%. The external box of the still is built up of wood of
thickness 4 mm with the dimension 1.10 m × 1.10 m × 0.25 m. The bottom surface
of the basin is packed with sawdust (to support the weight of the basin) up to a height
of 0.15 m. A glass wool material is used to coat the sides of the basin. Figure 10
describes a typical model for this type of solar still.
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Fig. 9 Pyramidal solar still [4]

Fig. 10 Hemispherical solar still [4]

5.4 The Double-Basin Solar Still

As depicted in Fig. 11, the type of solar still consists of an upper basin and a lower
basin. The upper basin is divided into three fragments to evade the formation of dry
spots on the upper portion of the interior glass cover. Silicone rubber sealant is used
to cap and avoid any water leakages. There are inlet and outlet at the opposite side
of the wall for the incoming saline water and outgoing distilled water.



Latent Heat Storage for Solar Still Applications 303

Fig. 11 Double-basin solar still [4]

5.5 The Tubular Solar Still

A CPC TSS design with a rectangular absorber is shown in Fig. 12. The outer and
inner circle is placed with a gap for the following water and air. The tube is designed
to maintain the constant flowing of water which not dependent on the evaporation
rate. A storage tank is also designed which provides the continuous supply of water
to the still. The distillate is stored in another collector.

6 The Need of Energy Storage in Solar Distillation

As it is well-known that freshwater contains a lot of impurities in it, water cannot be
used as it is. It has to be treated before making available for the daily use. To remove
such impurities, a thermal process is generally used. As we are well aware that in the
thermal process, evaporation condenses to give clean water. The process is energy
intensivewith severe environmental impacts. The power crisiswith increasing energy
cost limits its further use. All over the world, the scientists are looking for newer
technology by which they can reduce the dependency on fossil fuel. In this regard,
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Fig. 12 Schematic view of tubular solar still [4]

Fig. 13 The classification of thermal energy storage

thermal energy storage though PCMs can play an imminent role in saving energy
and providing energy sustainability.

6.1 Thermal Energy Storage

Thermal energy in a material is stored with the alteration in the internal energy of the
system. This is stored as sensible heat (SH) or latent heat (LH) or the combination of
both. The classification for each type with their basic equation is shown in Fig. 13.
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6.2 Sensible Heat Storage

In the process, the energy is stored with the change in the temperature of solid or
liquid. Specific heat determines the amount of energy stored in the material which is
different for different material. The equation governing the sensible heat storage is
as follows:

Q �
Tf∫

Ti

mcpdT � mcP�T,

where Q is the heat energy stored in (J), m is the mass of the material in (kg), cp is
Specific heat of the material in (J/kg K), T i is the initial temperature in (°C), and T f

is the final temperature in (°C).
Water is one of the best materials for the sensible heat storage because it has high

specific heat and abundant availability. The major constraint with water is that it can
be used only up to 100 °C. For the higher temperature applications, molten salts can
be used.

6.3 Latent Heat Storage

Latent heat storage depends on the heat change during the phase change undergone
by the material. The heat storage potential of a material undergoing phase change is
governed by,

Q �
Tm∫

Ti

mcPdT + mam�hm +

Tf∫

Tm

mcpdT,

where am is the fraction melted, hm is the heat of fusion per unit mass (J/kg) and rest
has the meaning discussed above.

6.4 Classification of Phase Change Materials (PCMs)

The PCM is mainly classified into three types, viz. organic, inorganic, and eutectic.
The broader classification is given in Fig. 14.
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Fig. 14 Classification of PCM

7 Solar Stills with Latent Heat Storage Materials: A Recent
Trend

There are several solar stills available in the market, and all can be categorized on
the basis of their design and modification. Generally, these are classified into two
“Passive” and “Active” as already discussed. The modification with the PCM can be
carried out with both types to augment its performance. The PCM material is fitted
on the bottom or sides with the basin of the still. A brief description (Table 1) and
review with various PCM is discussed in subsequent sections.

Al-Hamadani and Shukla [2] carried out an experiment with lauric acid as PCM
(Fig. 15). The objective of the experiment was to analyze the influence of changing
themass of PCM and basin’s water on its efficiency and productivity. They found that
the diurnal productivity could be improved by using the relatively greater mass of
PCMwith a lesser mass of water in the basin. They further reported the efficiency and
productivity with PCM increased by 127 and 30–35% at day and night, respectively,
as compared to without using PCM.

Ramasamy and Sivaraman [17] designed a Cascade Solar Still with and without
Latent Heat Thermal Energy Storage Sub-System (LHTESS) for testing and enhanc-
ing its productivity (Fig. 16). The solar still consists of a stepped absorber plate with
LHTESS and a single-slope glass plate. This setup was fixed at an angle of 25° to the
horizontal. Paraffin wax was the choice for LHTESS for carrying out the experiment.
They found out that the hourly productivity was somewhat greater in the case of solar
still with no LHTESS during sunny days. But at night, solar still with LHTESS gave
better productivity. The performance of solar still was also dependent on wind speed,
ambient temperature, water temperature, etc. There was a certain constraint of using
salt hydrates as the PCM because of their corrosiveness and cycling stability. Salt
hydrates as PCM create corrosion effect with the base material such as aluminum,
copper, galvanized iron, etc.
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Table 1 Solar still with latent heat storage

Type of solar
still

Type of study PCM/energy
storage
materials

Main findings Reference

Single-basin
double-slope
solar still

Experimental Paraffin wax The
productivity is
increased by
11.6% and the
peak yield is
increased by
9.5% with PCM

Sundaram and
Senthil [22]

Integrated
single-basin
solar still

Experimental Beeswax Overnight
productivity is
increased with
the use of PCM

Deshmukh and
Thombre [5]

Rectangular
solar still

Experimental Paraffin and
copper oxide
nanoparticles

There is an
overall 35%
improvement in
the
performance
with the use of
NPCM over
PCM

Iniyan and
Suganthi [9]

Pyramidal solar
still

Experimental Stearic acid The maximum
temperature is
obtained for
stearic acid
which is 65 °C

Dube [6]

Single-basin
solar still

Experimental Honey beeswax The
performance is
increased by
62% by the use
of PCM

Sonawane [21]

Stepped basin
solar still

Experimental Stearic acid The
productivity is
increased when
evacuated solar
still with PCM
and intermittent
water collector
is used

Hari and
Kishore [7]

Tubular solar
still

Experimental Stearic acid 20% increase in
the productivity

Rai and Sachan
[15]

Single-basin
solar still

Experimental Bitumen The efficiency
solar still with
PCM is about
20%

Kantesh [11]

(continued)
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Table 1 (continued)

Type of solar
still

Type of study PCM/energy
storage
materials

Main findings Reference

Passive solar
still

Experimental Paraffin The choice of
the PCM is
based on the
maximum of
the temperature
reached by the
brackish water
in the basin

(Ansari et al.
[3]

Double-slope
single-basin
solar still

Experimental Paraffin wax The efficiency
is increased by
10–25% with
the use of PCM

Husainy et al.
[8]

Single-slope
stepped solar
still

Experimental Paraffin wax The
performance is
increased by
35–40% with
the use of the
PCM

Agrawal [1]

Triangular
pyramidal solar
still

Experimental Paraffin wax The
performance is
increased by
more than 20%
with the use of
PCM

Ravishankar
et al. [18]

