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Abstract

A detailed summary of the most relevant aspects of the thermodynamics of a shallow solar still is
presented, including historical features not often found in the literature. Solar distillation has
grown from applying empirical knowledge to advanced modeling and simulation. Geometrical,
environmental and operational parameters of the solar still to heat transfer phenomena including
evaporation and condensation, are taken into account in this overview, giving a comprehensive
structure and classification to the study of solar stills from the thermodynamic point of view. The
article describes global parameters, such as solar radiation, wind speed and thermal insulation
among others and how they have been taken into account in the literature. Also, a distinction be-
tween internal and external heat transfer phenomena is proposed for clarification. Exergy balance
is included to account for thermodynamic imperfections in the several processes inside the solar
still.
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1. Introduction
1.1. History of Solar Distillation

Solar distillation of sea water is without doubt, one of the few possibilities to satisfy the water needs in many re-
gions of the world in a sustainable way. It is an ancient process that human beings have learnt in order to satisfy
different needs. Aristotle clearly explained in his writings the evaporation process as part of the water cycle in
nature and the ancient Egyptians showed solar distillation in their paintings and hieroglyphics.

Full accounts of solar stills within the context of seawater desalination have been presented [1] where an ex-
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tensive description of various designs of solar stills, from the single-box still to the sophisticated mutiple-effect
distiller and greenhouse-inclusive types are described. These authors mentioned that direct solar desalination
systems had low operating and maintenance costs, but required large installation areas and high initial invest-
ment. However, this is an appropriate solution for remote areas and small communities in arid and semi-arid re-
gions lacking water. These authors [1] pointed out that the first conventional solar still plant was built in 1872 by
Charles Wilson in the mining community of Las Salinas in Northern Chile. This still was a large basin-type still
used to supply fresh water from brackish feed water to the community, with a total capacity of about 23 m®day
and lasted 40 years until the mines were exhausted. A notable historical account of this project can be found in
[2], which offers a social and historical background about Wilson, the solar distillation plant and other authors
who wrote about it.

Few other historic reviews with different emphases have been reported [3] for designs and experiences during
the 50 s to 70 s; and more recently, an extensive account of solar stills has been published [4].

Solar distillation is one of the oldest methods used to produce fresh water for different basic human needs.
According to [5] and [6], one of the first treatises about solar distillation is De distillationelibri 1X, written by
G.B. della Porta in 1589. This work describes a solar distillation with glass hemispheres directly exposed to the
sun. In [7] mentioned Lavoisier and its method of solar concentrators for heating alembics in 1770. It is also de-
scribed in [7], manufacturing and operation advances of conventional basin and portable solar stills during
WWII. This author analyzes some isolated elements of the solar still independently, showing different experi-
mental results, such as the efficiency and fresh water production as a function of solar energy.

Perhaps the most important work of the last decades is [8]. This is the first work in which the basis of a com-
plete analysis of the energy balance applied to the different elements of the solar still is presented. The analysis
results in a lumped-parameters set of equations for simple and multiple-effect solar stills. The experimental work
is based on five “diffusive” solar stills in operation for several months, where an electrical heater supplies ener-
gy to the solar still instead of solar radiation. The correspondence between experimental and calculated distillate
production results is not good [8]; however, the model is found as a proper mathematical tool for design purpos-
es. Furthermore, [8] presents a general energy efficiency for the still defined as the ratio of heat used for evapo-
ration in comparison with the amount of energy supplied to the still, reporting an efficiency of 57.7%.

Morse and Read [9] presented an important theoretical and experimental study in the solar distillation litera-
ture due to the parametric nature of thermal analysis and the method used to solve it. The method consists of a
characteristic chart where the different heat fluxes can be expressed as a function of the glass cover temperature.
Parameters involved in this study are wind velocity, ambient temperature and heat losses from the base.

Cooper [10] presents a purely theoretical, finite-difference model for the energy balance of the glass cover and
the brine. The influence of several parameters, such as initial mass of brine—with and without thermal insula-
tion under the basin—, is analyzed. Several other later works ([11]-[15]) have established the lumped-parameter
equations for the energy balance, based on the model in [8] with several useful modifications.

In the authors’ opinion, Solar Distillation [6] is one of the most important and complete works in the Solar
Distillation field. It describes the heat transfer model of a solar still, the energy balances and the results of distil-
lation yield as a function of time. Also, there is an extensive description of systems, configurations and applica-
tions of solar stills along with certain aspects of engineering economics.

1.2. Description of a Single-Basin Solar Still

The simplest design of a solar still consists of a rectangular box with a transparent upper cover as in Figure 1.
This cover is usually a glass or a plastic sheet where, in the inner face, condensation is produced. The side walls
are often made of an insulating and impermeable material to reduce heat and vapor losses. Solar stills can be
mounted above the floor or lying plainly on the ground; either case, the bottom of the still is specially covered
with an insulating material to reduce heat losses that can be particularly high along the direction normal to the
bottom.

The solar distillation process is as follows: 1) the still is partially filled with brine in the bottom deposit which
is a black surface (collector) used to absorb incoming radiation after it passes through the glass cover and the
brine; 2) the collector increases its temperature and transfers heat to the brine; 3) water evaporates at the free
surface; 4) a natural convection flow of humid air circulating inside the enclosure takes place due to the temper-
ature difference between the free surface of the heated brine and the upper cool cover; 5) this inclined trans-
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Figure 1. Schematic view of a single-basin solar still.

parent sheet serves as a condensing plate where the distillate water runs by gravity along its internal face to a
small collector channel in the shortest sidewall of the arrangement. There are other several designs for solar stills
varying in complexity and applications. A thoughtful and extensive review of solar stills designs and their appli-
cations can be found in [1] [6] [16].

2. Global Parameters of a Solar Still

We call Global Parameters to characteristic properties, dimensions and factors that influence the distillation
yield sprouting from climate, configuration and designing decisions. These parameters are usually studied by
researchers in the solar still field to understand the influence on overall still variables such as distillation yield or
efficiency. There are other several parameters that could be taken into account into a list of this type; however,
the authors feel that these are representative for introduction purposes in this study.

2.1. Solar Radiation

The Sun is in essence a huge fusion nuclear reactor where the gravity pushes together hydrogen atoms at an
enormous pressure and transforms them into heavier helium atoms. This process produces a deficit in the mass
balance between hydrogen and helium, and this lost mass is actually the energy produced by the fusion reaction
and radiated away. This is what we call solar radiation.

