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In recent years providing potable water for humans has become a major problem, especially in rural and remote regions. In the last few decades, methods of providing potable water using solar radiation have proved that there are methods without negative impacts. Solar is a solution and attractive alternative to still non-potable water without adverse consequences on ecosystems. Researchers have presented the results of their investigations in journals, using experimental, numerical, and analytical forms through the study of solar still performance in native climatic conditions. This paper undertakes an extensive review of recent modeling processes in solar stills and the thermal models proposed and derived for different types of solar stills and the modifications recommended to enhance efficiency and performance. During the selection of appropriate geometry and belonging components, this evaluation demonstrates that numerous designs and characteristics are useful in terms of productivity and efficiency. According to the reviewed results, the definition of concentration ratio is a fundamental concept for evaluating the evaporative heat transfer coefficient in relation to the convective heat transfer coefficient. Employing phase change materials, the results reveal that a large mass of PCM produces less solar still productivity, whereas increasing the PCM to water mass ratio from 10 to 100 reduces productivity by up to 30%. Using a parabolic concentrator, results show that productivity can be increased by 56 and 38.5% in the winter and summer, respectively.
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INTRODUCTION
Water is the most significant and essential matter for advancing the lives of humans. It is a valuable natural endowment and a significant renewable supply with inherent benefits for human communities. Today, access to potable, clean, and healthful water is the most essential requirement for people in many countries. In some situations, extraordinarily pure water is needed, such as in laboratories, hospitals, and the chemical and medical industries, etc. Contamination it transforms potable water into polluted water with potentially dangerous consequences for humans and our planet, as it could destroy people and other creatures. In the villages of many countries, people have begun to use underground water during droughts since freshwater resources have dwindled or ended. The groundwater supply in developing countries is being reduced at a more accelerated rate compared with developed countries. One of the human and significant reasons for contaminating underground water is applying extreme amounts of chemical fertilizers and pesticides in agriculture. To reuse contaminated and dirty water or desalinate saline and seawater, scientists and researchers are exploring innovative methods and technologies. They have developed methods and technologies to produce potable and pure water from resources that must be ecosystem-friendly with the least cost to nature and humans to not repeatedly pollute the environment. Recent technologies for desalination processes generally utilize high energy to provide potable water from seawater by separating impurity and solid particles from seawater. These technologies operate based on state change or filtering with membrane processes such as vapor compression, multiple effect distillation, multi-stage flash distillation, reverse osmosis, and electro-dialysis to treat saline water. These technologies are often not efficient and cost-effective due to the complexity of environmental pollution, the need for highly skilled services, and maintenance.
Employing solar radiation to supply freshwater for human utilization and industry from brackish water as an ecosystem-friendly energy source is a hopeful and intelligent choice instead of fossil fuels. Compared with other desalination processes, it has the advantages of free-cost resources and low-cost maintenance and service. Numerous styles and types of designs, fabrication substances, geometries, and configurations are used in solar stills all over the world by researchers. For rural, remote, and desert regions, the most efficient and suitable solar still is a unit that is small, uncomplicated, and self-governing. These units can help rural and remote communities to provide pure and healthy water at remarkably lower costs. Compared with other solar desalination units and systems, solar is more simplistic, portable, convenient development, scalable, easy to build that can produces distilled water for human consumption. The only problem with solar still technology is the daily productivity requirements of covering human demands, although researchers are working on it. In this regard, various solar still arrangements have been designed and constructed in recent years. Their performance, in the form of experimental and theoretical methods of improving and modifying them have been explored in a number of published articles. However, to change, modify, or redesign the experimental setup and enhance performance or study the influence parameters, experimental investigations require higher costs and time compared with theoretical studies; hence, theoretical investigations have general flexibility to examine changes. Theoretical research can analyze the significant parameters and details of solar stills, more quickly and simply to find the best performance and efficiency.
Thermal modeling is one of the most cost-effective and established theoretical methods used to assess the performance of a thermal system. In a solar still, the energy balance of the employed ingredients is utilized for thermal modeling. Thermal modeling precisely exhibits the performance of the solar still under real climatic conditions. Based on this, different thermal models have been proposed and implemented for solar still research. However, due to operational difficulties and less productivity than the prognosticated amount, the proposed models are not fit for real situations. Furthermore, during the study and design of the solar still, a distinct platform is not utilized. Hence, to recognize and propose this technology to market for use in remote regions, a basic and comprehensive study needs to consider different theories, modeling, and designs of solar stills. Usually, researchers try to investigate the meaningful topic, detail, and parameters from their point of view. There is a serious lack of reviews collecting all of points of view, bringing together effective details and information about appropriate configurations and conditions for each issue. This comparison would provide guidance and suggestions to others for improvement. Thereby, this work summarizes significant and effective theoretical papers, examining the methodologies, approaches to solving problems, and substantial improvements in theoretical studies on solar stills. It accurately analyses various thermal models and theoretical studies to present a detailed review of solar stills. The meaningful parameters and corrections on the technology of solar stills regarding thermal modeling development are analyzed precisely, and new outlines are suggested for subsequent investigations. As an introduction, the next section explores solar still systems and the basic rules used to produce potable water from a contaminated source.
The goal of this review is to provide a novel, significant, and original way to mathematically describe a solar still. This study shows genuine breakthroughs and advancements in solar stills in a theoretical form. It also offers remarkable, advanced modeling of a solar still with accurate relationships.