Pyramidal
double glass
solar still

Experimental Paraffin wax
and titanium
oxide

The overall
performance is
increased with
the use of PCM

Kumar et al.
[13]

Single-slope
solar still
coupled with
parabolic
concentrator

Experimental Beeswax The overall
performance is
increased by
around 62%
with the use of
PCM coupled
with the
parabolic
concentrator

Kuhe and
Edeoja [12]

Normal solar
still

Theoretical Stearic acid,
capric–lauric
acid mixture,
paraffin wax,
and calcium
chloride
hexahydrate

The system
productivity is
increased by
about
120–198%

Kabeel and
El-maghlany
[10]

(continued)
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Table 1 (continued)

Type of solar
still

Type of study PCM/energy
storage
materials

Main findings Reference

Single-basin
solar still

Experimental Palmitic acid The efficiency
was
considerably
increased by
use of PCM

Raj [16]

Double-slope
single-basin
solar

Experimental Paraffin wax The
productivity
increased in
different cases

Patil and
Dambal [14]

Conventional
type solar still

Experimental Lauric acid The
productivity
increased in
different cases

Shukla [20]

Cascade solar
still

Experimental Paraffin wax The
productivity
increased and
decreased in
different cases

Ramasamy and
Sivaraman [17]

Fig. 15 A solar still with PCM (right) and without PCM (left) [2]
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Fig. 16 Schematic diagram of the experimental setup [17]

Fig. 17 Schematic diagram of the triangular pyramid solar still [18]

Ravishankar et al. [18] worked on the triangular pyramidal solar still. They
selected paraffin wax as PCM. They performed their work in the sultry weather
of Chennai, India. The model diagram is shown in Fig. 17. The PCM was placed at
the bottom of the basin which was smeared with black paint to minimize the heat
loss. The thickness of the PCM was kept at 10 mm. The experiments were carried
out from 7 to 12 h. They concluded that the performance increased by more than
20% with the use of the PCM.
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Ansari et al. [3] had designed a passive solar still and chose paraffin wax as PCM
shown in Fig. 18. The system of 1 m2 area was considered for several elements. The
basin was fed by the saline water. The water was heated by the radiation received by
the condensing glass cover. The gapbetween the condensing plate and the evaporation
surface should be maintained for the efficient evaporation and condensation. The
water was fed through the inlet on one side and collected through the outlet on
the bottom of the opposite side. The PCM was placed on the foot of the absorber
plate. The whole setup is cloistered to minimize the heat loss. They obtained that the
selection of the PCM was based on the extreme of the temperature reached by the
briny water containing in the basin.

Rai and Sachan [15] had carried out an experiment on tubular solar still with the
use of PCM. Energy storage medium (stearic acid) was used in the still to produce
distillate during off sunshine hours. A prototype solar still having a horizontal tray
which acts as an absorber was designed and constructed. The tray was made of a
galvanized sheet of and painted black to engross the solar radiations during the course
of the experiment. Overall, they found out that the productivity of solar still increased
by 20% when PCM was used.

Sarada et al. [19]made stainless steel basinwith an area of 1m2 (Fig. 19). The solar
still was made up of stainless steel. The stainless steel used had the thickness 8.8 mm.
The top is covered with the clear glass with a slope angle of 32°. The surface bottom
and side was smeared with black paint to avoid the heat loss. The still was placed

Fig. 18 System schematic diagram: (1) Condensing glass cover; (2) mixture of heated air and
steam; (3) basin; (4) basin liner (absorber); (5) storage medium (PCM); (6) thermal insulation (7)
non-return valve; (8) outlet of distilled water; (9) floating water level switch; (10) feed tank; and
(11) brackish water reservoir [3]
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Fig. 19 Single-slope solar still [19]

in the south direction to carry out the experiment. The author focused on the use of
sodium sulfate decahydrate (Na2SO4·10H2O) and sodium acetate (NaCH3COO) as
PCM. They showed that the presence of sodium sulfate provides healthier yield as
compared to sodium acetate as the PCM.

Deshmukh and Thombre [5] had shown the use of bee wax as the PCM (Fig. 20).
The basin area was 0.5 m2. The outcome of varying depth of storage and water in
the basin was investigated. With increasing the depth of storage and the depth of
water, increased overnight productivity substantially but the daylight productivity
was found to be less than that of conventional solar still. Overall, solar still with
least depth of storage and water was found to give the highest daily productivity in
summer. PCM was found not suitable for use in winter.

Sonawane [21] performed an experiment with Honey beeswax as the PCM as
shown in Fig. 21. The system with 1 m2 of surface area was considered to perform
the experiment. The basin was fed with the brackish water. The water was heated by
the solar radiation received through the condensing glass cover of the solar still. The
water evaporation ratewas increasedbykeeping a large gapbetween the condensation
surface and the evaporation surface. The water was collected by the outlet placed at
the foot of the solar still. They found that the output was enhanced by 62% by the
use of PCM than the conventional method. The higher distillate was obtained at an
inclination of 34° as compared to other angles.

Hari and Kishore [7] designed an experiment with evacuated solar still with inter-
mittent water collector. A 20-L stepped basin was fabricated for this purpose and
was redesigned by adding a heat reservoir of material stearic acid and intermittent
water collector to collect more water (Fig. 22). The inner dimensions of the basin
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Fig. 20 Single-slope single-basin solar still [5]

were made 100 × 100 cm2. The upper glass cover was tilted at 20° with respect to
the horizontal. The arrangement was stationed in North–South direction during the
course of the experiments. Copper-constantan thermocouples were used for temper-
ature measurement. The Condenser surface of the still was made of 4 mm ordinary
glass. The bottom of this still was insulated. The water was filled up to 8 cm in depth.
Performance analysis of the stepped basin solar still with heat reservoir and without
heat reservoir was done by conducting the experiment. The experiment mainly stud-
ied the variation of solar energy, the effect of vacuum, the effect of the heat reservoir,

Fig. 21 Solar modeling using PCM [21]
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Fig. 22 Schematic diagram of evacuated solar still with PCM and intermittent water collector [7]

Fig. 23 Solar still with PCM [11]

and intermittent water collector. Compared with stepped basin type solar still, it was
found that its productivity was increased when evacuated solar still with PCM and
intermittent water collector was used.

Kantesh [11] developed a solar still which consist of a basin made up of tin of
0.54 m2 area, having a dimension of 90 × 60 × 30 shown in Fig. 23. Inside this
basin, author fixed another basin with a distance of 8 cm leaving a gap from bottom
and sides, and in between this gap, an insulating material (glass wool) was placed
to prevent loss of heat. The inner box was filled with bitumen used as PCM with a
thickness of 7 cm. The author reported that the efficiency of the solar still without
PCM was about 25.19%; however, in the presence of PCM, it was 27.00%
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Fig. 24 Distillate obtained by solar still with and without PCM [1]

Agrawal et al. [1] constructed two single-slopes stepped solar stillwith andwithout
PCM in order to compare the productivity of stills at the day as well as night during
sunny days (Fig. 24). Paraffin wax was chosen as PCM. Their experiment was in
the interest of producing clean water at an affordable rate in rural and urban areas.
It was found that the higher mass of PCM with a lower mass of water in the basin
significantly upsurges the diurnal output and efficacy. Therefore, the distillate yields
at night and day with PCM increased by 127% and 30–35%, respectively, than the
one without PCM.

