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ABSTRACT 

 

Water scarcity is among the major global problems confronting humanity caused by the 

world population growing, the socio-economic development and the global climate change. 

Several desalination technologies are available to tackle the drinking water increasing 

demand. Nevertheless, the conventional desalination processes require a large input of energy 

based on expensive and non-renewable fossil fuels. Hence, solar energy-driven distillation is 

among the most conceivable alternatives for supplying safe water with reducing the energy 

cost and the adverse environmental impact of fossil fuels. 

The conventional solar distiller is a sustainable and economical process that can be 

exploited in many remote and rural areas. However, the productivity is generally low, which 

in turn causes the equipment required to produce adequate quantities of freshwater to be large 

in size. In this study, conceptual improvements on the design and the distillation process of a 

wick type solar still are presented for the purpose of overcoming the low efficiency of the 

classic system. In addition to the condensing top cover, a second mode of condensation takes 

place in the bottom of the distiller by creating a forced convection of water vapor using a fan. 

Hence, reducing the heat losses to the ambient and enhancing the still productivity are 

achieved with maintaining the simplicity and the lightweight design and without calling for 

any complicated or cost-extensive technology. 

The efficiency of the improved configuration has been evaluated theoretically and 

experimentally. Thermal modelling and numerical simulation have been carried out based on 

the meteorological conditions of Luxembourg. The results inferred that the advanced system 

produces higher distillate output than the conventional process. Thereafter, the numerical 

results have been experimentally validated and it was proved that the efficiency of the 

advanced solar still enhanced by 33% in comparison to the conventional still. Furthermore, a 

design of experiments study based on Response Surface Methodology has been developed. In 

addition, the effect of several operating parameters on the efficiency of the improved distiller 

has been tested and optimized. It has been concluded that the performance of the advanced 

wick solar distiller increases by raising the fan velocity and the angle of inclination and by 

reducing the inlet water flow rate. 

Keywords: solar still; solar energy; wick cloths; drinking water; efficiency 
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RESUMÉ 

 

Face à la croissance démographique mondiale, le développement socio-économique ainsi 

que le changement climatique, la demande en eau douce continue à augmenter rapidement et 

l’approvisionnement de l’humanité en eau potable devient un problème majeur. Le 

dessalement de l’eau de mer et des eaux saumâtres est désormais envisageable pour répondre 

à la demande en eau potable. Néanmoins, l’inconvénient de ce procédé est la consommation 

accrue d'énergie non renouvelable. La proposition de recourir à l'énergie solaire pour cette 

technique de dessalement s’avère très importante, en raison de sa pleine disponibilité dans la 

majeure partie du monde et en particulier dans la plupart des pays en situation de stress 

hydrique. 

Le principe de construction et de fonctionnement du distillateur solaire conventionnel est 

très simple, fiable et ne nécessite aucun entretien, mais son rendement est relativement faible. 

L'inconvénient de cette technique est la chaleur de condensation perdue vers l'extérieur à 

travers le verre de protection. En effet, l’innovation de présent projet de thèse se manifeste 

dans l’amélioration du procédé de distillation par la réalisation d’un nouveau mode de 

condensation via la création d’une convection forcée à travers un ventilateur. Par conséquent, 

le rendement du distillateur est augmenté en gardant la simplicité technique et le faible coût 

du système. 

Ce projet de thèse a pour but de développer une étude théorique et expérimentale du 

distillateur solaire amélioré et d’évaluer son efficacité. La modélisation mathématique a été 

appliquée en se basant sur une étude thermodynamique. Ensuite, la validité de modèle 

mathématique a été appréciée en comparant les résultats expérimentaux avec ceux donnés par 

la simulation numérique. Les résultats obtenus ont montré que le système amélioré présente 

une meilleure production et que l’efficacité est augmentée de 33% par rapport au distillateur 

solaire conventionnel. En outre, des essais expérimentaux ont été réalisés en se basant sur un 

plan d’expérience développée par la méthode des surfaces de réponses (RSM). Les conditions 

optimales permettant de réduire les pertes thermiques et d’augmenter le rendement du 

système ont été déterminées. 

Mot clés : distillateur solaire, énergie solaire, eau potable, efficacité
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1.1 Global water issues 

Water covers around 70% of the Earth’s surface with  a total amount of about 1.4×10
9
 km

3
 

(Cipollina et al., 2009). Admittedly, our planet has abundant water resources. Nevertheless, 

the majority is saltwater. More than 97% of the global water is held by the oceans and the 

largest part of the remaining 3% is blocked in ice caps and glaciers. An estimated 0.5% of the 

global water is fresh water found in lakes, rivers and aquifers that is suitable for human 

consumption. This small fraction of freshwater is suffering from several environmental, 

economic and social demands, such as water pollution, growing water consumption and 

climate change, which have a major impact on the natural water cycle and distribution of 

precipitation (Araya & Kabakian, 2004).  

Nowadays, to ensure safe drinking water becomes one of the most serious challenges facing 

the world. The United Nations (U.N) highlighted that currently more than 2.1 billion people 

have no access to a secure source of drinking water, and about 40% of the world's population 

face severe water shortage. Furthermore, millions of people die every year from diseases 

related to improper water supply (Wyman & Yao, 2019). The high level of freshwater 

scarcity is strongly related to the increased pressure on water resources in many countries 

worldwide, notably in China, India, Pakistan, in the Middle East and many areas in Africa. The 

demand of the freshwater is rising gradually. However, the available conventional freshwater 

amount does not change as the water demand increases. Therefore, the supply and need of 

freshwater balance is in significant deficit (Stikker, 1998). Hence, there is an essential and 

earnest need to investigate the future of freshwater supply and to think about sustainable 

solutions for the existing problem of freshwater shortage. 

 “Ensure availability and sustainable management of water and sanitation for all” is the 

U.N's goal as cited in the 2030 Agenda for Sustainable Development (United Nations 

General Assembly, 2017). Thus, tremendous efforts have been made by scientists, engineers, 

and technicians throughout the world in order to improve the management of conventional 

water. Nevertheless, it is now evident that alternative sources of freshwater are required to 

overcome the current and future deficit. Recently, turning seawater into drinking water has 

started to be considered as a secure sustainable process offered by desalination technologies. 

Therefore, seawater desalination has proven to be a reliable and economically alternative 

https://www.powerthesaurus.org/blocked/synonyms
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source of freshwater, which can play aa important role to tackle the drinking water increasing 

demand (Leijon & Boström, 2018). 