Solar Still System
Renewable energy is now widely advocated and popular, with countless research (Alayi et al., 2021a; Assad et al., 2021; Assad and Rosen, 2021; Alayi et al., 2021b; Alayi et al., 2021c; Pishkariahmadabad et al., 2021; Sadeghi et al., 2022) devoted to the subject. This research is mostly concerned with the application of energy and exergy analysis (Chen et al., 2021; Alayi et al., 2021d; Mohtaram et al., 2021). Solar stills, which may involve phase change materials (Alhuyi Nazari et al., 2021), are a technology for purifying water using renewable energies. A solar still utilizes the Sun’s radiation rather than other sources of energy, such as fossil fuels, to convert brackish water to potable water. Solar still systems can provide potable water for rural communities where no other sources are accessible and are ecosystem-friendly.
A solar still is a closed enclosure in which brackish water enters and potable water is created. In the solar stills, there is a shallow basin to hold brackish water, in which the brackish water temperature rises and evaporates eventually by the Sun’s radiation. Commonly, the basin interior is painted a black color to absorb the maximum amount of solar radiation. The structure of a solar still is usually constructed with substances such as masonry bricks, concrete, aluminum, galvanized iron, etc. The upper cover of solar stills is commonly made up of materials with a good ability to transmit the Sun radiation such as glass or plastic, and additionally, it is a place to condense water vapor and flow droplets over its surface. One of the essential aspects of the solar still is insulation, which must be perfectly executed to reduce energy loss from the solar still structure such as four walls and a shallow basin. The materials used extensively for insulation can be sawdust, rock wool, polyurethane foam, and glass wool.
The simplest type of solar still is a single basin single slope which can be constructed with effortlessly accessible substance and at the least cost. The single basin single slope solar still works based on the natural hydrological cycle of evaporation and condensation water. Water evaporation takes place in the basin, which contains brackish water, and the condensation process occurs on the upper cover of the solar still, which is cooler than water vapor. Energy, in the form of the Sun’s radiation, enters the solar still, which increases the temperature of the brackish water in the basin. Due to this increase in brackish water temperature, the water evaporates, and vapor leaves the basin. The freed water vapor from the brackish water surface moves toward the upper cover of solar still because its density is less than air and its temperature is higher than air. Air vapor flows from the brackish water surface in the basin to the upper cover of solar still. When it encounters the upper cover, water vapor condenses because of the different temperatures between them, and eventually, droplets are formed. Finally, the droplets move gradually down because of the slope of the upper cover and are collected in a beaker as pure and potable water. The solar still structure is placed in such a way toward sunlight to achieve the highest energy for the solar radiation. A simple solar still is shown in Figure 1.
[image: Figure 1]FIGURE 1 | Schematic of a simple solar still.
Solar stills are categorized into two main groups: active solar stills and passive solar stills. When a solar still works without any external devices or components, it is called a passive solar still. In the active solar still, it is possible to use other equipment to increase productivity and performance, such as flat plate collectors, photovoltaic systems, and sun-tracking systems, etc.
Energy Cascade for Solar Still
To enhance understanding and awareness it is necessary to track and take into account the energy from the Sun to the Earth sequentially into the solar still. This enables us to calculate and count the amount of energy. Furthermore, other details may need to be accurately considered and their influence on the main objectives analyzed.
The Sun’s radiation or solar energy is the source of energy input to the solar still. Before entering the Earth’s surface, some of this energy is taken and reflected in the Earth’s atmosphere and dust particles in the air, respectively. Therefore, the amount of energy that arrives on the Earth’s surface is diminished. The rest of the Sun’s radiation reaches the solar still’s upper cover. The upper cover must be essentially transparent to pass the Sun’s energy into the solar still. However, it reflects and absorbs a limited quantity of the given energy. In the end, the remaining energy reaches the brackish water and the lower side, which is painted black. A small quantity of the solar radiation reflects from the brackish water surface, and most of the solar radiation warms the brackish water, and the lower side absorbs the remaining energy. The warmed brackish water begins to evaporate slightly, and it needs energy to change the phase from liquid to gas, which is known as latent energy. During the change phase, the water vapor goes up and makes contact with the upper cover. Over the upper cover, other latent energy from the water vapor goes to the atmosphere, and another phase change happens. The Sun radiation that enters the solar still causes the four side walls and lower side of the basin to warm, and an amount of energy goes to the atmosphere again as energy loss. Figure 2 demonstrates the energy cascade of a solar still.
[image: Figure 2]FIGURE 2 | Schematic representation of energy cascade for conventional solar still.
Solar Still Heat Transfer
The heat transfer is divided into two main groups: steady and transient, although frequently, the heat transfer is transient in nature. In the steady-state, the heat transfer does not change with time. In contrast, it changes with time and is time-dependent in the transient state. Working with the steady-state heat transfer is easier than with transient because of some complexities regarding time’s derivative. Therefore, taking some assumptions, the transient heat transfer could be presumed to be a steady-state.
The heat transfer in a solar still can be divided into two categories: inside the solar still and outside the solar still. The heat transfer inside the solar still regards the conversion of solar energy to the rising temperature of the brackish water, solar still walls, and the change phase. However, the heat transfer outside of the solar still is from the energy losses from the walls and cooling outside the upper cover.