Raj [16] studied single-basin solar still with palmitic acid as PCM (Fig. 25). They
used the different TDS (Total dissolved solids) water and different absorbing mate-
rials. The basin area was designed to be about 2.47 m2 for production of 5.5 L of
water per day, and chromium paint was used for absorbing the solar radiation. The
basin area required for the production of 5.5 L per day of freshwater was determined
as 2.47 m2. A tilt angle of 240° was created for the required basin area. The experi-
ment was conducted using seawater and bore well water to compare which water has
the highest yield and higher efficiency. They reported that hourly yield of seawater
without PCM was 1870 ml and with PCM 3400 ml. The hourly yield of bore water
without PCM was 2050 with PCM 3595 ml. The efficiency obtained after the exper-
imental work of hourly yield of both bore well and seawater with PCM was 39.18
and 37.15% and without PCM was 27.24 and 24.64%, respectively. By comparison,
it was established that the hourly yield of bore water was better than the seawater.

Sundaram and Senthil [22] had studied single-basin double-slope still leaning in
East–West direction with and without PCM shown in Fig. 26. Authors used paraffin
wax as PCM in these experiments. The experiment was performed at different basin,
i.e., 10, 20, 30 mm with and without PCM. They reported that the throughput of
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Fig. 25 2D model of solar still [16]

Fig. 26 The photographic view of the single-basin double-slope solar still [22]

water at the depth of 10 mm was greater than that of 20 and 30 mm. The production
was improved by 11.6%, and the peak yield was improved by 9.5% with PCM.

Kuhe and Edeoja [12] had used beeswax as the PCM in a single-slope still joined
with a parabolic concentrator (Fig. 27). They used 14 kg beeswax for as PCM placed
between the absorber plate and the bottom of the basin. For comparison, a solar still
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Fig. 27 Schematic diagram of parabolic reflector dish coupled single-slope basin solar still [12]

without PCM was also used. They reported that the performance was boosted by
about 62% with the use of PCM coupled with the parabolic concentrator.

Patil and Dambal [14] worked on double-slope single-basin still with paraffin wax
as PCM and black pebbles as the sensible heat storage material (Fig. 28). The basin
area was chosen to be about 0.7 m2 fabricated with aluminum sheet. An aluminum
tray of area 0.40 m2 was placed inside the still giving a gap of 10 cm. Thermocol
was the insulating material between the gap and material. The two glass material was
placed at the top. Three experiments were conducted (black coated aluminum tray,
with PCM, with SHSE) using pyranometer and K-type thermocouple. It was stated
that 1100 ml of distilled water was obtained when paraffin PCM was used, 954 ml
when black pebble as sensible heat storage element (SHSE) was used, and 795 ml
when the black coated tray was used. The percentage of productivity obtained for
paraffin wax and the black coated tray was 30%, black pebble and the black coated
tray was 18%, paraffin wax and black pebble was 13%.

Winfred Rufuss et al. [23] have used nanoparticle impregnated PCM (NPCM)
(Fig. 29). They showed that NPCM is better than PCM. They found out that solar
still with PCM produced 1.96 kg/0.5 m2 of distillate, whereas solar still with NPCM
produced 2.64 kg/0.5m2. It was observed that there was an overall 35% improvement
in the performance with the use of NPCM over PCM.

Dube [6] have used stearic acid as PCM. They studied the design of stepped
pyramidal solar still shown in Fig. 30. They observed the maximum basin water
temperature at 1 pm which was around 75 °C. The maximum temperature obtained
for stearic acid was 65 °C. They also concluded that the performance of still gets
affected by design parameters like basin area, the positioning of still, depth of water,
the temperature of inlet water, water glass temperature difference.
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Fig. 28 Solar still with black coated tray [14]

Fig. 29 Solar still with SSNPCM and SSPCM [23]

Husainy et al. [8] constructed two double-slope single-basin type solar still with
the same design and tested under field conditions (Fig. 31). The experiments were
conducted at open terrace at SIT COEYadrav, Maharashtra. Five liters of wastewater
(Mud Water) was used for the experiment. The total water depth was maintained at
1.5 cm. They used paraffin wax as PCM. The experiment was performed with and
without PCM. Their result showed that the distillate production was increased by
10–25% by the use of PCM
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Fig. 30 Experimental setup with solar still [6]

Fig. 31 Experimental setup [8]
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Fig. 32 1.Double glass solar still. 2. Projection forwater drainage. 3.Woodenwall. 4. Polyurethane
foam insulation. 5. Wastewater. 6. Packed copper tube. 7. Black stone bed. 8. Mild steel plate. 9.
Stand. 10. Drainage tube [13]

Kumar et al. [13] carried out an experiment with paraffin wax and Titanium oxide
(TiO2) packed in the Copper tube as PCM (Fig. 32). The experiment was carried out
in double glass solar still. They concluded that the presence of PCM and titanium
oxide (TiO2) made the production of 1.635 L/day of pure water from 12 L of salt
water. The use of black stone as sensible heat storage medium also improved the
production without any additional cost. The water production was high from 1:30 to
2:00 PM afternoon.

Kabeel and El-maghlany [10] have theoretically studied three different PCM,
i.e., stearic acid, capric-lauric acid mixture, and paraffin wax, and the daily produc-
tivity of each PCM was studied. They also studied calcium chloride hexahydrate
(CaCl2·6H2O). They stated that the use of PCM increased the productivity and sys-
tem working time. The system productivity was increased by about 120–198%, and
the system working time was increased by about 2–3 h. This increase was based
on PCM melting temperature, specific heat, thermal conductivity, and latent heat of
fusion. They further concluded that capric–lauric mixture was the best PCM at which
maximum productivity and minimum payback period was obtained. Their result is
shown in Figs. 33 and 34.
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Fig. 33 Daily productivity for solar stills when using different PCM and without using PCM (CSS)
[10]

Fig. 34 The payback period for different PCM and without using PCM(CSS) [10]

8 Conclusions

As the freshwater requirement of the society is rising day by day in the existing
time and will further increase in coming years because of the growing population
and industrial development. Solar desalination will be indispensable for the future
water purification technology. Different solar stills with numerous PCMs have been
swotted in this chapter covering their different design aspects. It can be concluded
that the throughput of solar still can be considerably improved by using PCM and
can be proficiently used for longer time. The contemporary status of research with
respect to this technology has been abridged. The sincere efforts in this field through
research and social awareness will bring this technology to grassroots. This will also
reassure new research in this field.
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Productivity Improvements
of Adsorption Desalination Systems

Ramy H. Mohammed and Ahmed A. Askalany

Abstract Addressing the water energy cooling environment nexus in an integrated
and proactive way is an insistent motivation for research, development, and innova-
tion. This combination is highly valued as renewable energy is used to drive plants
to produce electrical power, provide cooling or heating, and extract clean water.
Such plants significantly reduce the greenhouse gases and air pollutant emissions
generated by combustion of fossil fuels. Adsorption-based desalination (AD) sys-
tem has been proposed to produce both fresh/potable water and cooling effect for
rural and remote coastal communities. The system is powered by low-grade heat
or solar energy. Desalination feature has been added to adsorption cooling system
to distinguish it and improve its performance. However, the performance of this
hybrid system is still relatively low comparing to the other cooling and desalination
technologies. Accordingly, the AD systems are being evolved steadily over the past
decades to enhance their performance. In this chapter, the working principle of the
AD cycle is demonstrated, and the characteristics of the recommended working pairs
are discussed. Productivity progress of different arrangements of AD plant in terms
of specific daily water production (SDWP) is presented in chronological order. The
effect of the operating conditions and the system cycle time on the system perfor-
mance is shown. Predicting the technology performance is also exhibited. Until now,
the cycle could produce a SDWP up to 25 kg/kg of adsorbent per day. Moreover, this
work summarizes the improvement that has been achieved in the last decades and
the trend of this technology in the near future.
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1 Introduction