1.2 Water desalination technologies 

 Desalination process is a technology used for removing dissolved salts and other minerals 

from seawater, brackish water or treated wastewater (Rahimi & Chua, 2017). Different types 

of water desalination technologies have been developed and they are classified by their 

separation mechanism into thermal processes and membrane processes. Thermal processes 

are based on distillation technology and involving phase change by the evaporation of 

saltwater and condensing the produced vapor. On the other hand, in membrane desalination 

the dissolved salts are completely retained by used a semi-permeable membrane. Among the 

available distillation technologies, the multistage flash process (MSF) and multi-effect 

distillation (MED) are widely utilized. Moreover, the most commonly used membrane 

systems are reverse osmosis (RO) and electrodialysis (ED) (Fritzmann et al., 2007). 

Currently, MSF and RO processes are the two predominant seawater desalination process 

used by desalination plants in the world, representing more than half of the overall 

desalination capacity (Ranjan & Kaushik, 2013). The largest freshwater producers using 

desalination processes are Saudi Arabia, United States (mostly in Florida, Texas, and 

California) and United Arab Emirates (A. Kumar & Prakash, 2019). However, the large-scale 

seawater desalination plants require a substantial amount of energy based on expensive and 

non-renewable fossil fuels. Nearly ten million tons of oil per year are required for 1 million 

m³.d
-1

 of freshwater production (A. Kumar & Prakash, 2019).  

Recently, the rapid depletion and the high fossil fuel costs contribute significantly to global 

warming and air pollution. A considerable attention to the exploit of renewable energies such 

as the solar energy have been placed. Coupling of desalination processes and solar energy 

plants is nowadays the best combination to overcome simultaneously the problem of water 

shortage and the depletion of conventional energy resources. Solar-powered desalination 

systems are currently the most promising and most used in many remote, arid and semi-arid 

areas that face water scarcity (Ghaffour et al., 2015). Moreover, most of the regions suffering 

from significant water deficit have high insolation levels especially in the Mediterranean and 

the Arabian Gulf areas. Hence, the solar-driven desalination plants have great attention as a 

feasible and suitable choice for producing freshwater with lowering energy consumption, 

reducing cost, and also minimizing environmental impacts (Blanco et al., 2009).  
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Especially in small communities where the saltwater is abundant and the solar energy is 

widely available, a simple desalination process called solar still can be efficiently used. Since 

other desalination plants are uneconomical for low-capacity water demand, solar distillers 

were designed to be used for small scale production (<100 m³ per day) (Hamadou & 

Abdellatif, 2014). The solar still working principle is based on the greenhouse effect such as 

the evaporation and condensation processes of the natural hydrological. In the solar still, the 

solar radiation evaporates water inside a shallow basin blackened from the inside for good 

incident sunrays absorption. The produced water vapour rises, which in turn condenses when 

it reaches the top transparent cover. The produced droplets of freshwater slowly flow through 

a channel and are collected in a storage bottle (Kabeel et al., 2020). Figure 1.1 presents the 

design of a classic basin solar still. Solar distillers are categorized as passive and active 

processes depending on the thermal energy supply. For the passive solar distillers, the only 

thermal energy source is the solar energy transferred via the transparent cover to the brine 

water. On the other hand, an extra- energy supply is used for the active solar distillers by 

coupling several systems to the conventional distiller such as heat exchanger and solar pond, 

with the aim of improving the distillation process (G. N. Tiwari et al., 2003a). 

 

Figure 1- 1: Conventional still design 

1.3 Research objectives 

Solar still is recognised as one of the most appropriate desalination techniques that aims to 

make seawater drinkable with simple thermodynamic process in many regions characterised 

by a poor infrastructure. This technology needs law cost, simple maintenance. Nevertheless, 

the productivity of the conventional system is low. The disadvantage of the conventional 

solar still is that the condensation heat is transferred to the glass cover, where a large portion 
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is lost to the outside. To increase the yield of the still, the heat must be kept inside, and 

therefore, an alternative mode of condensation has to be found. This issue has been addressed 

by several researchers by the introduction of active solar stills (Madhlopa & Johnstone, 

2009), (Rahmani & Boutriaa, 2017). In these designs, the condensation process is moved 

outside of the still and the condensation heat is recovered and reintroduced into the process. 

These processes generally rely on controlling the pressure at which the condensation occurs 

and achieve a good efficiency (R. A. Kumar et al., 2016), (Kabeel et al., 2017). The drawback 

of these designs is that the machinery involved is rather complicated calling for a high level 

of capital investment and high-level maintenance. This research is addressing this issue by 

creating a condensation area in the bottom of the distiller and passing the latent heat of 

condensation to the brine water (Figure 1.2). This transfer is conducted by forced convection 

of the water vapor produced by evaporation. Hence, the main research objective is to prove 

that an increase of the still’s productivity can be achieved based on this principle by 

developing a theoretical and experimental investigations. The second objective is to build a 

productive and lightweight distiller with suitable materials and workable design. The key to 

higher still performance is to evaluate the optimal working point. The latter depends on 

several parameters namely the circulation of vapor, the feedwater flow rate and many other 

thermal and design parameters. Several sensors and a microcontroller are installed and used 

for maintaining the optimum working point of the still. The developed technology is an 

efficient design which can be deployed easily in areas of moderate to low 

economic/technologic development. 

Investigating the performance of the improved solar still and achieving the different goals 

of the project need to set out the following research steps: 

1. Developing a mathematical modelling and numerical simulation for understanding 

the thermal behaviour and predicting the efficiency of the classic solar distiller and 

the advanced system. 

2. Designing, selecting materials, constructing and testing the prototype solar still 

under several outdoor conditions. 