Solar radiation represents the driving force that keeps a solar still running and producing distillate water.
Some 1360 W/m? of radiation power reaches the Earth’s atmosphere. This is a rough value called “The Solar
Constant”, which actually is not constant because it varies some 3% due to variations in Sun-Earth distance
along the year. Also, there are periodic variations in the power emitted by the Sun as the measurements from
Spatial Agencies’ satellites and Observatories around the planet have shown.

Some 30% of this radiation is reflected by the atmosphere so that, let us say, 800 W/m? reaches the surface of
the Earth in a very sunny day near the Equator. This means that, if completely absorbed, 1 m2-surface collector
receives the same power than eight 100-Watts light bulbs. In just 12 hours, this 1-m? device receives almost 10
kWh of solar energy, that is, 10 days of a color TV’s usage. According to the World Bank data [17] in average, a
person in the US consumed 36.29 kWh of electricity each day back in 2011. A perfect solar collector would need
just 3.5 m* to satisfy the electricity of one person by using 12 hours of sunlight.

Now, these are optimistic numbers because there are geographical, seasonal and weather variations that re-
duce the 800 W/m? down to some 170 W/m? as an average according to the World Energy Council [18]. This
figure is averaged in time (24 hrs) and across regions of the planet. There are places on Earth that far exceed 170
W/m?, especially those near the Equator. Furthermore, no solar device has 100% efficiency; thus, the power
output of a device using solar radiation would be lower than 170 W/m?. Solar radiation is a resource that needs
more efficient conversion devices and relative large areas in order to compete with fossil and fissile energy
sources. Although this work is not dedicated to the resource of solar radiation and its characteristics, it has to be
noted that the discussion of solar energy conversion has to be centered on the efficiency of devices, instead of
the solar resource. The solar resource is very little negotiable, unless solar concentration steps into the discussion.
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There is not much to do about the amount of energy reaching the surface of the Earth but there is a lot to do with
the amount and the quality of solar devices can be placed in the surface of the Earth. Most of the countries
where solar conversion devices are in full development are located in poor solar-radiated zones like Northern
Europe which shows that the scarce solar radiation should not be a decisive factor when considering options
about the energy supply.

2.1.1. Description of the Radiation Phenomenon

Radiation is a mechanism of heat transfer between two bodies. The main feature of radiation lies in the fact that
there is no need of a participating medium between the source of the radiation and a receiver. Radiation can
transport heat through vacuum and the main example is solar radiation going through an almost empty space
between the Sun and the Earth. As long as radiation travels through space, whether it is empty or not, it can be
described accurately as a wave. This wave is produced by vibrations in the particles of the source. Each time a
molecule changes its energy levels, radiation is produced [19]. However, radiation also behaves as particles
called photons.

In summary, radiation can be both, a wave and a particle. For some particular conditions it will behave like a
wave (the interference phenomenon) and for some other conditions it will be described as a particle (the photoe-
lectric phenomenon). This duality has intrigued and mesmerized physicists since it was first proposed.

The nature of radiation is complex and it basically needed a whole new theory just to be completely unders-
tood and explained. One part of the knowledge about radiation was given by Electromagnetic Theory, which was
completed when James Clerk Maxwell established the link between the laws of electricity and magnetism.
However, there was a situation in the theory that was dramatically called Ultraviolet Catastrophe where experi-
ments showed that the mathematical model used to describe the ultraviolet power radiation was wrong for cer-
tain frequencies. Planck solved the problem by bringing up something that was later called Quantum Theory
[20].

Radiation is a phenomenon that depends on several parameters:

1) Intensity;

2) Wavelength;

3) Angle of the ray with respect to the normal of the surface of the source;

4) Optical properties of the material;

5) Solid angle described by the bundle of rays;

6) Temperature of the source and the receiver.

So it is easy to note that the modeling of radiation from the viewpoint of heat transfer is complex and multi-
dependent. A unique characteristic of radiation is that the heat transported is proportional to T*, different from
the convection-conduction linear dependence on temperature. That is the reason why radiation becomes the do-
minant heat transfer mechanism when temperature increases as it can be perceived in incandescent bulbs, fur-
naces, combustion devices and, of course, the Sun, among others.

When it comes to solar conversion technology, the solar radiation values takes into account the solid angle
produced by the solar disk in space, the integration of all solar wavelengths, and supposed to reach the solar still
at a 90° angle from the horizontal. About the optical properties of a solar still, the glass cover is considered a
surface with very high transmittance and no absorptance. The brine, if considered as part of the analysis, shares
almost the same optical characteristics than the glass cover although care should be taken whenever the level of
brine or its brackishness increases. The bottom of the still is considered to be a perfect absorber with zero trans-
mittance and reflectance. The air-vapor mixture within the solar still is simply disregard as a non-participating
medium. There is a vast literature about radiation [19] and solar radiation for engineering purposes [21] where
the reader can find complete information regarding these topics.

2.1.2. Direct, Diffuse and Global Solar Radiation
Radiation can be classified into three types that are especially important in solar conversion technology: direct,
diffuse and global.

Direct solar radiation is the part of the radiation that comes straight from the sun without being scattered by
any participating medium. It can be described as a coherent pencil of rays that does not diverge from its original
path. It can be measured by a pyrheliometer. A pyrheliometer is a device that uses a collimator tube which is
blackened and diaphragmed to receive the ray and drives it into the sensor. The collimator tube allows only an
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angular acceptance of solar radiation of about 5° and 6° of the total sky hemisphere [22]. The sensor is a set of
thermopiles located at the bottom of the collimator tube. As the thermopiles receive solar radiation, they increase
in temperature and produce an electrical current which is a linear function of solar radiation intensity.

Diffuse radiation is constituted by electromagnetic waves that have been scattered by matter within the path of
the wave so many times that its intensity, wavelength and directional properties are completely different from
those of the radiation leaving the source. It is the radiation coming from the sky hemisphere that is not direct
radiation. Pyranometers are instruments that measure diffuse radiation or global radiation depending on how the
instrument is set. A pyranometer is a device that uses a transparent hemisphere glass at the top that allows radia-
tion to heat, again, a thermopile that produces an electrical current when radiation lies within 0.3 and 2.8 pm
which is 99% of solar radiation [22]. However, some pyranometers might have silicon photovoltaic sensors. For
diffuse radiation measurements, no direct radiation is allowed into the pyranometer, therefore, there are disks or
shadow bands located above the glass hemisphere to block and then prevent direct radiation reaching the pyra-
nometer’s sensor. Corrections are needed for accurate measurements of diffuse radiation when using a pyrano-
meter due to the blockage.