Inside the solar still, the significant part of the heat transfer is convective heat transfer between brackish water and the inner side of the upper cover. It follows Newton’s law of cooling, which depends on the convective heat transfer coefficient, brackish water temperature, an area exposed to heat transfer, and the inner side of the upper cover that can be written as (Sahota and Tiwari, 2017):
[image: image]
The heat transfer coefficient is ordinarily accompanied by the Nusselt number, which is characterized by the type of flow. It follows from Eq. 2 for the free convention type (Sahota and Tiwari, 2017):
[image: image]
Where C and n are utilized as the constants that depend on the body’s geometry and can be achieved by correlation of empirical data. In the above correlation, the factor of [image: image] is about the problem and implies entire physical behavior. where Grashof number (Gr), Nusselt number (Nu), and Prandtl number (Pr) are written as follows (Sahota and Tiwari, 2017):
[image: image]
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The internal convection heat transfer coefficient from the free surface of the fluid to the condensing cover surface is also calculated using Dunkle’s relation [86]:
[image: image]
The following expressions are used to determine the saturation vapor pressures at water surface temperature and the inner surface temperature of the upper cover (Sahota and Tiwari, 2017):
[image: image]
However, Dunkle’s relation has some restrictions, including 1) it is reasonable for the ordinary working temperature to be 50°C, with 17°C identical temperature difference. 2) The mean distance between condensing and evaporating surfaces has no bearing. 3) It is solely acceptable for there to be upward heat exchange inside a horizontal sealed air space or parallel condensation and evaporation surfaces.
The heat transfer from inside the solar still to the ambient succeeds with the conduction method through the sides (walls). In the steady-state heat condition through a plane wall, Fourier’s law of heat is utilized in the following form (Bergman et al., 2011):
[image: image]
Where K is the heat conductivity coefficient depending on materials, A is an area normal to heat transfer direction, L is the wall thickness, and [image: image] is the temperature difference between two surfaces of the wall.
Another heat transfer mechanism in a solar still is the radiative heat transfer. Generally, this mechanism is between two bodies with different surface temperatures, in which heat is transferred with electromagnetic waves, and no need for a medium at all. An incident of radiative energy on a body is divided into three parts: a fraction of it is absorbed, another fraction is reflected, and the others are transmitted through the body. It can be shown with the following relation (Sahota and Tiwari, 2017):
[image: image]
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The heat transfer between the sky and a body is conducted according to the Stefan–Boltzmann law as follows (Bergman et al., 2011):
[image: image]
Where [image: image] is the sky temperature, with a few relations introduced for it as follows (Sahota and Tiwari, 2017):
[image: image]
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The radiation heat transfer exhibits similar to the style of convection heat transfer relationship (Bergman et al., 2011):
[image: image]
Where [image: image] is defined as the radiative heat transfer coefficient with the following parameters (Bergman et al., 2011):
[image: image]
Finally, evaporation is the last method of consuming energy in a solar still. Changing the phase from liquid to vapor is called evaporation. Evaporation heat transfer is between liquid bulk and the inner surface of the upper cover.
The evaporative heat transfer coefficient between brackish water and the inner surface of the upper cover can be defined with Eq. 17 or proposed by Bowen (Bowen, 1926) and Dunkle (Dunkle, 1961) with Eq. 18 which has been investigated that the value [image: image] is the most depiction of the evaporative phenomena and considering the terms of [image: image] and [image: image] (Sahota and Tiwari, 2017):
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The evaporative heat transfer rate between water bulk and upper cover inner surface is given by (Sahota and Tiwari, 2017):
[image: image]
The upper cover temperature rises more than the atmosphere temperature due to absorbing a fraction of solar radiation and water vapor inside the solar still. Therefore, two heat transfer mechanisms, including convective and radiation, are established between the upper cover surface and the atmosphere. Their relations are the same as driven and presented mentioned relations for inside the solar still with the exception that the convective heat transfer coefficient between the upper cover outer surface and the atmosphere is related to wind speed. McAdams (Hawkins, 1954) presented an equation that varies with wind speed to 5 m/s by the following relation (Sahota and Tiwari, 2017):
[image: image]
Where [image: image] is the wind speed. Considering the effect of free convection and radiation, Watmuff et al. (Watmuff et al., 1977) modified that relation, which varies with wind speed to 7 m/s as follows (Sahota and Tiwari, 2017):
[image: image]
The concept of electrical resistance can be useful in the diffusion of heat, which is an accepted analogy in heat transfer science and modeling. Thermal resistance is defined as a driving potential to the corresponding transfer rate ratio, which is temperature difference and heat transfer rate, respectively. It is possible to assume a thermal circuit from basin water inside the solar still to the atmosphere using the overall heat transfer coefficient, which is defined with an expression analogous to Newton’s law of cooling as follows:
[image: image]
The above relation is the heat transfer coefficient from the upper cover of solar still that can be called overall heat loss from water mass to the atmosphere from the upper cover.