3. Verifying the accuracy and validating the developed models. 

4. Testing the quality of the produced freshwater. 

5. Evaluating the impact of several operating parameters on the efficiency of the 

advanced solar distiller using an experimental design methodology. 
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Figure 1- 2: Improved solar still design 

1.4 Contribution to the state-of-art 

This study aims at contributing to the desalination technology by combining three ideas to 

improve the still efficiency through creating an alternative mode of condensation, achieving a 

substantial gain in the specific weight and automating the process. A lightweight design is a 

significant advantage because it permits the installation on the rooftop of a dwelling, thus 

reducing the need for space to install the equipment. As a result, solar distillation will become 

available as a tool for drinking water production in densely populated areas, contributing to 

the welfare of the people living in these areas. Furthermore, this dissertation offers an 

innovative analytical process based on mathematical modelling tools as well as, an 

experimental approach. The modelling methods are based on an explicit link between effects 

and causes and therefore permit fast progress with the optimisation of the proposed 

conception. Developing a thermodynamic analysis is a relevant approach to evaluate the 

behaviour of the proposed improvements along with exploring the impact of certain factors 

on the distiller efficiency. The prototype was designed, constructed and experimentally 

evaluated under outdoor condition. A scientific and engineering teamwork was deployed for 

enhancing the innovation and the originality of the enhanced setup, as well as, accomplishing 

the improvement goals. Furthermore, an experimental research was conducted based on 

persistent data collection using an installed system of sensors for an efficient parameter 

optimization. The performed experiments were used to test the efficiency of the advanced 

solar still and to verify the modelling results. Therefore, all the experiments were carried out 
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according to a design of experiment model upon Response Surface Methodology (RSM). The 

latter is a statistical and optimization technique used to establish a robust experimental 

strategy. RSM model aims at evaluating many variables and specifying their effects on the 

still efficiency, assess its feasibility and reduce the number of experiments required (Rashidi 

et al., 2016a). 

1.5 Thesis outline 

This thesis includes six chapters. The present first Chapter is devoted to illustrate the 

freshwater access limitation and the associated socio-economic problems. The alternative 

sustainable processes for drinking water production and the available distillation technologies 

are also introduced. The chapter ends with a summary of the research objectives, the 

contribution to state-of-art and a short overview of the pursued research procedure in this 

study. Chapter 2 presents a comprehensive survey and state-of-the-art review for the solar 

distillation processes developed recently. Furthermore, this chapter describes the present 

status of the wick type solar distiller and the recent ameliorations made for enhancing the 

performance and increasing the yield of drinking water. The last part is devoted for 

identifying the previous research limitations and highlight the innovative alternatives.  

Fundamental knowledge of solar radiation, heat and mass transfer and thermodynamic 

process of distillation process are presented in Chapter 3. The second part focus on 

developing the theoretical research relying on mathematical modelling approach and 

numerical simulation tools. Thermal models were developed in this chapter and the energy 

balance equations were numerically solved. 

The engineering process, instrumentation and solar still construction procedures are 

developed in Chapter 4. Furthermore, this chapter is intended to study the experimentation 

according to the selected design of experiments and to evaluate the solar-distilled water 

quality.  

Chapter 5 is dedicated for analysing the theoretical process and investigating its 

performance compared to the experimental data. Moreover, the sensitivity and optimization 

analysis of the proposed still and the results of water quality tests are also introduced in this 

chapter. 

The main conclusions selected from this research study and the recommendations for 

upcoming investigations are provided in Chapter 6. 
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Lack of fresh water is one of big problems facing the world following the rapid rising 

population and high water contamination. Hence, exploring alternative drinking water 

resources using green energy is being a serious challenge for researchers. Many 

investigations proved that the solar distillers are among the most adequate and cost-effective 

units for drinking water production. In this chapter, the history of the solar distiller and the 

recent improvements are introduced and discussed.   

2.1 Historical background of solar still 

Aristotle (384–322) is one of the greatest Greece philosophers, who described the water 

cycle in nature and proved that when the saltwater is evaporated and then condensed, it can 

become potable (Kalogirou, 2005). Thereafter, boiling the seawater and condensing the 

produced vapor was the first definition of desalination process. Arabian scientists were the 

first people who applied the distillation process to turn the saltwater to drinking water in the 

16
th

 century by using vessels heated with concentrated solar radiation through concave 

mirrors (G. N. Tiwari & Sahota, 2017a). Based on the distillation process, Della Porta (1589) 

introduced diverse desalination methods in his book “Magiae Naturalis”, such as his solar 

distillation device illustrated in Figure 2.1(Delyannis, 2003).  

 

Figure 2- 1: Historical solar distillation system of Della Porta,1589 (Delyannis, 2003) 

In 1774, Lavoisier, the French chemist has used large glass lenses with the aim of 

concentrating the solar energy for distillation use. However, only in 1870 it was granted the 

https://www.powerthesaurus.org/following/synonyms
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first American patent that reported the fundamental of the solar still based on detailed 

experimental research (Delyannis, 2003). Two years later, Carlos Wilson established the 

earliest large-scale solar distillation system in Las Salinas, Chile, to produce freshwater for 

the people working in saltpeter and silver mines and their families. The solar still was made 

by 64 water basins in blackened wood and inclined glass cover in the top. The total 

productivity of this installation was 20,000 liters per day (Kalogirou, 2005). Until the 2
nd

 

World War, only few solar distiller devices were designed and small amount of references 

about new solar distillation plants have been existed. During the 2
nd

 World War, further 

interest in desalting the seawater was revived and many researches in solar desalination were 

funded by the National Research Defense Committee (NRDC) in United States (US), with the 

aim of providing the freshwater for military needs at sea. In that time, Maria Telkes was the 

head of a team at Massachusetts Institute of Technology (MIT) who developed many 

experiments and created a solar distiller based on evaporation and condensation of seawater 

(Belessiotis & Delyannis, 2000). The freshwater quality issues get attention after the 2
nd

 

World War. Therefore, the US government created the Office of Saline Water (OSW) in 

1952, as a research funding agency specialized on water desalination plant. One of the most 

advanced distillation units constructed by OSW was in Daytona Beach, Florida as presented 

in Figure 2.2,(Delyannis, 2003). 

 

 

Figure 2- 2: Solar distillation Station at Daytona Beach, Florida (Delyannis, 2003) 
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Between 1960 and 1970, several solar distillation plants were built in many countries, with 

different capacities between some hundred liters to around 30,000 L.d
-1

 of freshwater. Eibling 

et al. (1971) reviewed 27 developed basin-type solar stills during ten years in many countries 

such as; Australia, Greece, India, U.S.A, Chile, Spain and Tunisia. By the beginning of 1970, 

the state-of-the-art of solar still was oriented towards the investigation of the thermodynamic 

cycle and the impact of some operating and climatic parameters on the still efficiency. Malik 

et al. (1982) have summarized the research works on solar distiller units developed until 1982 

(G. N. Tiwari, Yadav, et al., 1994). Yadav & Prasad (1991) presented the parametric analysis 

of the solar still. G. N. Tiwari et al. (2003) reviewed several research studies on solar 

distillation that had been established up to that time. Economic and efficiency analysis of 17 

design configurations of solar still were evaluated by Kabeel et al. (2010). A state-of-the art 

review was established by Sivakumar & Ganapathy Sundaram (2013) with the aim of 

presenting the numerous methodologies used for enhancing the productivity the solar 

distiller. S. Yadav & Sudhakar (2015) introduced the recent improvements of solar stills for 

domestic use and low scale production. Das et al. (2020) updated up a review of the 

developments in the field solar still technology in the 21
st
 century and the recent 

modifications made for enhancing the distillation process. 