Fossil fuels are still one of the major sources of energy, where oil, coal, and natural
gas are the predominant fossil fuels consumed bymost developing and industrialized
nations. The rapid and huge rise in the cost of the fossil fuels is unavoidable in
the world market due to the growth of world population and economically fast-
developing countries. In addition, greenhouse gases (carbon dioxide (CO2) of 82%,
methane (CH4) of 10%, nitrous oxide (N2O) of 10%, and fluorinated gases of 3%)
through burning fossil fuels intensify dramatically. In turn, the finite amount of
fossil fuels starts to minimize because the world population keep growing, and it
will not be affordable to produce the amount of power required by the world. This
successively reveals that the price of the desalinated water from traditional thermal
systems [multiple effect distillation (MED), multistage flash (MSF), reverse osmosis
(RO)] will steadily augment. Moreover, the expected desertification process in many
temperate regions, such as Southern Europe, South USA, and the Mediterranean
Sea area, will cause an additional boost in water requirement. So, using renewable
energy such as solar energy to product energy and freshwater will be more and
more economically viable in the near future and seems to be a compulsory choice.
Nowadays, water, cooling, energy, and environment are tightly intertwined. As a
result, there is a motivation for research, development, and innovation to handle the
water energy cooling environment nexus in an integrated and proactive way. This
integration is highly valued as it reduces and limits greenhouse gases and air pollutant
emissions generated by combustion of fossil fuels.

Desalination processes are categorized into two major techniques: a heat-driven
process (distillation) and electric power-driven process or in other words thermal
and non-thermal technologies as categorized in Fig. 1. The heat-driven process is a
solar distillation, multistage flashing (MSF), and multiple effect distillation (MED).
The electric power-driven process includes mechanical vapor compression cycle,
freezing, reverse osmosis, and electrodialysis. These desalination systems suffer from
high energy consumption, corrosion, and foulingbecause of the seawater evaporation.
On the other hand, since the AD system has nomoving parts, it proposed to overcome
the deficiencies of the conventional desalination techniques.

Hybrid adsorption cooling and desalination cycles driven by renewable energy
have received much interest owing to its capability of producing freshwater with
zero emissions as well as a cooling effect. This system is able to treat highly concen-
trated feedwater, ranging from chemically laden waste to water seawater. Also, heat
sources with a temperature of less than 100 °C can power this system. However, this
technology suffers from low cooling power capacity and freshwater production. The
distinguished features of the adsorption-based desalination cycles compared with the
other desalination methods are [1, 11, 39, 40, 47, 19–21]:

(i) utilization of low-grade waste energy below 100°C or solar heat,
(ii) no moving parts, which render low maintenance cost,
(iii) employing environmental friendly working pairs such as silica gel/water,
(iv) zero greenhouse gases emissions,



Productivity Improvements of Adsorption Desalination Systems 327

(v) limited fouling and corrosion rates on the material of the evaporator tubes
because the seawater evaporation occurs at relatively low temperature (typi-
cally below 35 °C),

(vi) the capability of cogenerating cooling power along with freshwater,
(vii) lowelectricity usage, about 1.2–5.6 kW/m3 compared to 6–9kW/m3 forMED,

and
(viii) unwanted aerosol-entrained microbes from the evaporator are killed, and any

biocontamination is eliminated by using a desorption temperature of 65 °C or
more.

This chapter reports in details the progress in productivity of different arrange-
ments of adsorption-based desalination (AD) system in terms of cooling power and
specific daily water production (SDWP). It also predicts the future of the technology.
The working principle of the AD system is demonstrated, and the characteristics
of the recommended working pairs are discussed. The influence of the cycle dura-
tion and operating conditions on the system performance is presented. Moreover, it
presents and summarizes the improvement that has been achieved in the last decades
and the trend of this technology in the near future.

Water desalination

Non-thermal desalination Thermal desalination

Crystallization Evaporation Distillation

Membrane 
technology

HydrateFreezing

Adsorption 
desalination (AD)

Multi-effect 
desalination (MED) Vapor compression

Multi-stage flash 
(MSF)

Ion exchange

Reverse osmosis

Extraction

Electro-dialysis

Fig. 1 Categories of desalination processes



328 R. H. Mohammed and A. A. Askalany

2 Working Principle

Adsorption (AD) cycle has two main processes: (1) adsorption–evaporation process
and (2) desorption–condensation process [3, 5, 27, 19–21]. In the first process, the
surface area of adsorbent in the adsorption bed adsorbs by the vapor generated in
evaporator. Heat of adsorption is released during this adsorption process. A cooling
fluid is used to remove the heat generated in the bed to facilitate a continuous adsorp-
tion process. In the evaporator, chilled refrigerant is circulated through tubes, while
seawater is sprayed over the external surfaces of tube bundle as shown in Fig. 2a.
Initially, the evaporation is occurred by a heat source that ranges from 2 to 25 °C, but
during the adsorption process, the evaporator pressure drops due to the adsorption
and contributes in the evaporation. The adsorption process ends when the adsorber
bed reaches an equilibrium state. In the second process, low-grade waste energy or
solar energy is used to generate the adsorbent. The desorbed vapor is circulated to
a condenser to condense and stored as pure water in a collection tank. Obviously,
cooling power during the adsorption period and potable water during the desorption
period are the two beneficial outputs produced by the adsorption cooling and desali-
nation cycle. These two outputs are produced simultaneously by using a multi-bed
arrangement [36, 47] as presented in Fig. 2b. Each bed comprises a thermodynamic
cycle during the desorption and adsorption stage as shown in Fig. 3.

2.1 Adsorption Working Pairs

The performance of adsorption desalination systems critically relies on the solid
adsorbent ability to adsorb vapor and on the adsorption and desorption rate. There-
fore, the selection of an appropriate adsorbate/adsorbent pair is a key parameter
for designing an efficient adsorption system. The adsorbent surface characteristics
and the working pair thermo-physical properties are the main features in making a
decision. Working pairs control the operating pressure of the adsorption system as:

• Low-pressure systems: These systems use working pairs such as silica gel/water,
activated carbon/methanol, or zeolite/water.

• High-pressure system: The working pairs used in these systems could be silica
gel/sulfur dioxide, activated carbon/ammonia, zeolite/fluorocarbon, or activated
carbon/fluorocarbon.

In low-pressure systems, good design and manufacturing are required to avoid
leakage that seriously affects the system performance, whereas higher generation
(desorption) temperature is required in the high-pressure systems.