Global radiation is obtained simply by adding the direct and diffuse radiation components. Global radiation is
measured with a pyranometer too, the difference being that there must be no objects between the hemisphere and
the instrument. Both pyrheliometers and disks or shadow bands for diffusion radiation pyranometers need a
tracking system to follow the sun’s path across the sky both for daily and seasonal variations.

2.1.3. Maps and Units

As any other solar energy conversion technology, solar stills rely on the intensity of solar radiation as the most
critical and important parameter. With the advent of solar energy engineering devices and concerns over climatic
changes around the world, solar radiation maps have become available in almost every region on the planet.
These maps are color or gray tones representations that show the amount of solar resource reaching the ground
as a function of space (regions) and time (per day or per year). It can be seen in this maps that the higher inten-
sity radiation is distributed around the Equator and especially on desert areas of the planet such as Australia,
Mexico, Middle East and North Africa.

It is important to clarify some of the terms and units employed in solar energy conversion technology since
there are many in the literature to describe different concepts interrelated. We suggest following the nomencla-
ture given in [23]. Solar radiation is simply a general way to describe the radiation phenomenon that stems from
the sun. Irradiance is the radiation power per unit area and its units are W/m? Irradiation is the radiation energy
per unit area and its units are J/m% The difference between these two magnitudes is time.

Irradiance is measured instantaneously. Take, for example, that at 6 o’clock in the morning, an instrument
measures an irradiance value of, say, 100 W/m? but two hours and a half later, the instrument reads 345 W/m?.
One instant is for only one measure that results in only one value. On the other hand, an instrument that meas-
ures irradiation needs an interval of time. From, say, 6:00 a.m. to 8:00 a.m., the accumulated value of energy that
arrived as radiation is, let’s say, 1500 J/m?. It is a measurement that needs some time to be taken; it is not possi-
ble to have an instantaneous value of irradiation. The difference between the two is simply a matter of the in-
formation they provide: an instantaneous measure of the energy in radiation (Power in kW/m?) or the accumu-
lated energy in a certain time interval (Energy in KWh/m? or J/m?).

When it comes to Solar Maps, units are not the same for all of them since they are arbitrarily chosen by the
research group or editorial board of the publication. However, they can be easily transformed between one
another and both are clear information about the solar resource. Most of the maps show Irradiance as the varia-
ble of study, because they use kWh/m? per year or per day, that is the time-averaged energy (kwh) falling in
some region.

2.2. Thermal Insulation

The goal of thermal insulation is to minimize heat leaks through the side and bottom walls of the solar still.
Thermal insulator materials have to fulfill the requirements of a long-life operation while resisting aggressive
environments such as humid and saline near the sea coasts or arid and corrosive in desert industrial zones keep-
ing in mind that they should be as cost-effective as possible.

Thermal insulation is a resistance to heat fluxes that depends on the thermal conductivity of the material that
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surrounds the brine. Definition of thermal conductivity comes along with Fourier’s constitutive relation that
models heat transfer phenomenon by conduction through a medium.

If the thermal conductivity is reduced, the temperature difference between the collector and its surroundings
will increase, for instance, the still will be better insulated. Insulation is considered an isotropic and independent
of temperature in order to be characterized by a constant thermal conductivity. Heat conduction losses through
the insulation are reduced if ambient temperature increases or wind speed decreases (for a mounted still).The in-
fluence of insulation has been proved to be significant up to some degree. Theoretically [9] and experimentally
[24] validate this tendency:. It is seen that the usefulness of insulation manifests up to a certain value of thickness.
Cooper [10] showed that the absence of a thermal insulator has no significant effect, but a 30% increase of dis-
tillate production is obtained for 0.5 to 12 inches of brine-glass cover gap using thermal insulator.

2.3. Wind Speed

Wind speed is the most unpredictable of all solar still parameters due to its very own nature. Solar stills are not
necessarily located in regions where charts of wind speed and direction are known or available as is the case for
regions where, for example, wind turbines are installed. Therefore, it is a parameter that cannot be controlled or
specified with relative good accuracy for solar still operation.

The effect of wind speed is a reduction in the overall temperature of a solar still which would be an undesira-
ble effect. However, if the wind flows over the glass cover it extracts heat from it and promotes an increase in
still productivity due to a larger temperature gap between brine and glass cover. Looking into the detail of heat
transfer phenomena within the solar still, the more heat we extract from the glass cover, the higher yield we
would get out of it.

When the outside surface of the glass cover is blown with colder air, heat is dissipated to the surroundings.
This dissipation is increased whenever wind speed increases due to a higher heat transfer coefficient. McAdams
[25] presented an expression for the heat transfer coefficient over a surface as a function of speed. This expres-
sion have found widespread acceptance in the solar still literature but it has to be noted that the expression is an
experimental result [25] found by Jurgesback in 1924 for a parallel airflow at room temperature over a vertical
copper plate. These specific experimental conditions are far from representing a solar-still glass cover, however,
we think that there wasn’t much information regarding heat transfer coefficients back in the 1960’s and McA-
dams [25] was a strong reference for heat transfer studies.

Wind speed is a parameter that has been studied with no conclusive results regarding a positive or negative
influence on distillation. El-Sebaii [26] has numerically shown that at higher wind speeds, both temperature dif-
ference and distillation output increase but only up to a certain value. Its influence on distillation rate has been
debated with contradictory results in several articles. Morse and Read [9] in their parametric study conclude that
wind speed is not relevant for distillation output. Malik et al. [6] reported a steady increase in daily output as the
loss coefficient decreased. Cooper [10] found that wind speed over 5 miles per hour have a marginal augmenta-
tion effect on the distillate yield.

2.4. Brine Inlet Temperature

Considering the heat transport phenomena, brine temperature is relevant to all heat fluxes from basin water, that
is, evaporation, free convection and radiation. Evaporation rates increase for higher water temperatures due to
the fact that less energy is needed to break the barrier from liquid to gaseous form. Another way to look at it: at
some specific pressure (atmospheric pressure), water will evaporate at the saturation temperature and the higher
brine temperatures are the closer brine is to saturation temperature. Therefore, it is not surprising that some
techniques use residual heat to preheat brine ([27]-[29]).