2.2 Basic operating principle of solar distiller 

As mentioned above, solar distiller is one of the oldest technologies used to purify water 

using the abundant solar energy. The short electromagnetic waves of the sun’s energy reach 

the darkened surface of the basin after passing the transparent glass cover. This sunlight 

changes wavelength at one it strikes the black bottomed surface of the solar still and it 

transforms to a long wave of heat (Amimul Ahsan et al., 2012). By absorbing the heat, the 

temperature of water increases, and the evaporation process takes place. Almost all impurities 

are left behind in the bottom of the still. Due to the increased evaporation rate, the humid air 

density increases, and air convection current is formed owing to temperature and salinity 

gradient inside the system. The upward water vapor condenses with the help of the air current 

when it reaches the cooler underside transparent cover by liberating its latent heat. Thereafter, 

the droplets slide down due to the inclined glass and is stored in the channels installed at the 

lower edge of the cover (G. N. Tiwari et al., 2003b). Based on its simple working principle, 

solar still is considered as the easiest way for freshwater production with very low 

maintenance. It is the best environment-friendly device with no energy cost and low CO2 

emission (Ranjan & Kaushik, 2013). On the other hand, the solar still efficiency and 
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productivity depend upon several climatic and design parameters. Hence, investigating the 

effect of these parameters is necessary to build an efficient still with suitable design and 

improved distillation process. 

2.3 Theoretical analysis of solar still 

Investigating the thermodynamic and energy transfer phenomena is a crucial step for 

designing and improving an efficient solar distiller. Most of the theoretical investigations lead 

to evaluate the evaporation and condensation processes and provide very useful design 

information. The thermal evaluation of solar still is performed by developing a mathematical 

modeling of heat and mass transfer mechanisms that drive the distillation process. For the 

solar distiller, the heat transfer occurs via convection, conduction, radiation and evaporation. 

Different types of heat transfer processes of the solar distiller are presented in Figure 2.3.  

 

Figure 2- 3: Heat Transfer analogy of conventional solar still 

Studying the heat and mass transfer mechanisms aims to estimate the still efficiency. 

Dunkle (1961) is the earliest researcher who developed the theoretical analysis of solar still. 

He formulated the thermal and mass transfer relationships and presented the effect of 

operating temperature and pressure on the still efficiency. Based on the relations developed 

by Dunkle, numerous modifications and improvements on solar still units have been 

established over years. Cooper (1969) developed an experimental and theoretical 

investigations on the solar still operation. The study gave a particular attention for the design 

philosophy, which led to enhance the still productivity. Zheng et al. (2002) conducted a 

distillation process research and developed the heat and mass transfer correlations. 

Furthermore, Tsilingiris (2007) investigated the heat transfer coefficients with taking into 

consideration the thermal and physical  properties of the air and water vapor mixture. 
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Dwivedi & Tiwari (2009) analysed the influence of climatic condition and water depths on 

the still efficiency by investigating the thermal behaviour of basin solar distillers. Amimul 

Ahsan et al. (2012) presented a comparative study of several numerical models that have 

been developed to estimate still efficiency. Elango et al (2015) reviewed the recent theoretical 

attempts and imporved desalination systems over the last few years. Madhlopa (2017) 

conducted a comparative investigation of thermal models that included the view factors of 

radiative heat transfer. The review of S. W. Sharshir et al. (2017) provided a theoretical 

approach based on energy and exergy analyses with the purpose of understanding the impact 

of several climatic and design parameters on the solar still productivity. Sarray et al. (2017) 

studied the properties of humid air based on thermal modelling approach. 

2.4 Solar still classification 

Solar stills are classified as passive and active processes depending on the thermal energy 

supply. The passive solar distillers are the classic systems, which use the absorbed solar 

radiation as the only energy source. However, for active solar stills, an extra-energy supply 

using an external mode, such as heat exchanger or solar collector, is introduced into the 

distillation system for faster water evaporation (G. N. Tiwari et al., 2003b). 

2.4.1 Passive solar stills 

Passive solar still process is based on using the normal mode of solar energy without 

supplying any second form of external energy to accelerate the process. The conventional 

basin solar distiller is one of the oldest still designs, which is characterized by simple 

technology, manufacturing and maintenance. Thus, it can be installed easily using simple 

available materials such as wood and aluminum; however, the productivity of the 

conventional solar still is limited to 3 or 4 L.m
-²
.d

-1 
(Esfahani et al., 2016). Low still 

efficiency has driven the researchers to make many modifications and improvements. 

Thereby, the basic configuration has been changed in the entire design (such as, tilted, V-

shape, pyramidal, spherical, tubular, diffuser), as well, further special items have been 

associated to the system like, wicks, phase change materials and fins, for enhancing the 

distiller productivity. Madhlopa & Clarke (2011) evaluated the optical efficiency of single 

(SSS) and double (DSS) slope solar stills. The simulation results inferred that the SSS with 

black back wall collected more solar radiation than the DSS. Furthermore, Gnanaraj & 

Velmurugan (2019) tested the productivity of solar still with double slope. The results 

inferred that the yield of the modified double slope distiller was 171.43% higher than that of 
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simple single slope device. Spherical solar distiller design was theoretically investigated by 

Dhiman (1988) to predict the thermal performance. Based on a mathematical model, the 

researcher estimated that the productivity of the spherical design could be 30% greater than 

the convention solar still. Arunkumar et al. (2012) developed an experimental research of 

solar distiller with hemispherical shape based on meteorological condition of Coimbatore, 

India. It was revealed that the output rate of the improved unit depends on water quality, 

condensing cover and ambient temperatures. On the other hand, Ismail (2009) constructed a 

transportable hemispherical solar still as shown in Figure 2.4. The daily efficiency of the 

proposed design is about 33%. 