On the other hand, adsorbents for adsorption cooling applications can also be
classified into two main categories: classical and composite/consolidated adsor-
bent. Classical adsorbents are zeolite, silicagel, and activated carbon. Compos-
ite/consolidated adsorbents likeFAM-Z02 (silicoaluminophosphate), LiCl/silica, salt
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Table 1 Thermo-physical properties of common adsorption working pairs

Working pair Pore diameter
(nm)

Pore volume
(m3/kg)

BET surface
area (m2/g)

Maximum
capacity (kg/kg
of solid)

Silica gel
RD/water [41]

2.20 4.0 × 10−4 838 0.30

Fuji silica gel
RD/water [21]

2.24 4.4 × 10−4 780 0.48

Fuji silica gel
2060/water [21]

1.92 3.4 × 10−4 707 0.37

Silica gel
2560/water [33]

1.32 3.27 × 10−4 636.4 0.32

Silica gel
A++/water [33]

1.38 4.89 × 10−4 863.6 0.48

Zeolite/water
[28]

1.78 3.1 × 10−4 643 0.25

AQSOA-
Z01/water
[31]

1.178 0.712 × 10−4 189.6 0.215

AQSOA-
Z02/Water
[31]

1.184 2.69 × 10−4 717.8 0.29

AQSOA-
Z05/water
[31]

1.176 0.7 × 10−4 187.1 0.22

in porous matrix composite sorbents, and metal aluminophosphates (metal–organic
framework oxides synthesized without silica).

Although plenty of materials have the adsorption ability, silica gel and zeolite
are the recommended adsorbent materials for adsorption desalination application
because [6, 18]:

• Their high water uptake capacity under the operating conditions.
• Their capability of desorbing most of the adsorbed vapor when it is exposed to a
heating source.

• They have a relatively high heat of adsorption compared to sensible heat.
• Their chemical stability.
• They are non-corrosive and non-toxic.
• Their availability at low cost.

The maximum equilibrium uptake and the thermo-physical properties of different
kinds of zeolite/water as well as silica gel/water are summarized in Table 1.
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demand from manufacturing,
electricity, irrigation, and
domestic use by 2050
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3 Development of Adsorption Desalination System

World population continuously grows, and it is anticipated to rise from a present
value of 7.3–9.7 billion in 2050 and 11.2 billion in 2100, according to UN DESA
report (NU). Accordingly, water demand is projected to increase by 2050 by 55%
as illustrated in Fig. 4 (Helen). Accordingly, technical and scientific communities
focus on optimizing current adsorption desalination systems aswell as proposing new
ones. The recent research interests are dealing with the use of renewable energies to
produce freshwater from the seawater as well as cooling power.

In 1984, Broughton [7] reported the earliest unit of adsorption cycle for desalina-
tion purpose. Simulation for a thermally driven two-bed configurationwas conducted.
Further developments later have been carried out to enhance the systems perfor-
mance. Zejli et al. [47] described a multi-effect desalination (MED) unit hooked to
an adsorption heat pump using zeolite/water as shown in Fig. 5. This is a combination
of MED unit and adsorption heat pump cycle using internal heat recovery and sup-
plying the MED unit with seawater and steam. The desalination system comprises
an evaporator set between two adsorption beds and three-effect desalination system
(see Fig. 5). The heat recovery process suggested in this configuration was according
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Fig. 5 Scheme of the adsorption desalination plant

to the thermal wave concept. In this proposed approach, the heat rejected from one
bed is directly used on the second one that needs high-temperature thermal energy.
In the 1950s, the initial experiments conducted and produced an SDWP of 0.12 m3

desalinated water per ton of adsorbent. This innovative thermally driven distillation
technique opened the door for promising possibilities for developments.

Wang and Ng [39] and Wang et al. [40] presented an experimental investigation
of a four-bed adsorption desalination plant using silica gel/water as shown in Figs. 6
and 7. It has two major sections: cooling tower and heat source, and adsorption water
output unit as shown in Fig. 7. The operating procedure of the system is similar to
the adsorption cycle, while the condensed water is collected as distilled water. The
inlet temperature of fluid supplied to the adsorptive beds, condenser, and evaporator
are set as 29.4, 85, and 12.2 °C, respectively. This plant provided SDWP of 4.7 kg/kg
of silica gel. El-Sharkawy et al. [8] also concluded that the AD plant could deliver
about 8.2 kg of freshwater per kg of silica gel per day when the chilled water is set
to be equal to the ambient temperature. Further, it was reported that this cycle could
produce an SDWP of 7.8 kg/kg of silica gel at 30 °C evaporator temperature [23].

Ng et al. [24] built and evaluated a laboratory-scale two-bed solar-powered AD
cycle. Solar collector with a surface area of 215 m2 was used to provide the heat
required for the regeneration. The experimental results indicated that the adsorption-
based desalination unit could produce freshwater of 3–5 kg/kg of silica gel per
day. In the same way, an experimental adsorption desalination unit was designed
and constructed with the flexibility to operate either four-bed or two-bed operation
mode as shown in Fig. 8 [24, 36]. It consists of four sorption adsorbent beds (SE),
evaporator, and condenser as presented in Fig. 9. This plant has been built at the
National University of Singapore (NUS) in the Air Conditioning Laboratory. In the
four-bed mode, the hot water is fed in series to the adsorption beds, while water is
supplied in parallel in case of the two-bedmode; thus, they behave as a single bed. The
effectiveness of the heat source temperature, flow rate, and cycle time on the efficacy
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Fig. 6 Schematic of a four-bed AD plant [39, 40]

of AD system was studied. Optimum operating conditions of the AD cycle were
experimentally investigated. Figure 10 shows the SDWP for various regeneration
temperatures at the optimum time cycle. The experimentalmeasurements highlighted
that the four-bed operation mode delivers higher potable water than the two-bed
operation mode. In addition, noticeable improvement can be achieved using hot
water inlet temperature higher than 70 °C. The four-bed mode and two-bed mode
could deliver a SWDP of 10 and 9 kg/kg of silica gel, respectively, using a hot water
inlet temperature of 85 °C. This experimental study pointed out the prominence of
suitable convenient cycle duration and hot water inlet temperature in the operation
and design of adsorption desalination systems.

SDWP produced from a conventional two-bedAD systemwas enhanced by incor-
porating internal heat recovery approach between the condenser and the evaporator
[37]. In this developedADcycle, heat rejected from the condenser is used (recovered)
to evaporate the saline water in the evaporator. From another point of view, it can be
said that the condenser has been cooled down by the evaporator. This internal heat
recovery is implemented using a heat transfer cycle running through the condenser
and the evaporator of the cycle. The advantages of this suggested arrangement over
the conventional one are as follows: (i) The condensation heat is reused to evapo-
rate seawater, (ii) eliminating the pumping power required for running the cooling
water through the condenser, and (iii) recovery of the condensation heat increases
the evaporator temperature and hence increases the amount of vapor uptake during
the adsorption period. For this two-bed configuration, the numerical outcomes and
experimental measurements indicated that the maximum freshwater produced by the
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Fig. 7 A pictorial view of the four-bed AD plant [39]
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Fig. 8 Schematic drawing of AD unit in four-bed and two-bed mode. (blue valves are active in
four-bed mode) [36]

Adsorber bed

Pre-treatment tank

Evaporator

Fig. 9 Pictorial view of evaporator and pretreatment tank of adsorption desalination plant [36]
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Fig. 10 Water production
rate at various hot water inlet
temperatures for four-bed
and two-bed modes
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Fig. 11 Schematic drawing of a four-bed AD system [26]

developed cycle is 9.34 kg/kg of silica gel per day using regeneration temperature
(i.e., hot water inlet temperature) of 70 °C. The optimal cycle time of this advanced
cycle was found to be shorter than that of a traditional cycle. Ng et al. [26] presented a
theoretical study of adsorption cycle operated in a four-bedmode driven bywaste heat
(see Fig. 11) that simultaneously produces a cooling power and potable/freshwater.
The parametric analysis reported the effect of various chilled water temperatures on
the SDWP produced by the AD system as presented in Fig. 12. This AD unit is able
to deliver a freshwater of 8 kg/kg of silica gel/day using a 30 °C fluid temperature
(T ch) and 85 °C hot water inlet temperature.