Heat loss from water mass occurs through the basin to the atmosphere by way of the basin liner and insulation with the mechanism of convection, conduction, convection, and radiation, respectively. It is useful to employ the definition of the overall heat transfer coefficient for heat loss from the basin to the atmosphere in case of being mounted on the stand as follows:
[image: image]
Heat loss from side walls to the atmosphere is defined with a fraction of the wet area as follows (Sahota and Tiwari, 2017):
[image: image]
Identical relations between productivity (distilled water) and efficiency have been used by researchers. The productivity of a solar still is defined as the water mass obtained in an hour as follows (Sahota and Tiwari, 2017):
[image: image]
Where [image: image] is the latent heat of vaporization. The daily productivity can be computed as follows (Sahota and Tiwari, 2017):
[image: image]
The thermal efficiency of a solar still may be expressed as the ratio of the quantity of thermal energy utilized to take a determined quantity of distilled water to the incident solar energy in a provided time interval. Therefore, the definition of instantaneous efficiency can be represented as follows (Sahota and Tiwari, 2017):
[image: image]
Where [image: image] is the overall heat-transfer coefficient from the brackish water to the atmosphere through the top, bottom, and side walls of a solar still. Furthermore, the overall thermal efficiency for passive and active solar stills can be expressed as follows (Sahota and Tiwari, 2017):
[image: image]
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The latent heat of vaporization [image: image] depends on the temperature, which is expressed as follows (Toyama and Kagakuv, 1972; Fernández and Chargoy, 1990):
[image: image]
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BASIC METHODOLOGY ANALYSIS OF SOLAR STILL COMPONENTS
In this section, the simplest design of solar stills, namely the single basin single slope, is considered in comparison to other solar still systems to create thermal concepts and drive relevant equations. This work provides a thorough view of thermal modeling, as well as quick recognition of numerous theoretical solar still modeling and basic solar still relationships. The thermal model is obtained using the energy balance equation for the single basin single slope solar still components, including the basin, upper cover, and brackish water. To make working with equations easier, the energy balance for each component is written based on the average temperature of that component. To summarize, the area of each solar still component is equaled and included in the other units of that component. Furthermore, the following suitable assumptions are taken into account for the most exact modeling:
• All processes in the solar still are considered to be in a quasi-steady state.
• The brackish water layers in the basin have no temperature gradient.
• The brackish water’s evaporative loss, heat capacity, and absorption of the upper cover and insulation materials are so low that they can be overlooked.
• The solar still is impervious to leakage of vapor and brackish water mass.
The following is how the energy balance is applied to the main components (Tiwari et al., 2007; Sampathkumar et al., 2010; Elango et al., 2015; Sahota and Tiwari, 2017).
Basin Liner
The steady-state form of energy balance can be used in the simplest form for the component of the basin liner. The summation of the given rate of energy to brackish water through convection and the delivered rate of energy to the atmosphere through conduction and convection mechanisms equals the absorption rate of energy from solar radiation. It can be written as follows, in the mathematical form (Sahota and Tiwari, 2017):
[image: image]
By writing equivalent relations, it becomes (Sahota and Tiwari, 2017):
[image: image]
Where (Sahota and Tiwari, 2017),
[image: image]
Brackish Water
The energy balance for brackish water can be written similarly to the basin liner. The sum of the absorbed rate of energy from solar radiation, the received rate of the energy from the basin liner through convection, and the received rate of energy from external devices equals the stored rate of energy and the loss rate of the energy to the upper cover inner surface through convection, evaporation, and radiation. It can be expressed mathematically as follows (Sahota and Tiwari, 2017):
[image: image]
By writing equivalent relations, it becomes (Sahota and Tiwari, 2017):
[image: image]
Where (Sahota and Tiwari, 2017),
[image: image]
The term [image: image] can only be used with active solar stills.
Upper Cover Inner Surface
The energy balance for the inner surface of the upper cover is similar to that of the basin liner. The sum of the absorbed rate of solar radiation and the received rate of energy of brackish water through convection, evaporation, and radiation equals the rate of energy lost to the upper cover outer surface through conduction (Sahota and Tiwari, 2017).
[image: image]
Which, in analogous form, can be written as follows (Sahota and Tiwari, 2017):
[image: image]
Where (Sahota and Tiwari, 2017),
[image: image]
Upper Cover Outer Surface
Similarly, the energy balance for the upper cover’s outer surface is achieved. The received energy from the upper cover inner surface through conduction equals the loss energy rate to the atmosphere through convection and radiation (Sahota and Tiwari, 2017).
[image: image]
By writing them down, it becomes easier to find related relations.
[image: image]
Components’ Temperature
The temperature of each component, including the basin liner, brackish water, upper cover inner surface, and upper cover outer surface, may be determined by rearranging the derived prior expressions as shown below.
The temperature of the upper cover outer surface may be computed using the following equation:
[image: image]
The temperature of the upper cover inner surface may be determined using the preceding relation:
[image: image]
The following equation may be used to compute the temperature of the basin liner (Sahota and Tiwari, 2017):
[image: image]
Finally, based on the needed temperature from other components such as the basin liner, upper cover inner surface, and upper cover outer surface, the temperature of brackish water may be estimated. To simplify Eq. 36, the relevant relations of the basin liner and top cover inner surface temperatures are used (Sahota and Tiwari, 2017):
[image: image]
Where (Sahota and Tiwari, 2017),
[image: image]
And
[image: image]
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Equation 46 can be rearranged in the following way (Sahota and Tiwari, 2017):
[image: image]
Where (Sahota and Tiwari, 2017),
[image: image]
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To find the analytical solution, a few assumptions have been made, including the values of “C” and “f(t)” being constant and a short time period during the time period analyzed. The solution to the preceding first-order differential equation is obtained by applying the initial condition, [image: image] (Sahota and Tiwari, 2017),
[image: image]
MATHEMATICAL MODELS OF SOLAR STILL
Ali et al. (2015) report theoretical and practical work on a solar still with a pin-fin absorber plate. The distillation of brackish water by the solar still with a regular absorber plate and a pin-fin absorber plate was examined. The energy balance was used for the main parts of the active solar still as follows (Ali et al., 2015):
[image: image]
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They used the convective and evaporative heat transfer coefficients proposed by Dunkle (Eqs 6, 18). However, the heat loss coefficient was calculated using the following equations (Anderson, 1983) for wind speeds (V) greater than 5 m/s (Ali et al., 2015):
[image: image]
Furthermore, the convective heat transfer coefficient between the basin liner and brackish water was considered to be 120 and 150 [image: image] for the regular and modified absorber plates, respectively. They also utilized Eq. 12 to estimate the temperature of the sky. There is reasonable concordance between experimental and theoretical results. Experimental and theoretical investigations demonstrate that a still with pin-fin absorber plate outperforms a regular one. However, the difference in performance between regular and modified solar still is marginal. This is owing to the little variation in their surface areas available for exchange. Compared to a regular solar still, the daily productivity of the modified example with a pin-fin absorber plate is enhanced by 12%.