 

Figure 2- 4: Hemispherical solar still design (Ismail, 2009) 

Triangular pyramid passive solar still was experimentally tested by R. Sathyamurthy et al. 

(2014) in order to optimize the still production. This study proved that the efficient thermal 

analysis and the operating temperature optimization are very essential for designing solar 

distillation systems. Tubular solar still is another passive design that has the same working 

principle of the conventional system, but with different shape. This design consists of 

transparent tubular cover where the saline water is placed in the trough as presented in Figure 

2.5. Amimul Ahsan & Fukuhara (2010) studied the efficiency of the tubular solar still and 

evaluated the influence of some design parameters on the improved still productivity. 

Furthermore, Zheng et al. (2013) developed an experimental investigation of tubular solar 

distiller with single, double, and three effects. The researchers indicated that the daily yield of 

double effect is 80% greater than that of single effect tubular distiller. H. Panchal et al. 
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(2019) and Kabeel et al. (2020) reviewed the recent improvements made for tubular solar still 

devices.  

 

Figure 2- 5: Tubular solar still (Amimul Ahsan & Fukuhara, 2010) 

Many researchers have proposed the multi effect passive solar still as one of the best-

performed designs that leads to exploit the maximum dissipated heat and enhance the 

distillation process. Shanazari & Kalbasi (2018) developed energetic and exergetic analysis 

of multi effect solar distiller and they found that increasing the effect from one to ten could 

enhance the total yield by 407.3%. Rajaseenivasan et al. (2013) reviewed the recent methods 

used to improve the performance of multi effect solar distiller. Figure 2.6 illustrates the 

experimental setup of multi effect solar still. 

 

Figure 2- 6: Multi-effect solar still (Rajaseenivasan et al., 2013) 

V-shape solar distillers were built and tested by B. S. Kumar et al. (2008) and by Suneesh et 

al. (2014) with integrating some internal and external improvements. The specific benefit of 

this design is the use of central water collection channel for the distillate output from the two 

sides of condensing cover. The tilted solar still is another type of passive systems which is 

characterised by an inclined shape. For this design, the evaporation rate is increased by the 
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longer brine flow on the absorber, which in turn leads to improve the distillate yield. 

(Nagarajan et al., 2017) evaluated the efficiency of an inclined solar distiller with baffles. The 

results revealed that the yield rises by 1.68 times compared to the traditional device. 

Furthermore, the study inferred that improving the efficiency of an inclined passive solar still 

depends on several factors, such as the residence time of brine water and the absorber 

temperature. Shmroukh & Ookawara (2020) tested the productivity of inclined stepped solar 

still with some modifications under the environmental conditions of warm arid region in 

Egypt. The results inferred that the freshwater output reached 129% compared with the 

conventional distiller. The study of Mahdi et al. (2011) inferred that installing wick material 

inside the still, which serves as a solar energy absorber and water evaporation medium, 

significantly improved the distillate yield. Furthermore, Aybar (2006) concluded that using a 

wick-type absorber plate in tilted shape enhanced the freshwater production by two or three 

times compared to the simple flat plate. An extensive reviews on the inclined solar still 

investigations and enhancements have been introduced by Kalidasa Murugavel et al. (2013) 

and by Kaviti et al. (2016).  

2.4.2 Active solar stills 

Increasing the water temperature by providing an external mode of thermal energy is the 

main goal of the active solar still process. Several methods are using to feed the energy to the 

still but coupling the basin to a flat plate collector is the most used approach (G. N. Tiwari & 

Sahota, 2017b). The use of flat plate collector started by Rai & Tiwari (1983). The 

researchers found that the heat given by the collector improved the evaporation rate and the 

daily yield was 24% greater than the conventional system. Rajaseenivasan et al. (2014) 

evaluated the impact of preheating the brine water by integrating a flat plate collector (Figure 

2.7). It was revealed that the proposed installed system increased the productivity by 60%. 

Furthermore, Morad et al. (2015) performed thermal investigation of passive and active 

double slope solar distillers  for the aim of evaluating their performances. The researchers 

found that the efficiency of the improved still connected to a flat plate solar collector could 

reach 80.6% while it is limited to 57.1% for passive solar still. 

Hybrid photovoltaic thermal active solar distiller (PVT)  was proposed by S. Kumar (2013) 

as a cost-effective system for drinking water production. The cost of the required energy and 

freshwater production were 0.85 Rs/kWh and 0.75 Rs/kWh, respectively (Rs: Indian Rupee). 
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Figure 2- 7: Solar distiller with flat plate solar collector (Rajaseenivasan et al., 2014) 

Prasad & Tiwari (1996) analysed the performance of coupling a compound parabolic 

concentration collector (CPC) with a double effect solar distiller. It was observed that the 

brine temperature was significantly increased that lead to faster evaporation and maximum 

production. D. B. Singh & Tiwari (2016) integrated a partially covered photovoltaic thermal 

compound parabolic concentrator (PVT-CPC) to single and double slope distillers. They 

proposed the design as a self-sustainable system of potable water production. It was found 

that the annual yield of the PVT-CPC coupled double slope solar still is higher by 5% then 

that of single slope at 0.14 m of brine depth. Integrating solar parabolic trough concentrator 

and vacuum heat exchanger with an active solar distiller was studied by Hosseini et al. 

(2018). It was concluded that the heat exchanger vacuum pressure has a considerable impact 

on enhancing the water vapor production in the solar still. The highest daily yield was 1.5 

kg/m² in with 1227.68 W.m
-²
 of average solar radiation and 0.5 bar of the heat exchanger 

vacuum pressure. On the other hand, many researchers developed solar distillers connected to 

a mini solar pond system for the aim of preheating water and rising the water-glass 

temperature difference (Sampathkumar et al., 2010). Velmurugan & Srithar (2007) developed 

an experimental investigation to evaluate the efficiency of solar distiller with mini solar as 

presented in Figure 2.8. It was noted that the average distillate output increased by 27.6% in 

the case of using mini solar pond assisted solar distillation device. The performance of solar 

distiller connected to a shallow solar pond (SSP) was investigated by El-Sebaii et al. (2008). 

The researchers found that the yearly average yield and the annual efficiency of the proposed 

design were about 52.36% and 43.80%, respectively, greater than that of the simple solar still 



CHAPTER 2: STATE OF THE ART 

 

Mariem JOBRANE  18 

 

without SSP. Furthermore, detailed reviews of active solar distillation devices have been 

introduced by Sampathkumar et al. (2010), Ravishankar Sathyamurthy et al. (2017) and G. N. 