At the King Abdullah University of Science and Technology (KAUST), KSA,
adsorption desalination-cooling pilot plant was designed and built as presented in
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Fig. 12 SDWP of AD
system at different chilled
water hot water inlet
temperatures
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Fig. 13 [25]. The plant consists of four silica gel packed beds, one evaporator, and
one condenser. 485-m2 flat-plate collectors are utilized to provide solar heat to the
plant, while water storage tanks are used to store the excess energy. The nominal
water production capacity of the plant is about 12.5 kg/kg of silica gel per day with
a cooling power of 84 kW (i.e., 24 refrigeration tons) using 85 °C hot source tem-
perature and 30 °C cooling water temperature. A new arrangement for this plant
was proposed and studied numerically [32, 34]. The proposed AD cycle used an
internal heat recovery scheme between the condenser and evaporator and utilizes
an encapsulated evaporator–condenser unit for efficient heat transfer as shown in
Fig. 14. The integrated evaporator–condenser unit is made of a shell-and-tube heat
exchanger. For this integration, the use of working fluid circuits to heat the evaporator
and to cool down the condenser is one of the advantages which results in a signifi-
cant decrease in the cost of the pumping power. Also, this configuration declines the
heat transfer resistances and improves the seawater evaporation rates. The analysis
of the theoretical results indicated that this advanced arrangement is able to deliver
a SDWP of 26 kg/kg of silica gel per day using a hot water temperature of 85 °C,
which is twofold higher than the basic plant. Further, the performance of an alterna-
tive arrangement, which is similar to the existing pilot adsorption desalination plant
in NUS, was studied numerically. This alternative arrangement with internal heat
recovery is a fully integrated condenser–evaporator design using a cooling fluid cir-
cuit for supplying the condensation heat of condenser to the evaporator as shown in
Fig. 15. Figure 16 presents a comparison between two advanced AD systems using
internal heat recovery and integrated evaporator–condenser device. Advanced AD
system using integrated evaporator–condenser device produces a SDWPof two times
higher than that delivered from AD system using internal heat recovery.

A laboratory two-stage AD system was designed and built as presented in Fig. 17
[12, 14]. The system consists of four beds in each stage, evaporator, and air-cooled
condenser. The system was designed to operate in three different modes: two-
bed/two-stage, three-bed/three-stage, and four-bed/four-stage. Figure 18 presents
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Hot water tanks

Solar collectors 

AD plant

Fig. 13 Pictures of the solar-powered adsorption desalination plant at KAUST, KSA [25]

Fig. 14 AD plant with integrated evaporator–condenser unit [25]

the timing scheme for two-bed/two-stage and three-bed/three-stage modes. Brackish
water evaporates in the evaporator and enters the first stage to be thermally com-
pressed to the pressure of the interstage. The vapor of intermediate pressure goes
to the second stage through a plenum to the condenser. Any pressure fluctuations
arising during the adsorption and desorption period are damped in the plenum. The
steam desorbed from the second-stage beds condenses in an air-cooled condenser
and then collects in a tank as freshwater. The adsorption beds of this system were
shell-and-tube heat exchangers packed with silica gel whose diameter of 1.6 mm on
the shell side and heat transfer fluid, which is water in this case, in the tube as shown
in Fig. 19. The absence of fins makes the packing of the silica gel easy by pouring it
from the top, and it becomes easier for vapor to penetrate through the bed. Results
indicated that an SDWPof 0.94 kg/kg of silica gel and cooling capacity of 26W/kg of
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Fig. 15 Schematic view of advanced AD system using an evaporator–condenser water circulating
circuit and internal heat recovery [25]

Fig. 16 SDWP of advanced
AD systems at various hot
water inlet temperatures
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silica gel with COP of 0.25 are produced from four-bed/four-stage AD system [12].
These results were achieved at 1.7 kPa evaporator pressure and 1800 s half-cycle
time. Moreover, simulations and experiments were conducted at various cycle times
and evaporator pressures to predict the desalinated water output. Figure 20 depicts
the effect of evaporator pressure on SDWP produced from two-bed/two-stage (see
Fig. 21) and three-bed/three-stage AD system at a half-cycle time of 1800 s [13,
14]. SDWP obtained from three-bed/three-stage AD system is about 50% higher
than two-bed/two-stage mode because of the existence of an extra bed/stage, thereby
increasing the vapor uptake. Furthermore, the influence of the chilled water inlet
temperature and air temperature on SDWP of two-bed/two-stage was studied exper-
imentally and numerically at 85 °C hot water inlet temperature [16, 17]. Figure 22
summarizes that this system produces an SDWP around 0.9 kg/kg of silica gel per
day at 1800 s optimal half-cycle time of using a chilled water inlet temperature and
an air temperature of 20 and 39 °C, respectively.

A developed zeolite material, namely as AQSOA-Z02, was proposed to be used
in adsorption cooling and desalination applications [46]. A differentiation between
the silica gel and AQSOA-Z02 was carried out when the adsorption cycle operates
in two-bed mode producing desalinated water as well as cooling effect. AQSOA-
Z02 was found to be not sensitive to the variations of chilled water temperature like
silica gel. AQSOAZ02 cycle delivered a SDWP of 5800 L of water per day and a
SCP of 176 kW at 10 °C evaporator temperature. In turn, silica gel cycle generated
only SDWP of 2800 L and SCP of 60.5 kW at the same evaporation temperature.
Results addressed that cycle using a silica gel could produce a maximal SDWP of
8400 L and SCP of 219.5 kW at a regeneration temperature of 85 °C and evaporator
temperature of 30 °C. Youssef et al. [46] conducted a numerical study to investigate
the implementing of AQSOA-Z02 in a new four-bed AD system. It consists of an
integrated evaporator–condenser device, evaporator, and condenser. Results showed
that production rate of the freshwater could reach 12.4 kg/kg of adsorbent per day and
a cooling capacity of 114W/kg of adsorbent at 10 °C evaporator temperature by using
a heat recovery scheme between the components of the system. In addition, results
indicated that the systemcould produce a desalinatedwater of 15.4 kg/kg of adsorbent
per day in the absence of the cooling effect. Ali et al. [2] presented a numerical
study for a double-stage system to provide a potable/freshwater from condensers
of both stages and cooling effect through stage 1 as shown in Fig. 23. AQSOA-
Z02 (i.e., advanced zeolite material) and silica gel utilized as a solid adsorbent in
stages 1 and 2, respectively. The system was equipped with a heat recovery between
evaporators and condensers of the cycle to increase evaporator pressure and decrease
the condenser pressure. This approach resulted in increasing the system outputs. The
SDWP from stage 2 was calculated to be 10 kg/kg of silica gel per day for 600 s
cycle time. This new configuration produces a more cooling effect and freshwater
than the conventional adsorption cooling and desalination systems by 45 and 26%,
respectively.