In fact, solar stills are at the bottom of high temperature requirement for thermal devices needing only some
5°C to 10°C above environmental temperature in order to function properly, in contrast with metallurgical fur-
naces or power plants, for example. Most of the industries that produce residual heat don’t have solar stills to be
fed because they have full access to clean water by other means. Nonetheless, it would be interesting to promote
the idea, whenever it is cost-effective, that solar stills could be a part of every industry if space or costs are not
restricted. Distilled water could be for staff use or distributed to the community as a social benefit for the com-
pany or district.

For high latitude regions where cold brine is found and the possibility to preheat it is economically unfeasible,

)
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low-level-basin or wick-type solar stills should be considered for higher distillate yields.

2.5. Brine Depth

The amount of brine inside the basin determines the brine depth or the level of brine. This is a parameter that
appears only in analyses where the heat transfer between the collector and the brine is considered. There are stu-
dies where the brine and the bottom of the still are thought as the same system [8]. This has two consequences:
first, this means that radiation doesn’t contribute to heat the brine; and second, that all the performance of the
still is independent on the water depth which is arguable, as experimental results in the literature.

Water depth implies the total amount of water in a solar still. The bottom of the solar still has a surface which
is fixed. The brackish water or brine that is poured into the basin spreads through all that area and reaches a cer-
tain level inside the basin of the solar still. The mass of water is directly proportional to the thermal inertia of a
solar still. Thermal inertia is how resistant the brine is to change its temperature. It depends on the heat capacity
and the mass of the brine. The higher the thermal inertia, the greater the time it is required for the still to produce
distillate.

Tripathi and Tiwari [30] showed that for 0.10 m and 0.15 m of brine depth, higher distillation rates were
achieved due to thermal storage effect. They found not only distillation was influenced by brine depth due to
thermal storage effect but also due to the modification of the heat transfer coefficient between water surface and
inner condensing cover by changing their average spacing.

Tayel et al. [31] studied different configurations and parameters in solar still productivity, one of them being
brine depth. The study shows that the highest distillation rate is found for a 2-cm brine depth. Badran [32] expe-
rimentally studies enhancement parameters for a solar still. As brine depth increases, productivity decreases due
to an increase in heat capacity of the water in the basin which, in turn, reduces evaporation rate for the same so-
lar input. Furthermore, in terms of how solar radiation is affected by a layer of water depending in its depth is
reported by Kreider and Kreith [33].

2.6. Cover Tilt Angle

The cover tilt angle is fundamental for the production of distillate water. It provides the proper inclination for the
condensate to flow out of the still: a small angle would produce condensate to drip from the interior face of the
glass cover while a large angle would increase still costs and compromise mechanical support.

As Rahbar and Esfahani [34] pointed, the model from [8] has a limitation due to the 10°-angle value for the
cover tilt, which is a small value even for low-latitude locations. This limitation has promoted a considerable
amount of studies regarding cover tilt angle in solar stills, whether they are single or double sloped.

A thorough survey of studies where cover tilt angles were examined can be found in Khalifa [35]. This author
examined the relationship between cover tilt angle and latitude for optimal distillate production. It seems that for
higher productions, cover tilt angle and latitude should be close to each other, which is a rule of thumb for solar
water heaters. However, conflicting results can be found about this parameter as the author pointed out.

3. Thermal Balances

Current trends on solar distillation are based on new geometrical designs, evaporative-enhancing materials, its
coupling with photovoltaic cells and surfactants supplied into the brine. But in the opinion of the authors, there
has been little effort in trying to explain and widen fundamental knowledge on transport phenomena, primarily
inside the still, where the useful effect occurs. Evaporation and condensation are critical phenomena for solar
distillation and most of the theoretical and experimental relations are simplifications leading to very useful de-
sign information. However, in this work emphasis is made in reviewing classical aspects of heat and mass trans-
fer and exploring solutions based on ideas located in other fields of study.

A series of thermal analyses considering the transient operation of the still, are presented, based on the pub-
lished literature and the author’s own experience. These include physical and mathematical modeling of internal
and external transport phenomena that affect the response of the still, as well as thermodynamic balances of the
whole equipment and environment coupled systems. The internal analysis comprehends natural convection from
basin to brine and from brine to air, and thermal radiation from the basin to the glass cover. The external analysis
considers solar radiation from the glass cover to the surroundings and into the basin.

()
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3.1. Internal Transport Phenomena

3.1.1. Natural Convection from Brine to Glass Cover

Convection is the method in which heat flows by the motion of a fluid. Natural convection is the heat flow when
the fluid is set in motion by some force inside the fluid. This force is produced by a difference in density within
the fluid. Density changes may be produced by a temperature difference or a concentration difference. Natural
convection is a critical mechanism inside the still: no water steam evaporating from the brine could reach the
condensation surface (glass cover) without the motion of natural convection cells.

For many years it was taught that energy and mass transport in solar stills were mainly accomplished by dif-
fusive transfer in most part of the still, with a little boundary layer type flow close to the glass cover and may be
in a small region adjacent to the liquid surface [8]. The reason for this interpretation can be found, perhaps, in
that there were no detailed experimental and visualization studies except for the investigation conducted by
Baum and Baimarov [36], showing a physical structure resembling very much to the one described above.

Nevertheless, natural convection in a solar still has been recognized by contemporary authors, as the most
important mechanism for heat transport along with evaporation from the surface of the brine to the glass cover
([6] [37] [38]). The extensively used model for free convection in a solar still, widely referred to in the literature,
is the one first proposed in [8] and explained in detail in [6].

Dunkle [8] proposed that the Nusselt number for free convection could be expressed as:

Nu=C(Gr=Pr)" (1)

where the constants C and n are obtained from experiments, with different values that depend on the flow
regime either, laminar or turbulent,

Laminar flow 10* <Gr <3.2x10° C=0.21, n=1/4
Turbulent flow 3.2x10° <Gr <10’ C=0.075, n= 1/3

Malik et al. [6] considered a turbulent regime which cancels out the presence of a length scale in the Grash of
number and this result is interpreted as if the heat transfer coefficient h,, would not depend on the height of
the still (the distance between the surface of the brine and the glass cover), contrary to what Porta-Gandara et al.
[39] have reported. Hongfei et al. [40] on the other hand, considered a laminar regime in the solar still, based in
their own experimental results. To add even more uncertainty in the regime that one would expect, Porta-
Gandara et al. [39], Rubio et al. [41] and Porta-Gandara et al. [42] presented flow visualization results for a
transition regime in the same class of solar still, Figure 2. In addition to the turbulent regime for natural convec-
tion within the still, Malik et al. [6] proposed a limited range of temperatures for which the values of the physi-
cal properties of the fluid remain constant with the temperature. With the appropriate consideration of mass
transport during evaporation they arrive to the generally accepted expressions:

1/3
q., =0.884| T, —T +M(T v273)| (T,-T,) @)
o "% 268.9x10°-P, " v
and
h., = 0.884AT " ©)

where T, is the temperature of the glass cover.