Alaudeen et al. (2015) studied theoretically and experimentally a single-slope solar still with a glass basin including two compartments, the upper and lower compartments as evaporating and heating zones, respectively. The lower compartment consists of glass strips for heat storage materials to increase performance. In addition, aluminum cubes and sponges were designed to float in the upper compartment. Their results showed that the unit with the corrugated sheet has higher efficiency. They modeled the unit by using simulation software. In the theoretical modeling section, the transient form of energy balance was used for the basin as follows (Alaudeen et al., 2015):
[image: image]
The convective heat transfer coefficient between the basin and brackish water and the heat loss from the basin to the atmosphere was assumed to be 135 and 14 [image: image], respectively. Equation 6 (Dunkle’s relation) was used as a convective heat transfer between brackish water and the upper cover, and Eq. 18 as an evaporative heat transfer from the basin to the upper cover. The following correlation gives the latent heat of evaporation for water at a specified basin water temperature (°C) (Alaudeen et al., 2015).
[image: image]
In addition, at a specific temperature, the partial pressure of water vapor in the air was determined as follows (Alaudeen et al., 2015):
[image: image]
The air specific heat capacity between the upper cover and the basin was estimated using the following correlation in terms of average temperature (Tav in °C) (Alaudeen et al., 2015)
[image: image]
The immediate water output was offered by (Alaudeen et al., 2015),
[image: image]
The time interval was initially set to 5 s, and the temperature of the water, glass, and plate is considered to be the atmosphere. The parameter change for the subsequent time step is rewritten as follows (Alaudeen et al., 2015):
[image: image]
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Their results showed that corrugated sheets yielded the highest distilled water at 2.64 kg/m2, which is almost 43% higher than the conventional unit. The cost of producing each liter of drinkable water, including mineral additives, was about $0.2. Furthermore, the cost of material and manufacturing for a 1 m2 galvanized iron basin was about $83, but the cost of utilizing a glass basin was about $25.
Rajaseenivasan et al. (2016) investigated theoretically and experimentally a glass basin, which was divided into two sections, including preheater (lower) and evaporator (upper) sections by a glass plate. They applied energy storing materials in five rectangular hollow glasses as fins in the preheater section. The effects of preheater depth and energy storage materials on solar still performance were investigated. Their results showed that increasing water depth causes productivity to decrease and enhances nocturnal productivity. Charcoal as an energy storage material augments the total distillate output by up to 3.61 kg in a day. In the preheater and middle glass, they employed the energy balance as follows (Rajaseenivasan et al., 2016):
[image: image]
Where [image: image] and [image: image] (Rajaseenivasan et al., 2016)].
[image: image]
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They used Dunkle’s relations for convective and evaporative heat transfer coefficients. The time interval in this study was set to 10 s, and all of the parameters were evaluated on the day of the experiment. For the next step, Eqs 59–61 were employed. They observed that reducing the water depth from 8 to 2 cm increases the system’s daily production from 3.12 to 3.25 kg/day. The highest night distillate is 1.27 kg/m2 for the glass basin solar still with charcoal and 0.46 kg/m2 for the conventional solar still. The highest output improvement was 26.74, 29.3, and 33.7% in the glass basin solar still utilizing river sand, metal trash, and charcoal, respectively.
Karimi Estahbanati et al. (2016) conducted both experimental and theoretical studies on the issue of using an internal reflector (IR) on the productivity of a single-slope solar still. The effect of all of the solar still’s walls, including those to the north, south, west, and east of the still, on the amount of gotten solar radiation to brine is modeled in their model. They proposed the following energy balances for the main components of solar still (Karimi Estahbanati et al., 2016):
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Based on the amount of shape factors between the wall-brine surface and cover-brine surface, the received diffuse solar radiation reaches brackish water and walls. As a result, the solar energy received by the solar still components can be stated as follows:
Upper cover (Karimi Estahbanati et al., 2016):
[image: image]
Basin liner (Karimi Estahbanati et al., 2016):
[image: image]
East wall (Karimi Estahbanati et al., 2016):
[image: image]
Back wall (Karimi Estahbanati et al., 2016):
[image: image]
West wall (Karimi Estahbanati et al., 2016):
[image: image]
Brackish water (Karimi Estahbanati et al., 2016):
[image: image]
Their mathematical approach determines incident irradiance, calculates the productivity of solar stills with IRs installed on various walls, and takes into account the influence of all basin walls. Their model can accurately anticipate the trend of experimental data by comparing theoretical data with current experimental results. Their findings reveal that placing IR on the front, side, and rear walls boosts solar still efficiency by 18, 18, and 22% on all days of the year, respectively. Furthermore, installing IR on all walls increases productivity by 65, 22, and 34% during the winter, summer, and full year, respectively.