Askalany [5] proposed and studied an innovative integration of adsorption tech-
nique and mechanical vapor compression (MVC) cycle as shown in Fig. 24. The
performance of the proposed cycle was evaluated theoretically at various operating
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Fig. 17 Schematic and photograph of two-stage, four-bed/four-stage AD system [14]
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Bed 2-2

Bed 2-1

Bed 1-2

Bed 1-1

2-bed/stage mode operation

Precooling Adsorption
Preheating Desorption

Bed 2-4

Bed 2-3

Bed 2-2

Bed 1-4

Bed 1-3

Bed 1-2

3-bed/stage mode operation

Fig. 18 Timing scheme for two-bed/two-stage and three-bed/three-stage mode operation of AD
system

Fig. 19 Construction details of adsorber a beds of stage 1 and stage 2, b assembly of copper tubes,
and c schematic view of adsorber [14]

Fig. 20 SDWP of
two-bed/two-stage and
three-bed/three-stage AD
system
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Fig. 21 Drawing of two-stage adsorption cooling desalination system using air-cooled condenser
[13, 14]
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Fig. 22 SDWP of two-bed/two-stage AD system at various air temperatures and chilled water
temperature and 85 °C of hot water inlet temperature



344 R. H. Mohammed and A. A. Askalany

Cooling cycle Desalination cycle

1,2 Evaporator 3,4,5,6 Adsorber bed 7,8 Condenser

9 Water tank 10 Cooling tower 11 Feed water line

12 Brine discharge line V1-V8 Electromagnetic valves

Fig. 23 Schematic drawing of multistage AD system [2]

conditions using FORTRAN code. It was decelerated that SDWP of 14 kg/kg of
silica gel and SCP of 0.21 kW/kg of silica gel may be delivered, respectively. Com-
pared with a conventional AD cycle, the daily desalinated water was increased by
10–45% according to the driving temperature. Alsaman et al. [4] designed, built, and
tested a new proposed solar adsorption cooling and desalination unit that operates
under Egypt’s climate conditions. Figures 25 and 26 show solar hybrid AD system
using silica gel as a solid adsorbent material. The system was designed and built on
Sohag University, Egypt, and driven by 4.5-m2 evacuated tube solar collector. The
solar collector was connected to a thermal storage water tank driving the system.
The experimental measurements showed that the system is able to produce a SDWP
of 4 L per kg of silica gel and 5.3 L per kg of silica gel using cooling water inlet
temperature of 30 and 25 °C, respectively. Simulation results showed that SDWP of
8 kg/kg of silica gel every day could be produced at a cooling water temperature of
15 °C.

Thu et al. [38] investigated amulti-bed adsorption unit using internal heat recovery
approach between evaporator and condenser for desalination purposes. Schematic
diagram and photographic views of a four-bed AD cycle are given in Figs. 27 and
28. This configuration has three significant advantages:

(i) maximal use of the heat source,
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Fig. 24 Schematic diagram of MVC-AD system [5]

(ii) less variation in the evaporation and condensation temperatures,
(iii) saving in the pumping power because of the decreasing in the flow rate of the

heat transfer fluids.

SDWP of this cycle was estimated to be around 10 L per kg of silica gel using a
generation temperature of 70 °C. Figure 29 presents a comparison of various kinds
of adsorption cooling desalination systems. One advantage of this AD cycle with
this proposed configuration is its ability to provide good performance using a low
heat source temperature of 50 °C.

Metal–organic frameworks (MOFs), such as CPO-27(Ni), were proposed to be
used as adsorbent instead of silica gel due to its low water uptake capacity. MOFs are
porous substances with high internal surface area and hence providing high adsorp-
tion uptake. Utilizing of CPO-27(Ni) experimentally as an adsorbent material in an
adsorption system using only one bed for cooling and water desalination applica-
tionswas investigated [44]. In adsorption desalination cycle, it is not necessary for the
evaporator pressure to be less than condenser pressure, because the cycle is an open
loop in which evaporator is fed by seawater and desalinated freshwater extraction
from the condenser. The experimental results presented the SDWP at various con-
denser and evaporator temperatures as indicated in Fig. 30. Lowering the condenser
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Fig. 25 Schematic diagram of the hybrid ADC system [4]

temperature decreases the operating relative pressure ratio and allows the bed uptake
to reach a low amount. This leads to a remarkable increase in the cycle outputs. In
turn, increasing the evaporator temperature from 10 to 40 °C increases the freshwater
production rate from 6.8 to 20.6 L per kg of adsorbent/day when the cycle is operated
at 10 °C condenser temperature. A SDWP of 22.8 L per kg of adsorbent/day was
produced using evaporator temperature of 40 °C, condenser temperature of 5 °C, and
regeneration temperature of 95 °C.

4 Multi-effect Desalination/Adsorption (MEDAD) Cycle

Selecting the right technology for the desalination depends on many parameters
such as site location for brine discharge and feed intake, sort of energy source,
and the quality of produced water. Most of the thermal-activated desalination plants
have two main issues: (1) boiling of the seawater consumes high energy and (2)
fouling and scaling of the condensing/evaporating units. From the point of view of
energy efficiency, the adsorption desalination cycle is incompetent for water pro-
duction in the basic cycle arrangement due to the large latent heat of evaporation.
It typically depletes around 640 kWh/m3 of electrical power or more. Less than
15 kWh/m3 energy efficiency could be achieved by cycling the latent heat of evapo-
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Fig. 26 Photographs of the ADC system built at Sohag University, Egypt [4]
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Fig. 27 Schematic diagram of a master-and-slave configuration of four-bed adsorption cooling
desalination cycle [38]

Fig. 28 Photographs of the four-bed adsorption desalination (AD) system [38]



Productivity Improvements of Adsorption Desalination Systems 349

Fig. 29 SDWP of several
AD system configurations at
various hot water inlet
temperatures
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Fig. 30 SDWP produced
from one-bed AD system at
different condenser and
evaporator temperatures
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ration/condensationmany times [27]. To achieve this objective, the adsorption desali-
nation technology is integrated into thermally driven desalination cycles likeMSF or
MED cycle. The adsorption desalination cycle treats highly concentrated feedwater,
ranging from chemically laden wastewater to groundwater and to seawater.

A three-stages MED system was engineered and built in the National University
of Singapore (NUS) and then coupled to four-bed AD system as presented in Figs. 31
and 32 [27, 30]. Multi-effect desalination adsorption (MEDAD) system is an inte-
gration of traditional MED and AD cycle. MED comprises of a brine storage tank
and four evaporating/condensing effects, while the AD plant consists of four adsorp-
tion beds and one condenser. Seawater (i.e., feed water) is evaporated by falling film
evaporation process in the four effects of MED cycle. Evaporation heat is recovered
by reusing of the vapor condensation heat in the MED stages. The energy recovery
by vapor condensation and vapor production process continue till the last stage of the
desalination cycle. The vapor generated in the last stage goes to adsorption beds to
be adsorbed on the surface of adsorbent pores. As long as the adsorbent adsorbs the
vapor, the pressure drops and allows the saturation temperature of the last stages to
be less than the ambient temperature. Hooking the AD to the last stage ofMED helps
to expand the temperature operation range that helps to add more numbers of MED
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Fig. 31 A three-stages MEDAD experimental unit built in NUS [27, 35]