Malik et al. [6] used a linear expression for the pressure based on the temperature. There is an exponential
approximation of the pressure function in terms of temperature which tends to be more accurate [37].

When mass transfer occurs between two substances with different molecular masses, such as the case of water
into air, a modified Grashof number is required, as described in Malik et al. [6]. The modification of the temper-
ature difference affects the Grashof number in the following way:

X ,
Gr= ng AT (@)

where

)
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Figure 2. Visualization of fluid flow inside a solar still by Porta et al. [39].

AT =(T,-T,)+ (P;.STQF?WTW (5)
Therefore, the Rayleigh number is
Ra=GrxPr (6)
where the Prandtl number is defined as
Pr = uc, /k @)

In almost every heat transfer study, the Nusselt number is used as ratio of convection and conduction, de-
scribing how heat flux is transported between the walls into the fluid region.

Nu = h,,x/k 8)

3.1.2. Natural Convection from Basin to Brine

Once solar radiation increases the temperature of the basin, typically a black surface, heat is transported to the
brine by natural convection. As a result, the brine is heated by convection currents from the inside bottom of the
still and brine increases its temperature which, in turn, favors evaporation. In terms of modeling, this particular
heat flux is often not taken into account by some authors, noticeably [8]. He establishes that the energy gain by
the water is due to the absorption of the radiation of the still’s base. This fraction is due to the high transmittance
of, both glass cover and brine layer, and also due the high absorptance of the base. In this case, the solar still
base and brine is the same thing for modeling purposes. Therefore, there is no basin-to-brine convection. Fur-
thermore, the amount of water inside the basin may be so low that water convection cells may be inhibited and
only conduction is present.

Oeorw = hcolw (Tcol _Tw) (9)

3.1.3. Radiation from the Brine to the Glass Cover (or Elsewhere)

Radiation is perhaps the least dominant heat transfer phenomenon within the solar still due to the relative low
temperatures of the overall solar still. Radiation from the brine to the glass cover can be divided in short and
long wavelength. Short wavelength radiation is the amount of solar radiation that is reflected back from the
brine surface or the bottom liner of the still to the glass cover. In most studies this radiation is simply neglected.
On the other hand, long wavelength radiation (IR radiation) emitted from the basin to the glass cover is fre-
quently taken into account.

The mathematical expression for heat radiation, in this case, is

O =02 (To = T5) (10)

Theoretically, using a trial method, Dunkle [8] found that radiation accounted for 10% from the overall energy
budget in the still when using a value of 0.9 for water emissivity.

3.1.4. Evaporation
Evaporation is the phase change of the brine or brackish water from liquid to gas and the mechanism that sepa-
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rates salt (or some other dissolved or suspended particles) from water, which is the first goal of any still: the se-
paration process.

In the solar still, once the brine receives a certain amount of heat (enthalpy of evaporation) it changes from a
liquid phase to a gaseous phase. Then it flows upward to the glass cover due to convective currents. The driving
force for evaporation is a pressure difference. In the vast majority of cases, this pressure difference is produced
by a temperature difference which modifies the partial pressure of steam in two regions of the still. In the brine
surface, temperature is higher, so the partial pressure of steam, whereas inside the glass cover, partial pressure of
steam is lower due to lower temperature.

Evaporation is a complex phenomenon that involves coupled heat and mass transfer, geometry parameters,
external forces (gravity) and the properties of substances. From the viewpoint of the Kinetic Theory of Gases,
evaporation is born from an unbalanced situation when more particles cross the interphase from the liquid to the
vapour region than particles going from the liquid to the vapour region. Kinetic Theory calculates the mass flux
from one phase to the other as a function of temperature and pressure [43]

. (M v p
i~(ze) )

Malik et al. [6] proposed a heat flux coefficient for evaporation in a solar still after the analysis of mass bal-
ance between the surface of the water and the glass cover. This coefficient is expressed as a function of the par-
tial pressures of the vapor in the surface of the water and near the glass cover. The difference of partial pressures
in these two regions of the still is the driving force that produces evaporation from the surface.

h,, = {M—j[iJ[i] e, (12)
M a c p.a Ptot

After making some assumptions about the numerical values of water and air properties and pressure, the heat
transfer coefficient for evaporation is:

h,, =0.013h,, (13)
After some algebraic manipulation and considerations, it is found:

0., =16.273n,, (P, - P,) (14)

g

In general, heat released from evaporation is expressed by:
M h P,
q :ﬂ,[ WJ( cw ] P —-P tot (15)
“ Ma Cp,a ( ! g) (Ptot_Pw)<Ptot_Pg)
3.1.5. Condensation

The condensation process in a solar still is a phase change from gaseous to liquid phase produced in the inside
cold surface of the glass cover [44]. Unfortunately, most of the theoretical and experimental studies about solar
stills almost completely disregard condensation as a fundamental part of the process of fresh water production.
One notable exception is [45] where a model and experiments are developed in a tubular solar still in order to
get correlations that take into account the effect of air in steam condensation.

At all lights, condensation is the final step towards distillate output in the sequence of processes within a solar
still and it should be considered as a critical part in the distillation process, enhancement techniques and optimi-
zation-based design.

This topic has received a lot of attention in the condenser literature for power plants, specially nuclear power
plants and refrigeration applications. However, it is important to note that industrial condensers work with just
one component or species on its condensation surface (air is avoided, as a rule, due to corrosion problems) whe-
reas the glass cover of the solar still condensates water in the presence of air, a non-condensable gas. In this re-
gard, a great amount of literature has been produced in the nuclear engineering field to study the effect of non-
condensable gases in condensation on vertical and horizontal tubes ([46] [47]).