Panchal and Thakkar (2016) theoretically and experimentally studied a solar still coupled with evacuated tubes. They used fourteen double-walled hard borosilicate glass tubes inclined at an angle of 45° from the horizontal. They managed to make the outer tubes transparent and coated the inner tubes to absorb solar radiation as much as possible. They wrote the energy balance of brackish water in solar still coupled with evacuated tubes as follows (Panchal and Thakkar, 2016):
[image: image]
When the heat acquired by evacuated tubes [image: image] was calculated, it was found to be (Panchal and Thakkar, 2016):
[image: image]
Where [image: image] was intended to be 0.87. They discovered that actual and theoretical outcomes of an evacuated tube coupled with solar still were quite comparable in both summer and winter climate conditions. In the solar still, polyurethane foam type (5 cm) was utilized as insulation with better thermal resistance. The evacuated tubes coupled with solar still generated distilled water not only during the day but also at night.
El-Naggar et al. (2016) investigated experimentally and theoretically conventional single-basin solar still with a finned-basin liner. They used appropriate programs to optimize and predict the thermal performance of the systems under consideration. The daily distilled water of conventional and modified units was seen to be 4.235 and 4.802 kg/m2d, respectively, with daily efficiency of 42.36 and 55.37%. Their findings revealed that the convective heat transfer coefficient of the finned one was 3.6 times higher than the conventional one. The findings revealed that there is a reasonable agreement between measured and calculated daily productivity. The fee for 1 L of distilled water was determined to be 0.018 $.
When analyzing the energy balance for the basin, the fin shadow area affects the solar radiation intensity acquired by the still basin. They estimated the shadow area of the fins using the method described by Jaefarzadeh (Jaefarzadeh, 2004). The following equation was used for the shadow area caused by one fin (El-Naggar et al., 2016):
[image: image]
Where (El-Naggar et al., 2016),
[image: image]
For the basin with fin shadow effect, the energy balance equation is as follows (El-Naggar et al., 2016):
[image: image]
Where the convective heat transfer coefficient is as (El-Naggar et al., 2016):
[image: image]
The finned basin liner’s energy balance equation is as follows (El-Naggar et al., 2016):
[image: image]
Where the total solar radiation incident on the finned basin liner and the total mass of the basin liner and fins are as (El-Naggar et al., 2016):
[image: image]
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Compared to a conventional unit, the unified fins with the basin produced 11.8% more distilled water and had 23.5% higher daily efficiency.
Tanaka( 2016) combined vertical multiple-effect diffusion solar still and tilted wick still to analyze solar still unit theoretically. He designed vertical multiple-effect diffusion solar still to have a series of vertical and parallel partitions and a double glass cover in contact with saline-soaked wicks with narrow air gaps between the partitions. The moisture-rich layers of air in the tilted wick still and the multiple-effect still were considered to be connected. As a result, water vaporized from the wick of the tilted wick still can gradually move to the humid air layer between the inner glass cover and the first partition of the multiple-effect still. They considered adding heat to the multiple-effect solar still by using the latent heat of condensation on the front surface of the first partition.
The energy balance for the tilted wick section’s wick and the first partition of the multiple-effect section (p1) may be stated as (Tanaka, 2016):
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Except for the first (p1) and last (pn) partitions, the energy balance for ith partition pi may be represented as (Tanaka, 2016):
[image: image]
Radiation and convection mechanisms are used to release energy to the environment from the last partition (pn). This may be phrased in the following way (Tanaka, 2016):
[image: image]
The heat transfer coefficient of forced convection from the outer plates to the ambient air in this study was determined using Eq. 20. The following relations were applied to estimate the convective heat and mass transfer between the humid air layer and the enclosing inner surfaces of both sections and the heat and mass transfer coefficients on the surfaces (Aihara, 1986):
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The following is an expression of the heat transfer rate of mass transfer between the partitions (Bird et al., 1966):
[image: image]
The temperature differential between the humid air layer and each condensing surface determines the condensation ratio on the three internal condensing surfaces of the humid air layer. On three typical days including the spring, summer, and winter, and considering 5 mm as the diffusion gap between partitions and using 10 partitions, total daily distillate production was indicated to be approximately 19.2, 16.0, and 15.9 kg/m2d, respectively.
Sivakumar et al. (2016) developed a mathematical model that took into account the influence of the basin’s heat capacity and the glass cover on the performance and exergy destruction of typical solar still. The energy balance for the glass cover and the basin is then outlined below, taking into account their heat capacity (Sivakumar et al., 2016).
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It was discovered that the cumulative yield when heat capacity is taken into account (2.02 kg/d) is higher than the obtained yield when heat capacity is not taken into account (1.8 kg/d). The increased cumulative production when heat capacity is taken into account may be attributed to the heat storage capacity of the basin, which raises the yield. When heat capacity is factored in, the total yield of solar energy increases by 10.38%.