Fig. 32 A schematic of the hybrid MEDAD pilot [27, 35]

stages, resulting in higher system performance ratio. The hybrid plant was tested at
assorted heat source temperatures ranging from 15 to 70 °C [30]. It was observed
that the hybrid MEDAD cycle has a noticeable rise in freshwater production, up to
2.5 to threefold compared with a traditional MED at similar operating conditions.
Later, it was reported that MEAD cycle with seven intermediate stages produced an
SDWP of 24 kg/kg of silica gel with a performance ratio of 6.3 [35].
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5 Trend of AD System in the Near Future

Adsorption-based desalination plants powered by solar energy have been built and
installed at KAUST in Saudi Arabia and at NUS in Singapore. Different systems
have been installed in Singapore that use waste heat. In Saudi Arabia, three large-
scale systems will be implemented in the near future for desalination purposes.
Specific electrical energy consumption of less than 1.5 kW/m3 has been reported for
AD technology, which is substantially less than seawater desalination using tradi-
tional thermal-based and membrane-based technologies [22]. Although the theoreti-
cal invented and developed cycles of water desalination using adsorption/desorption
phenomena are not so recent, the experimental investigations are still in the cradle
with age less than 20 years. During this short period, specific daily water produc-
tion from experimental AD systems is still under 10 kg/kg of silica gel/day with an
ascending increase in the last few years. This may lead to an expectation of intensive
researches that might be conducted in the next few years in this field.

Based on the above-figured state of the art, one could extract some beneficial
data that could help in predicting the near future of the adsorption desalination
technology. The presented data could be summarized in Table 2 and Fig. 33. It can
be seen that silica gel comes first undisputed adsorbent of the applied materials in
AD experimental systems. The maximum SDWP could be achieved until now is less
than 25 kg/kg of adsorbent per day.

6 Conclusion

The efficient use of the renewable energy is the prime mover of the future sustainable
development of desalination plants. Energy and water systems are interconnected as
energy is required to produce clean water and provide cooling power. Brackish or
seawater is used in the adsorption cycle to produce potable water and cooling power
as well. This hybridization has been proposed for energy efficiency improvement
and system performance enhancement. Recent developments in the working pairs
used in different arrangements of hybrid adsorption-based desalination (AD) sys-
tem are reviewed in this chapter. It is shown that the water production and cooling
power mainly depend on the ability of the adsorbent materials to adsorb vapor and
the adsorption rate of the bed. Therefore, the picking up an appropriate working pair
is a key parameter for designing an efficient hybrid adsorption-based desalination
plant. It is highlighted that the operating conditions and cycle time of the system
significantly affect the water production. Reviewing the developments of this sys-
tem in the last decades reveals that the adsorption system could produce potable
water of 25 kg/kg of adsorbent when it is integrated with multi-effect desalination
(MED) cycle. This integration also reduces the corrosion in the MED system and
increases its production by twofold compared with traditional MED systems. The
low water production rate produced by hybrid adsorption-based desalination system
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Table 2 Summary of experimental and simulated adsorption desalination systems

Adsorbent System
configuration

Approach T source (°C) Cycle time
(s)

SDWP
(kg/kg adsor-
bent/day)
SCP (TR/ton
of adsorbent)

Zeolite 13X
[47]

MEDAD Exp. and sim. 120–195 NA 0.12
N/A

Silica gel
[39]

Four beds,
single stage

Exp. 85 180 4.7
N/A

Silica gel
[23]

Four beds,
single stage

Exp. 84 NA 7.8
N/A

Silica gel RD
[24, 36]

Two beds,
single stage

Exp./sim. 85 1240 9
N/A

Four beds,
single stage

1080 10
N/A

Silica gel RD
[24]

Four beds,
single stage

Exp. and sim. 85 1200 3–5
25–35

Silica gel RD
[37]

Two beds
with internal
heat recovery

Exp. 70 600 9.34
N/A

Silica gel RD
[37]

Two beds
with internal
heat recovery

Sim. 85 600 13.7
N/A

Silica gel
[26]

Four beds,
single stage
using 30 °C
chilled water
temperature

Sim. 85 960 8
52

Silica gel
[25]

Four beds,
single stage

Exp. 85 NA 12.5
N/A

Silica gel
A++ [34]

advanced two
beds with
internal heat
recovery

Exp. 85 1440 13.46
N/A

Silica gel
A++ [32]

Two beds
with internal
heat recovery
and
encapsulated
evaporator—
condenser

Sim. 85 600 26
N/A

Silica gel RD
[15]

Four beds,
single stage

Exp. 85 1200–1800 2.3
18

Silica gel
[29]

MEDAD two
beds using
100 kg of
silica gel

Sim. 50 NA 5 LPM

(continued)
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Table 2 (continued)

Adsorbent System
configuration

Approach T source (°C) Cycle time
(s)

SDWP
(kg/kg adsor-
bent/day)
SCP (TR/ton
of adsorbent)

Silica gel
[42]

Two beds Exp. and sim. 80 NA SDWP of
0.315 during
105 s

Silica gel RD
[10]

advanced
four beds
T cond = 30
°C and T evap
= 7 °C

Exp. 85 200–700 SDWP 12
SCP 25

Silica gel RD
[13]

Two beds,
two stages,
Pevap of
1.7 kPa.

Exp. 85 3600 15.8 L/day
460 W

Silica gel RD
[43]

Two beds
T cond = 10
°C and T evap
= 30 °C

Sim. 85 425 10
77

AQSOA-Z02
[45]

Four beds,
T evap = 10
°C

Sim. 85 600 6.2
53.7

Four beds,
T evap = 30
°C

7.2
55

Silica gel
[45]

Four beds,
T evap = 10
°C

Sim. 85 600 3.5
18

Four beds,
T evap = 30
°C

9.3
66

Silica gel [5] Two beds,
single stage

Sim. 85 500 14
60

Silica gel RD
[14]

Two beds,
two stages at
Pevap =
1.7 kPa

Exp. 85 3600 15.6
7.4

Three beds,
two stages at
Pevap =
1.7 kPa

24
7.4

Four beds,
two stages at
Pevap =
1.7 kPa

N/A
5.5

Silica gel RD
[17]

Two beds,
two stages at
Pevap =
1.7 kPa

Sim. 85 3800 0.9
6.8

Silica gel [4] Two beds,
single stage

Exp. and sim. 95–75 650 4
33

(continued)
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Table 2 (continued)

Adsorbent System
configuration

Approach T source (°C) Cycle time
(s)

SDWP
(kg/kg adsor-
bent/day)
SCP (TR/ton
of adsorbent)

CPO-27(Ni)
[9]

Two beds,
single stage

Sim. 150 700 4.3
35.3

Aluminum
fumarate [9]

Two beds,
single stage

Sim. 150 700 6.5
22

CPO-27(Ni)
[44]

One bed at
T cond = 5 °C
and T evap =
40 °C

Exp. and sim. 95 600 22.8
65
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Fig. 33 SDWP of established experimental AD systems in a chronological order
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is controlled by thermal response of the adsorption bed and mass transfer inside
the adsorbent material. Therefore, more research and developments are inevitable to
design adsorption beds with low thermal resistance and high adsorption rate to be
able to achieve more folds in water production. Lowering the cost to be less than
US$0.5/m3 of potable water will be an additional challenge that needs to be over-
come. Achieving these goals will help in designing a new generation of AD system
that will be able to compete with the other desalination technologies and meet the
increasing demand of clean water especially in rural and remote coastal areas.
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