In any case, condensation inside a solar still occurs in a boundary (interior face of the glass cover) where the

)
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fluid has small amounts of water vapor so that it shares this feature with psychrometry applications.

3.1.6. Diffusion

Diffusion is the transport of substance(s) within a region occupied by other substance(s) by means of molecular
interactions. These substances are called species and in order to have diffusion, at least two species are needed in
the same region. Diffusion is a very important subject of study for chemical engineering, kinetics, electrochemi-
stry and other related analysis such as transport of biological components.

Mathematical modeling of mass transfer by diffusion can be approached in several ways ([43] [48]). However,
most of the analyses use the constitutive relation called Fick’s law to relate concentration gradients to diffusion
mass fluxes. Water steam diffusing into air is a commonly known process and data such as diffusivity coeffi-
cients are easily available in the specialized literature. In a solar still, diffusion of evaporated water within air is
neglected as an influential transport phenomenon inside a solar still in comparison to the mass transported by
free convection currents.

Using scale analysis, the diffusion time needed for a particle of water steam to diffuse up to the glass cover is

H 2
tdlf D (16)
where H is the distance diffused by species and D, the diffusivity of the water vapor. Now, a 20-cm height
from brine surface to the glass cover and 0.260 cm?/s asthe value of diffusivity of water in air [48], the diffusion
time is approximately 1540 seconds or 26 minutes. On the other hand, the time for transport due to free convec-

tion is
H
t, = /_ 17
dif ﬂgAT ( )

Assuming the water vapor as an ideal gas, properties at 40°C and a temperature difference, AT equal to
20°C, the convective time is 1.64 seconds. In a solar still, diffusion is slow in comparison to convective transport.
A 2-mm gap between brine surface and glass cover is needed for diffusion to be as dominant as free convection
for mass transport. It is noticeable that [8] and [36] mentioned “diffusion stills” emphasizing diffusive process as
the dominant driving force within a still.

Rahbar and Esfahani [34] included diffusion transport in their CFD study by adding the buoyancy force due to
concentration gradients in the momentum equation. They presented contours of vapor mass fraction inside the
solar still showing high concentration gradients near the surfaces and almost constant concentration regions in
the bulk fluid along with the traces of convective cells, which is the result of a dominant convective transport.

3.2. External Transport Phenomena

As long as heat flows within the solar still, it is part of the Internal Transport phenomena. External Transport
Phenomena are simply heat transfer losses from the solar still to the surroundings. From the efficiency point of
view, some of these losses decrease the performance of a solar still so they need to be minimized. However, it is
important to recognize that glass cover “needs” to lose heat so that a temperature difference between the brine
and the glass cover is established in order to enhance distillate yield and perform properly. Thus, some heat
losses should be minimized by design while other heat losses should not.

3.2.1. Conduction from Basin to Surroundings
Heat flows from every wall containing the basin to the surroundings by conduction, which is mathematically
modeled by Fourier’s law of conduction:

KAT

ins — X (18)

Typically, cheap, insulating materials are used to build solar stills like wood, cement and fiberglass. For some

fixed temperature difference between brine and ambient temperature, the largest surface conducts more heat than

the others. This means that the basin bottom should be thicker than the other walls and less exposed to wind
whenever possible. Conduction losses account for around 8% of energy input from solar radiation [8].
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3.2.2. Radiation Losses to the Surroundings
Basically there are two sources for radiation from the solar still: 1) Long wavelength radiation emitted from the
basin and 2) short wavelength radiation reflected back by the glass cover.

There is a fraction of solar radiation that is reflected back to the surroundings due to the reflectivity of the
glass cover and the walls of the still. A good solar still design would require the lowest possible value for reflec-
tivity and absorptivity for the glass cover, so that most of the radiation is transmitted through the glass. Also,
glass thickness should be kept as minimum as possible without compromising mechanical strength.

The radiation emitted by the glass cover to the surroundings

0, = 0€ (Tg4 —T,:) (19)

Due to the low emissivity of the glass and the low temperature gap between the glass cover and the surround-
ings, this term is a small fraction in comparison with the other heat fluxes.

3.2.3. Convection from Glass Cover to Surroundings
The dominant heat losses from the outer surface of the glass cover to the surroundings are by convection due to
the wind. The expression for heat transfer by convection from glass to the environment is:

Qo = hca (Tg _Ta) (20)

It was already mentioned in Section 2.3 that there is an expression widely used in solar still literature for h,
due to McAdams [25] using data of Jurges for a 0.5-m? copper plate:

h, =5.7+3.8V (1)

Duffie & Beckman [21] mentioned that probably this formula includes the effects of natural convection and
radiation. Wattmuff et al. [49] on the other hand, found the expression

he =2.8+3V (22)

which tends to give lower values for h_, . Glass covers for solar collectors fits properly glass covers used for
solar stills regarding materials and inclination angle, so these expressions may be used safely for calculations.

4. Thermodynamic Modeling of a Solar Still

Thermodynamics is the science that studies states and their accessibility. States are a set of conditions (proper-
ties and external agents) that establish the description of a system completely. In Thermodynamics, many sys-
tems are described only by their pressure, temperature and specific volume. In a solar still, it is often seen that
the knowledge of temperature and pressure suffices to characterize the state of any system within it, although
more complex analysis should take chemical potential of steam and air into account.

Thermodynamics have proposed four laws that relate the possibility of a system reaching some particular
states from an initial state or from a final state, tracking back its possible initial states. The Zeroth law is the
recognition of a property called temperature, completely unidentifiable, elsewhere in science. The first law of
Thermodynamics states the definition of energy and its consequence is the mathematical expression of the con-
servation of energy. The second law of thermodynamics was born as the result of the discovery that for a given
amount of energy, it was impossible to use the whole of it for useful output.

Thermodynamics describes the evolution of systems in space and time from an initial to a final condition.
Using its laws, Thermodynamics provides tools to find a maximum usage of energy to feed processes in order to
satisfy several types of commaodities, i.e. material, energetic, etc.