Tiwari & Sahota (2017b). 

 

Figure 2- 8: Mini solar pond coupled solar still (Velmurugan & Srithar, 2007) 

2.5 Parameters affecting the efficiency of the solar still 

Many studies were developed for the purpose of understanding the impact of several 

climatic and design factors on the performance of the solar distiller. Climatic parameters 

including ambient temperature, solar energy and wind velocity are uncontrolled as they are 

meteorological factors. Among major design parameters that have a significant influence on 

the still efficiency are basin water depth and insulation, thickness and inclination of the 

condensing cover and glass–water temperature difference. These parameters can be varied 

and optimized for enhancing solar still productivity.  

2.5.1 Climatic factors 

Solar energy is the vital factor of the solar distillation process. This interesting parameter 

drives the distillate yield. Badran & Abu-Khader (2007) investigated the effect of the incident 

solar intensity on the daily distillate output of a passive solar distiller. As well, A. Ahsan et 

al. (2014) proved experimentally that the hourly yield increases during the morning until 

reaching the highest level in the afternoon, which corresponds to the highest solar intensity 

value during the day. The larger incident solar intensity is absorbed by the system, the greater 

yield is obtained. Therefore, the distillate production during summer is higher than the winter 

season according to the study of A. K. Tiwari & Tiwari (2007). As the still productivity is 
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directly proportional to the amount of solar radiation, many scientists have investigated the 

impact of integrating several systems in order to enhance the incident solar energy. Tanaka 

(2015)  inferred that coupling flat plate bottom reflector provided a great potential of 

absorbed solar energy to the distiller. Maliani et al. (2020) evaluated the efficiency of solar 

distiller coupled with parabolic trough concentrator (PTC), and they concluded that large 

amount of distillate water was achieved, and higher water temperature was gained over the 

day.  

As the solar intensity, the wind velocity is a climatic parameter that cannot be controlled. 

Wind speed effect was examined by many researches; however, no absolute conclusion was 

achieved concerning a positive or negative impact on solar distillation process. According to 

El-Sebaii (2004), the increase in wind velocity enhances the condensation process by 

improving the heat transfer from the transparent top cover to surroundings. Hence, it 

decreases the condensing-cover temperature. Furthermore, El-Sebaii (2004) introduced a 

simulation study for active and passive solar still. It was noted that the daily yield enhances 

with increased wind velocity until a typical value at which the increase in production 

becomes negligible. Zurigat & Abu-Arabi (2004) affirmed the previous results and they 

found that when the wind speed rises from 0 to 10 m.s
-1

, the distillate yield was higher than 

50%. Whereas, contradictory results were introduced by other researches for the impact of 

wind speed on the distillation process. Toure & Meukam (1997) indicated that very limited 

improvement in the solar still output was obtained (less than 10%) in the case of rising the 

wind speed from 1 to 9 m.s
-1

. The same results were confirmed by Al-Hinai et al. (2003) as 

shown in Figure 2.9(b). Cooper (1969)  inferred that a marginal enhancement in the distillate 

yield is obtained for wind speed over 5 miles. In their parametric analysis, Morse & Read 

(1968) concluded that no significant effect for the wind speed on the still’s efficiency. 

Nevertheless, ElSherbiny & Fath (1993) found that if the velocity of the wind raises from 0 to 

8 m.s
-1

, the daily yield decreases by less than 10 % under climatic conditions of Egypt.  

The influence of other meteorological parameters like ambient temperature has been 

investigated by some researchers. Certain studies inferred that the high ambient temperature 

increases the temperature of condensing cover, which results reduced distillate yield (G. N. 

Tiwari & Sahota, 2017a). 



CHAPTER 2: STATE OF THE ART 

 

Mariem JOBRANE  20 

 

 

Figure 2- 9: Influence of ambient temperature (a) and wind speed (b) solar still productivity 

(Al-Hinai et al., 2003) 

Nguyen (2018) tested the influence of the ambient temperature for insulated solar still and 

uninsulated distilling device. For the case of good insulated system, the low ambient 

temperature leads to an increased yield. However, the opposite result was obtained for the 

solar still without thermal insulation. For the second case, the low ambient temperature rises 

the heat losses, consequently the temperature of brine water is reduced, and a low 

productivity is achieved. Meantime, Al-Hinai et al. (2003) affirmed experimentally that 

increasing the ambient temperature by 10 °C enhances the daily yield by 8.2% for an 

insulated solar still as demonstrated in Figure 2.9 (a). 

2.5.2 Design factors 

2.5.2.1 Condensing cover 

The transparent top cover is an essential component of solar still device that can be made 

from plastic or glass. This cover permits the solar radiation to directly reach the blackened 

basin surface. In addition, it presents the condensing surface of the water vapor. Therefore, 

the transparent cover material must have a great transmittance of the sunrays and must also 

offer some degree of insulation to avoid the heat losses by radiation to the ambient (S. W. 

Sharshir, Yang, et al., 2016). Tleimat & Howe (1969) performed a research study to compare 
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the effect of installing double strength window glass and Polyvinyl Fluoride film as a 

transparent cover for the solar distiller. The obtained results indicated that the plastic material 

offers a much larger possibility of geometrical modifications than the glass cover; however, 

the glass is more efficient from the viewpoint of productivity. Mostly, glass material is the 

superior choice used as condensing surface for the solar still. Hence, many factors such as, 

inclination angle, sunrays transmittance and thickness, were widely investigated with the aim 

of understanding their impact on the performance of the distillation process. Based on its 

relationship with the incident solar intensity, the glass cover in tilted shape is more efficient.  

Furthermore, the inclined glass cover ensures the movement of condensate water droplets by 

the gravity force to the collecting channel. In addition, the angle of inclination must be more 

than 10° to avoid that the droplets fall down into the basin instead to the collecting device 

(Abujazar et al., 2016). On the other hand, the optimum  inclination of glass cover is different 

from the plastic film on account of the higher surface tension between the plastic cover and 

the water droplets (Dev & Tiwari, 2011). Nafey et al. (2000) found that the greater 

productivity is achieved at high angle of inclined cover during the winter and the opposite 

effect was observed in summer season, as shown in Figure 2.10.  