Sherif et al.( 2016) used an unsaturated porous medium (sand) that was initially saturated by saline water, as well as the use of a focusing reflector to increase the productivity of solar stills. They concentrated on the porous media mathematical model and its solution through a finite volume technique. They utilized the terms absorbed/scattered solar energy and water vapor source/sink. The porous media was added to the double slope solar still (DSSS) system (sand). The porous medium, humid air region, and glass coverings are the three systems that make up the physical model. Each system has its own set of subsystems, such as scattering and absorbing models, evaporation models, capillary models, and crystallization models in the case of porous media. The gas absorption model is part of the humid air region system. As a sub-system, the glass cover system using the absorption model is used. Solar flux and ambient temperature are calculated throughout the day using solar radiation and ambient temperature models, respectively. Solar radiation on the horizontal and inclined surfaces was calculated using Ashrae clear sky model (Elsayed et al., 1994). In this study, the porous medium is thought to be a semitransparent medium for solar energy, which results in diffuse radiation. Internal reflection and scattering are also taken into account. The size of local intensity has been determined experimentally to vary with the variation in intensity at any point (Rababa’h, 2003). Absorption and scattering in sand layers are used to calculate the energy absorbed by every element inside the porous medium. The J-function (Leveret-function) (Kaviany, 2012) was employed in the capillary pressure equation. The energy balance in the porous medium mathematical model was written as follows (Sherif et al., 2016):
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The following is the energy balancing equation for east or west upper cover sides, taking each side orientation into account (Sherif et al., 2016):
[image: image]
The second and third terms in the above equation are the solar radiation absorbed in the upper cover thickness through both sides of the upper cover, and the solar radiation absorbed in the upper cover thickness that is transferred from the humid air region, respectively. The thickness of the sand has been discovered to have a considerable impact on solar still production. When the solar flux was high, the porous medium of a large size produced more distillate, while the porous medium of a small size produced more distillate when the solar flux was low. The solar still productivity improved when a compound parabolic concentrator was added to the porous medium; the increase was 56 and 38.5% in the winter and summer, respectively.
In their evaluation, Al-Sulttani et al. (Al-Sulttani et al., 2017) compared a double-slope solar still hybrid with rubber scrapers (DSSSHS) to a conventional double-slope solar still. The suggested DSSSHS design takes advantage of employing a slight slope in the solar still’s condensing cover, which enables more solar radiation to enter the still. The rubber scrapers are used to overcome the drawbacks of utilizing a small slope. The theoretical values of convective and evaporative heat transfer coefficients, as well as theoretical values of the yields, were determined considering experimental measurements. They calculated convective heat transfer from water to glass cover using the temperature-dependent physical characteristics of humid air provided by (Jain and Tiwari, 2003) as follows:
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The following is the energy balance equation for brackish water that exchanges energy as heat with the basin liner, upper cover, and the atmosphere (Al-Sulttani et al., 2017).
[image: image]
Where [image: image] is the amount of solar energy absorbed by brackish water as a proportion of total solar radiation. The following equations [56] were used to calculate the convective heat transfer coefficient from the basin liner to brackish water:
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They used the following form of the energy balance equation for the basin (Al-Sulttani et al., 2017):
[image: image]
Where [image: image] is the amount of solar energy absorbed by the basin as a proportion of total solar radiation. Rubber scrapers improved the total internal heat transfer coefficient and productivity in the DSSSHS model. For the situation when the slope of the upper cover is relatively small (approximately 3.0°), the maximum measured value of the total internal heat transfer coefficient for the DSSSHS is 38.754 W/m2 °C, and the daily productivity is 4.24 L/m2d with a productivity improvement of 63%. Rubber scrapers also prevented re-evaporation and the condensate accumulated and left for a longer time period on the inner surface of the upper cover from falling.
Madhlopa (2017) explored different evaporative heat transfer coefficients using view factors from radiative heat exchange. The first model employed the concentration ratio, which is dependent on various thermodynamic factors within solar still (Tsilingiris, 2009). Equations 103, 104 (Madhlopa, 2017) shows convective and evaporative heat transfer coefficients, which are used to compute the concentration ratio in the first model. The concentration ratio, as shown in Eq. 105 (Madhlopa, 2017), is a ratio of the evaporative heat transfer coefficient to the convective heat transfer coefficient. In the first model, the concentration ratio is determined by the temperature-dependent specific heat capacity of air, specific latent heat of vaporization, and partial vaper pressure.
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The study relied on the thermophysical parameters of a binary mixture. For realistic solar still applications, they discovered that d = 1/3 may be utilized in a wide range of operating temperatures, and b = 0.075 when the rate of distilled is less than [image: image], and b = 0.05 for greater distillate yields.
The concentration ratio in the second model is a function of the third-order polynomial of the solar still’s operating temperature (Rahbar and Esfahani, 2013). The following is a suggested polynomial function for the concentration ratio:
[image: image]
Results revealed that in the first model, the concentration ratio has a critical value whereas, in the second model, it does not have a turning point in the temperature range under consideration. The concentration ratio of both models is the same at the stated operating temperature. In constrained situations, his results demonstrated that the quantity of evaporative heat transfer coefficient employed by the first model is higher than that of the second model. Furthermore, the root mean square error obtained with the first model was smaller than that produced with the second model.