In a solar still there are several transport phenomena coupled in order to produce fresh water. Keeping track of
each one of these fluxes and studying them under the scope of Thermodynamics, that is, defining systems and
describing their processes using its laws, gives the opportunity to design better solar still systems, produce more
fresh water or optimize the solar resource for a given solar still. Furthermore, the second law of thermodynamics
establishes a limit in the amount of useful energy that can be extracted from every process. Knowing thermody-
namics, among other things, equals to know the best theoretical thermal device for a given purpose and compare

it with the real device.
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4.1. Modeling of a Solar Still

In a solar still, part of the complexity of modeling lies in the fact that the three heat transport mechanisms appear
within the solar still. Conduction and convection are proportional to a temperature difference. Meanwhile, radia-
tion heat transfer is directly proportional to the fourth power of temperature. Another part of the complexity is
that heat transfer convection mechanism depends highly on geometry, fluid/wall properties and temperature.

In the resulting mathematical model after a first-law analysis, the unknowns of the energy equations are tem-
peratures. Temperatures are obtained once the input functions i.e. solar irradiation and ambient temperature and
parameters are set.

The energy equations (see below) of the solar still are nonlinear, time dependent, ordinary differential equa-
tions. They are the result of a lumped parameter analysis, that is, variables do not change spatially. The nonlinear
character is due to the heat transfer convective coefficients that depend on the temperature. The heat transfer
coefficients are brought into the equation in order to model heat fluxes. Thermodynamics is unable to find rela-
tions to calculate heat fluxes. Transport phenomena are non-equilibrium phenomena; therefore, Classical Ther-
modynamics is unable to find a mathematical expression for heat, which is the study of Heat Transfer.

The expressions for solar irradiance and ambient temperature functions for a 24 hour period are, respectively:

o-fufi 5 ]o(2]

T, - Asin(n—tj+Tai (24)
22 )

(23)

where tis the time in hoursand T,; is the ambient temperature at the beginning of the day in °C.

Equation (23) is the input of the solar still model, the driving force.
Assumed in the model is the following:

All physical properties of materials are not affected by temperature differences;

Vapor-air mixture and insulation are not regarded as systems or participating media;

Brine and glass cover do not interact with incoming solar radiation;

The shape factor value between the collector and glass cover is 1;

The solar still is a closed system;

There are no temperature gradients across brine depth, collector plate or glass cover.

Solar irradiance and ambient temperature are two time-dependent parameters with an important role in the
transient energy balance of the still. Malik et al. [6] used Fourier series for modeling the periodic behavior of
solar parameters.

4.2. Energy Balance

Energy is an inherent property of matter, so general that it is almost impossible to define. We do not quite perce-
ive it, only its manifestations. There is nothing in the universe happening that cannot be counted as an energy
transformation. Every imaginable process has to be with the conversion of one type of energy to another. In
Thermodynamics, the First Law is a statement that defines a property called energy. A consequence out of the
First Law of Thermodynamics is the Conservation of Energy.

Conservation of energy can be thought as an accounting exercise that basically establishes that what goes in
equals what goes out plus the accumulation or minus the lost. The mathematical expression of the conservation
of energy is one of the thermodynamic tools to study systems and several of its forms can be found in the vast
literature of Thermodynamics.

Applying the conservation of energy to the solar still results on a three-equation system, for the glass cover,
brine and collector, respectively, we obtain:

dT,
qev+ch+qrw+agG_(qca+qra):mgcgd_ (25)
in out t
dT,
awG +q, — (qev + ch + qu) =m,C, — (26)
in out dt
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28~ )~ g (27)
where
a, =a,(1-py) (28)
a, = a,7y (1-py )(1-p,) (29)
Ayt = U Ty T (1= 25 ) (1= 2 ) (1= Poor) (30)

The unknowns in this set of equations are glass cover, brine and collector plate temperatures (Tg T & Tb).
The equations are presented as the difference between the energy inputs and outputs equal the change of energy
(accumulation or loss) in time.

Let us discuss briefly this set of equations. We consider that there are no sources of energy (chemical, elec-
trical fissile, etc.) in any component of the still. The energy flux produced by the diffusion process is neglected.
If all heat transfer coefficients, h, are temperature independent, then these differential equations are offirst-order
and linear. Thus, analytical solutions can be found although the expressions can be quite complicated due to the
time-dependence of solar irradiation, G . Notice that these equations would be nonlinear if the expression for
heat radiation was used explicitly due to T*. In this case, Equations (10) and (19) are solved for certain typical
still parameters and their numerical values embedded into Equations (25), (26) and (27), so that the set can be
solved easily.

These equations described lumped-parameter systems where no gradients are taken into account. Glass cover,
brine and collector have properties independent of any coordinate direction. In this sense, they are analogous to
the unitary operations in chemical and process engineering. These equations, modified dozens of times by re-
searchers, have become the horse work in solar still modeling, providing accurate and useful information about
its thermal behavior along a day.

Solar still studies have been, generally speaking, concerned aboutthe energy characterization of the device,
putting aside the air-water vapor mixture flow inside the still. Experimentally [39] [41] [42] have discussed the
flow structure and its time-dependence on solar stills in a laboratory.

4.3. Exergy Balance

Exergy is the maximum amount of work that can be extracted from a system when it goes from a certain ther-
modynamic state to a reference state [50]. The reference state is often modeled as the environmental state, al-
though, depending on the type of exergy, some other references have been proposed ([51]-[53]). Exergy de-
scribes the quality of energy instead of its quantity for a given system or a flux; it quantifies how much energy
goes directly into work. Simply put, exergy is the useful part of energy.

The term exergy was coined [54] by Zoran Rant in 1956 and its use has spread widely, especially in Europe.
However, the concept can be traced back to Gibbs, namely Gibbs’ available work. A detailed history of the ex-
ergy concept can be found in [55].

The exergy balances refer to the account of exergy inputs, losses and the exergy destruction in the various
components of the still. In mathematical form a general expression of this balance is:

B, =B +B_,——~I (31)

out in source
dt

It can be seen that the right-hand side of Equation (31) is formed by input exergy flux, B, , the exergy from

in 1

an energy source,

Bsource i

(chemical, fissile, electrical, fusion, etc.), the local exergy change in time, (jj_t and

the exergy destruction by irreversibilities, 1 . Now, the exergy output may be a useful flux of exergy (work,
heating, cooling, etc.) or simply exergy leaving the system with no useful consequence. However it may be, this
form of exergy balance (Equation (31)) shows clearly the hindrances for having high values of exergy output.
High thermal exergetic inertia and irreversibilities decrease exergy output.