 

Figure 2- 10: Variation of the distillate output with angle of inclined glass (Nafey et al., 2000) 

The same results were affirmed by Al-Hinai et al. (2003). H. N. Singh & Tiwari (2004) 

investigated the effect of tilting cover and they concluded that the maximum yearly 

productivity is gained if the condensing top cover is tilted at angle close to the place latitude. 

G. N. Tiwari, Thomas, et al. (1994) developed a thermal analysis to optimize the glass cover 

inclination. They found that the optimum inclination is 10° in summer season according to 

Delhi climate conditions. At 30° N of latitude, Tanaka (2010) concluded that the optimum 
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angle could be 10° in summer, however, it must be more than 50° for the other seasons. 

Alvarado-Juárez et al. (2015) inferred by their numerical investigation that the maximum 

distillate output was obtained at 35° of inclined cover. Modifications to the condensing cover 

could be also presented in the thickness of the glass. Hence, many researchers indicated that 

the heat transfer mechanism through the cover could be improved by decreasing the thickness 

of the glass (S. W. Sharshir, Yang, et al., 2016). Comparison study for glass thickness 

between 6 and 3 mm has been developed by Mink et al. (1998). It was noted that 3 mm was 

the optimum thickness for great condensate water production. Further experimental 

investigation affirmed that rising the glass thickness from 3 to 5 mm leaded to decreasing the 

still efficiency by 67.6% (Mohamed Elashmawy, 2019). 

Enhancing the performance of the solar distiller is proportional to improving the 

condensation process. Therefore, modifying the shape of the glass cover and optimizing the 

condensing area were the main objectives of several researches (Xiao et al., 2013). 

Altarawneh et al. (2017) studied three cover geometries; single/double slopes and pyramid 

shape as shown in Figure 2.11.  

 

Figure 2- 11: Different glass cover shape (Altarawneh et al., 2017) 

The optimum design was evaluated based on numerical and experimental approaches. The 

results revealed that the solar still with single slope shape is the best design and the pyramid 

shape produced the lower distillate yield during all the seasons. Tayeb (1992) tested the 

productivity of four solar stills with different glass shapes (sloped flat, half a cylinder, 2 half 

cylinders and slightly curved cover). The experimental results showed that the simple sloped 

flat cover is the most suitable device. Furthermore, cooling the condensing surface is a widely 

useful technique for improving the condensation process by reducing the top cover 

temperature. Abu-Hijleh (1996) investigated the efficiency of this mechanism by passing 

cooling water over the glass surface. The obtained results showed that the still efficiency 
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increased by 6% with proper use of film cooling parameters. Rahim (1995) suggested to 

separate the evaporator and condenser into two units for the aim of increasing the water-glass 

temperature difference. The thermal efficiency of the proposed device was about 70%. 

Moreover, Madhlopa & Johnstone (2009) investigated the productivity of passive solar 

distiller with a separate condenser. The results inferred that the distillate yield was 62% 

greater than that of the conventional system. The same method was developed by Sivaram et 

al. (2020). The study aimed to improve the still efficiency by providing a passive external 

condenser with evaporator in a stepped configuration. The experimental setup is presented in 

Figure 2.12. Coupling the external condenser to the system enhanced the still efficiency by 

12% and 10% during summer and winter, respectively. 

 

Figure 2- 12: Solar distiller with external condenser (Sivaram et al., 2020) 

2.5.2.2 Basin insulation 

The main objective of using thermal insulation in the solar still device is to decrease the 

heat leakages from the still bottom and sidewalls to the 23mbient. Therefore, the type and 

thickness of insulating material have a significant impact on the distillation process. Thermal 

insulating material must be characterized by heat resistant effect, which depends on the 

thermal conductivity of the material. Moreover, the insulating material should be resistant to 

aggressive atmospheres like high humidity and saline water, also it must be as cost-effective 

as possible (Khanmohammadi & Khanmohammadi, 2019). According to their experimental 

study in Egypt, Mohamad et al. (1995) noticed that the maximum daily output was obtained 

by using the polyurethane rigid foam material. However, from economic point of view, using 
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the sawdust insulating material offers the low cost to the distillate water production. Based on 

several studies results, sawdust, glass wool and plywood are frequently used as insulating 

materials in solar still with the aim of limiting the heat leaks to surroundings (Arunkumar et 

al., 2018). Sahoo et al. (2008) evaluated the distillate yield for basin solar still with bottom 

and sides polystyrene insulation. As a result, the still efficiency was increased by 6.05%. 

Furthermore, Khalifa & Hamood (2009) proved that the thickness of the insulating materials 

significantly effects the still productivity. The results of their study indicated that the 

insulation could enhance the still productivity by over 80% with an insulation thickness of 60 

mm. Badran & Abu-Khader (2007) investigated performance of conventional solar distiller 

with different insulation thicknesses. They concluded that the still efficiency increases with 

increasing the insulating thickness, as presented in Figure 2.13. 

 

Figure 2- 13: Influence of thickness of insulating material on the performance of solar 

distiller (Badran & Abu-Khader, 2007) 

2.5.2.3 Water depth  

Water depth is a design parameter that can be defined as the total amount of brine water 

inside the still basin. For the conventional distiller, the brine water covers all the area of the 

basin and attains a certain level. When the water amount increases, the volumetric heat 

capacity of brine increases and leads to reduce the water temperature, hence a time delay in 

evaporation rate is produced (Abujazar et al., 2016). Several studies were established to 

investigate the impact of different water depths on solar still efficiency (S. W. Sharshir, 

Yang, et al., 2016). The study of Dev & Tiwari (2009) revealed that decreasing the brine 

level leads to improving the still productivity. Furthermore, the researchers indicated that 

0.01 m is the optimum water depth among the four tested levels (0.01, 0.08, 0.12, 0.16 m). 
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Badran & Abu-Khader (2007) proved experimentally that the high level of water inside the 

still rises the brine heat capacity; thereby it reduces the evaporation rate. Sivakumar & 

Ganapathy Sundaram (2017) found that the water level has a considerable impact on the 

water-glass heat transfer. They inferred also that higher distillation yields were produced for 

0.1 m and 0.15 m of brine level due to the thermal storage effect. 