Abu-Arabi et al. (2018) presented a model to study the solar still, which is connected to an external solar collector and consists of Sodium Thiosulfate Pentahydrate as a phase change material (PCM). They found that a high mass of PCM causes less productivity as the productivity decreases by up to 30% by increasing the PCM to water mass ratio from 10 to 100. While the basin water temperature was higher for a higher prolonged time by comprising considerable PCM mass in the system. They showed that over the outer side of solar still, decreasing the overall heat transfer coefficient from 10.4 to 2.6 W/m2·K can enhance productivity higher than 100%. They observed that as the cooling water flow rate increases from 0.01 to 0.1 kg/s over the upper cover, the productivity increases considerably. When an overall energy balance is performed in the brackish water, the following results are obtained (Abu-Arabi et al., 2018):
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The following equation was used to determine the relationship between [image: image] and [image: image], as stated by Duffie and Beckman (Panchal and Thakkar, 2016):
[image: image]
They used the values of 0.83, 0.95, and 0.88 for the collector efficiency factor [image: image], the absorptivity of the solar collector plate [image: image] and transmissivity of the solar collector glass [image: image]. To calculate the radiation heat transfer coefficient, Eq. 13 was used to estimate the sky’s temperature. In addition, Eq. 21 was used to compute the convection heat transfer coefficient. A Nusselt number of four was used to estimate the convection heat transfer coefficient from the upper cover to the cooling water film since the flow is laminar. The stored or released energy of PCM was calculated as follows (Abu-Arabi et al., 2018):
[image: image]
The following are the energy balance equations for the system at night (discharging mode) (Abu-Arabi et al., 2018):
[image: image]
Comparing theoretical and experimental results showed reasonable agreement for the productivity and water temperature. The chosen PCM conducted admirably in terms of providing energy during the night for steady water production and also increased total productivity.
SCOPE FOR FUTURE RESEARCH
Solar stills are an uncomplicated, economical, and vital apparatus, especially in rural and remote regions. Due to various factors such as the material, climatic conditions, water quality, and so on, serious work on using long-term processes has not yet been completed. Due to the complexity of such studies, many areas of solar still research have not yet been explored. Some researchers have investigated the intensity of water salinity, total dissolved solids, turbidity, presence of minerals, and pH value on solar still output. It is important to develop appropriate software to investigate solar stills, as simulation studies have not yet been performed, compared with other powerful simulations in thermal and fluid flow simulating. The following are suggestions for future research directions:
1) One of the important components in increasing the productivity of a solar still is the upper cover, which functions as a transmittance medium for entering solar energy and transferring the heat as the latent heat from water vapor inside the solar still to the atmosphere outside of the solar still. The second duty of the upper cover means transferring the latent heat to the atmosphere is weak due to the low thermal conductivity of the upper cover materials and high temperature of the sides because it is in front of the solar radiation and absorbs some quantity of solar energy. Therefore, absorbing a portion of solar radiation decreases the level of temperature difference required for heat transfer from the inside solar still to the outside. The solar still could be redesigned in such a way that the transmittance medium (upper cover) and condensing plate are separate from each other. According to this idea, the upper cover duty is only a medium across solar radiation, and the condensation cover is only for transferring latent heat to the atmosphere. Of course, using this idea, the solar still becomes complicated and with more details, costs, and components.
2) Losing energy from the solar still sides to the atmosphere should be taken seriously. Researchers attempt to increase productivity using many components, redesign, geometries, etc. and sometimes ignore energy loss results as a factor that reduces or undermines efforts. It is evident that research on insulating all sides of the solar still to date is not satisfactory, and there is good potential for research and study of materials and multi-layer sides (walls), among other areas.
3) Solar energy has been considered only to vaporize the water in the basin, which can be thought of as other available forms of energy in the absence or weak solar radiation similar to wind energy, sea wave energy, Earth thermal energy, waste energy of homes, industries, and factories, etc. For example, using wind energy to evaporate the basin water and resume the distillation process might be explored during the night or when solar radiation is poor. In reality, water distillation may be carried out using a combination of solar and alternative energy sources.
4) Thermal models accurately investigate the physical phenomena of a solar still using the correct formula and energy balance. The next step toward becoming better and more precise might be to reduce assumptions and get closer to reality. The influence of thermal and velocity boundary layers, contact resistance between components, leaks, and other factors should also be addressed.
CONCLUSION
Potable water is critical for human and societal development, particularly in rural and remote regions. Solar stills were developed to produce distilled water in places with abundant solar radiation, such as the south and east. The single basin single slope solar still is the most basic form, and it is simple to design that anyone could build. Due to limited production, however, researchers have been working on a variety of alternate solar still models. This research analyzes theoretical principles and presents various thermal models of solar stills in the form of a variety of designs. All the studied thermal models have benefits and constraints due to the assumptions used to simulate the climate conditions of the region. Theoretical modeling of a solar still is a simple and quick way to study crucial factors such as efficiency, distilled water output, basin water temperature, and so on. The use of theoretical modeling aids in the selection of a suitable model as well as the evaluation of economic and technological obstacles. Accurate modeling allows for simulations that are close to real conditions, allowing for precise component selection and cost-to-productivity analysis. Before manufacturing and implementation, thermal modeling allows for an examination and comparison of alternative designs, fabrication costs, distilled water costs, climatic conditions, and numerous components. According to a review of several solar thermal models for passive and active units, further research is needed on energy loss, alternate energy use in the absence and weakness of solar radiation, and waste energy from other sources.
Due to the inexpensive cost of distilled water produced by solar stills, these devices are gaining popularity in comparison to fossil fuels. Although solar still units have poor productivity compared to current desalination systems, when fossil fuel resources grow scarcer, solar still units will become a dominant technology. On three typical days, covering the spring, summer, and winter, daily distillation production was estimated to be roughly 19.2, 16.0, and 15.9 kg/m2d, respectively, utilizing a 5 mm diffusion gap between partitions and ten partitions. Rubber scrapers enhanced the DSSSHS model’s overall internal heat transfer coefficient and productivity. The maximum observed value of the total internal heat transfer coefficient for the DSSSHS is 38.754 W/m2°C, and the daily productivity is 4.24 L/m2d, with a productivity improvement of 63% when the slope of the upper cover is relatively short (approximately 3.0°).
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