The exergy balances for glass cover, brine and collector are, respectively:
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dB
Bev+Bcw+Brw+agBS_(Bca+Bra)_|g =—L (32)
- dt
in out lost
dB,
aWBS—i_BW_(Bev+Bcw+BnN)_|w: (33)
N N L |
in out lost
dB,
Al BS - ( Bcolw + Bins ) - I(:ol = - (34)
—_— = dt
in out lost

No mystery here. All energy terms in Equations (25)-(27) have its correspondent exergy plus the irreversibili-
ty that occurs in that component of the still. However, there is a crucial difference between energy and exergy
balances. Exergy is a quantity that it is only conserved in a reversible process. When it is not conserved, irrever-
sibility is produced. In an energy balance, no such concept is found because exergy is a concept derived from the
1% (energy) and the 2™ (entropy) law altogether. In this sense, thermodynamically speaking, “balance” is not the
most suitable word to describe what happens to the exergy of a system in a process, nonetheless it is used here to
describe more clearly in a mathematical sense.

The source for irreversibility can be friction, electrical resistance, accelerations, turbulence in a fluid, a tem-
perature or a concentration difference among several others [56] [57]. Irreversibility is an amount of energy that
can never be used to perform work. Eventually, all irreversibilities are dissipated as heat at ambient temperature.

In Equations (32)-(34), not all exergy fluxes have the same expression. For heat radiation, the exergy is ex-

pressed as [58]:

4

B=G 1+1 T.) 4T, (34)
3\ T 3T
For all other heat transfer mechanisms, the exergy is calculated as [50]:

T
B=gqgll-2* 34
of1-2) (34

Considering that every component of the still is an incompressible substance (the air-water vapor mixture is
not included in the balances), the change of exergy in time can have be expressed as:

8 = 1—T—"’l mcd—T (34)
dt T dt
or, when considering the possibility of a variable ambient temperature, as [59]:
d_B:mc _T_a d_T_|n L di (34)
dt T )dt T ) dt

Useful exergy is that part of the exergy used to heat the brine and produce distillation. Distillate production
can be directly related to the solar exergy input. However, it is difficult to interpret exergy in terms that are not
useful work (energy flow) because the amount of exergy from the distillate is not relevant. The fundamental ex-
pression for exergy has been established in most modern thermodynamics treatises, essentially as the difference
between reversible work and lost work, which corresponds to a power maximization point of view. Thus, a high
exergy air-water vapor mixture inside the still will produce more work than a low exergy mixture. The largest
irreversibility in a solar still (and in any solar thermal application) occurs at the collector because a significant
fraction of the total solar radiation absorbed in this component is poorly employed [59]. The high exergy losses
causing the low exergyefficiencies are made up of avoidable and unavoidable contributions. The avoidable con-
tributions can be reduced by improving the corresponding physical components of the system.

It is the opinion of the authors that second law analysis of solar-driven technologies, whether they are based
on exergy, entropy generation, emergy, thermoeconomics or irreversible thermodynamics should complete any

conventional thermodynamic analysis.
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5. Conclusions

An extended overview of solar distillation from the thermodynamic point of view is presented in this work. So-
lar distillation has been known and applied for several hundreds of years; however, the understanding of physi-
cal phenomena behind it has been developed just some decades. A comprehensive and structured discussion is,
therefore, necessary to a better understanding of the thermodynamic basis of these devices. Firstly, a concise
history of solar distillation engineering is presented, from practice to theory. Relevant aspects of radiation are
treated due to the importance of this parameter in solar distillation. The description of typical parameters in a
solar still is useful for the identification of trade-offs in the performance of the device when one of them is va-
rying. A considerable amount of literature is presented for each parameter’s subsection.

Internal and external heat transfer phenomena in a solar still are clearly specified, including their definitions,
mathematical modeling and a brief discussion of studies in the field for each one of them. One of the most im-
portant topics in solar distillation is thermodynamic modeling and the result is the energy balance. The authors
have widened the scope of this study by the addition of second law concepts, such as exergy and irreversibilities.
Intentionally, no mention is made to the several types of solar stills in the field and even more modifications are
made to each of these types in order to increase distillation. In general, with some variations, every solar still
performs based on the same phenomena is discussed here.
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Nomenclature

a Dimensionless coefficient based on optical properties
B Exergy power (W)

c Specific heat capacity (J/mK)

D Diffusivity (m?/s)

G Solar irradiance (W/m?)

Gr  Grashof number

h Convection heat transfer coefficient (W/m2K)
H Distance from brine surface to glass cover inside the solar still (m)
I Irreversibility (W/m?)

j Mass flux per unit of area (kg/m?s)

k hermal conductivity (W/mK)

m Mass (kg)

M Molecular mass (kg/kmol)

Nu  Nusselt number

P Pressure (kPa)

Pr Prandtl number

q Heat flux (W/m?)

q Heat flux (W/m?)

R Universal gas constant (kJ/kmolK)

T Temperature ("C/K)

U Global heat transfer coefficient (W/m?K)

\% Wind speed (m/s)

X Thickness (m)

a Ambient/air within the still

b Interior surface of the bottom of the still

ca Forced convective heat transfer from glass cover to surroundings
col  Collector (bottom inner part of the still)

colw Heat convective transfer from collector to water
conv Free convection

cw  Convective heat transfer for water vapor

dif  diffusion

ev Evaporation heat transfer

g Glass cover

ga  Convective and radiative heat transfer from glass cover to ambient
i Initial

in Input

ins  Insulation

max Maximum

out  Output

ra Radiation between glass cover and surroundings
rw  Radiation emission from water to surroundings
S Solar radiation

source Source

tot  total

w Water (Brine)

Wg  Interaction between brine and glass cover
Greek Symbols

a Absorptance

Yii Thermal Expansion coefficient (K )

A Difference (Operator)
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£ Emissivity

A Enthalpy of evaporation

Yo} Reflectance

T Transmittance

Subscripts

a Ambient/air within the still

b Interior surface of the bottom of the still

ca Forced convective heat transfer from glass cover to surroundings
col  Collector (bottom inner part of the still)

colw Heat convective transfer from collector to water
conv Free convection

cw  Convective heat transfer for water vapor

dif  diffusion

ev Evaporation heat transfer

g Glass cover

ga  Convective and radiative heat transfer from glass cover to ambient
i Initial

in Input

ins  Insulation

max Maximum

out  Output

ra Radiation between glass cover and surroundings
rw  Radiation emission from water to surroundings
S Solar radiation

source Source

tot  total

w Water (Brine)

wg  Interaction between brine and glass cover
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