2.5.2.4 Evaporation area 

Improving the evaporation rate is one of the main keys to accelerate the evaporation process 

and enhance the still efficiency. The rate of water evaporation is directly related to the 

exposure water surface. Therefore, increasing the free water surface ameliorates the distillate 

yield (Xiao et al., 2013). Several design modifications have been made for the purpose of 

enhancing the evaporation area. Stepped solar distiller was widely used as an improved 

design for enhancing the distillate output by enlarging the evaporation area and decreasing 

the water mass in the distiller. Abujazar et al. (2016) evaluated the productivity of inclined 

stepped solar still and they inferred that the greatest hourly efficiency was 58% due to the 

increased water residence time inside the still. Kabeel et al. (2012) also developed a 

theoretical and experimental study for stepped distiller. They found that the enhanced still 

efficiency was 53% greater than that of the classic distiller. Tabrizi et al. (2010) increased the 

evaporation rate by installing cascade solar still with 15-step absorber painted by matte black 

for high sunrays concentration, as presented in Figure 2.14. Omara et al. (2011) introduced a 

modified solar still integrated by finned and corrugated absorbers. The study aimed to 

evaluate the impact of increasing the basin area on the thermal performance and the 

evaporation process. It was found that the distillate output increased by 40% and 21% in the 

case of the still with integrated fins and with corrugated plate, respectively. On the other 

hand, many research studies inferred that the evaporation surface could be improved by using 

proper storing materials along with basin water. Among the widely used heat storing 

materials are sponge, gravel, wicks and phase change materials (PCM) (Xiao et al., 2013). 

Abu-Hijleh et al. (2003) experimentally investigates the influence of installing sponge cubes 

on the still productivity.  The researchers inferred that the use of sponges in the basin create a 

high significant improvement in the still productivity by about 273%. In addition, Sellami et 

al. (2017) tested the effect of installing blackened layers of sponge on the still performance 

under the climatic conditions of Algeria. They found that the distillate output raised by 

57.77% with sponge thickness of 0.5 cm and by 23% for 1 cm. The effect of using gravel 

material inside the still basin was studied by Nasri et al. (2019). The obtained results revealed 
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that the gravel produced the greatest amount of distillate water (5 L.m
-²
.d

-1
) as compared to 

the black polyethylene (4.48 L.m
-²
.d

-1
) and the sand (3.84 L.m

-²
.d

-1
). 

 

Figure 2- 14: Cascade solar still with black painted absorber (Tabrizi et al., 2010) 

Yousef et al. (2019) compared the efficiency of solar distiller with phase change material 

(PCM) to  the conventional system, and they found that the use of PCM led to an 

improvement in the productivity during night by 400%, compared to that of classic still. 

Vigneswaran et al. (2019) evaluated the distillate output of solar still with PCM medium. The 

research study inferred that the PCM keeps the water temperature elevated for long time, in 

addition, it rises the nocturnal productivity due to the discharge the stored latent heat energy. 

Furthermore, the results showed that installing multiple PCMs in still enhanced significantly 

the daily yield by 19.6% compared to the conventional device. Among the most common 

technologies that have been used for increasing the evaporating surface area, are the black 

porous wicks. The wick material is operated as surface of sunrays absorption and water 

evaporation. Many researchers considered that using black wick supported by tilted frame 

inside the still is the best method that could significantly enhance the evaporation and 

condensation rates (Kaviti et al., 2016).  

2.6 Recent improvements of wick type solar distiller 

Several investigations revealed that using the black porous wick has a significant influence 

on the still efficiency (Dev & Tiwari, 2011). Black wick cloth plays a double role at the same 

time. It is used for solar energy absorption and water transport surface (Mahdi et al., 2011)
 
. 

Thus, the wick covered absorber receives the maximum transmitted solar radiation from the 

transparent top cover. Furthermore, the capillary action of the wick increases the water 

temperature as a result of the increased residence time and the decreased water depth. In 
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addition, a low thermal capacity is providing by the wick that offer faster response to the 

incident solar radiation. Hence, increased rate of evaporation process is obtained. Numerous 

investigations inferred that the evaporating surface of the solar distiller with wick cloth leads 

to produce higher amount of water vapor than the classic basin solar distiller (Dev & Tiwari, 

2011). The study of Hirschmann (1975), affirmed that the wick-type solar distiller has an 

attractive performance compared to the classic system. The results of Moustafa et al. (1979) 

showed that using the wick absorber led to higher operating temperature and faster 

evaporation and condensation rates than that of a classic solar distiller. Furthermore, it was 

noted that the high efficiency of the wick type distiller caused by the increased incident solar 

energy and the reduced reflection from the basin. The impact of some climatic and operating 

variables on the productivity of solar distiller with wick covered absorber was investigated by 

Yeh & Chen (1986). Shukla & Sorayan (2005) developed a theoretical study for multi-wick 

distiller for the aim of evaluating the effect of using single and double slope designs on the 

still efficiency. Aybar (2006) designed and build a wick solar still in inclined shape with the 

aim of producing freshwater and hot water at the same time. It was observed that the water is 

quickly evaporated at high temperature due to the use of porous medium material. 

Velmurugan et al. (2008) developed a comparative study between the efficiency of wick solar 

distiller and conventional system. Figure 2.15 illustrates the proposed design. By the capillary 

action, the water is distributed overall the black wick surface area and is evaporated upon 

receiving the high solar radiation. The obtained results inferred that the distillate output of the 

improve design was 29.6% greater that of classic single slope solar distiller. 

2.6.1 Materials used as a wick cloth  

Efficient wick material properties could be summarized in excellent capillary action, high 

sunrays absorptivity, good resistant to fading, and low cost. Several investigations have been 

performed for the aim of evaluating the performance of different materials used as a wick 

cloth inside the solar stills (Abdullah et al., 2018). Jute cloth is one of the oldest wicks used 

in the solar distillers. Jute is a natural material characterized by the wide availability and the 

low cost. In addition, this material could offer a great heat evaporate energy that leads to high 

distillate production (Sodha et al., 1981). On the other hand, jute cloth has some drawbacks 

such as, the pore clogging due to the salt deposition and the deterioration of the material with 

time (Sakthivel et al., 2010). Sodha et al. (1981) tested the integrated blackened jute cloth 

inside tilted solar still and they concluded that the problem of using the jute could be 

prevented by brushing the salt and injecting a black dye to avoid the slit formation. 
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Figure 2- 15: Wick type solar distiller (Velmurugan et al., 2008) 

Besides, Agrawal et al. (2018) tested the efficiency of a wick solar distiller in Rewa, India. 

It was inferred that a high evaporation area was offered by the wick cloth which led to 

enhance the daily productivity by 62%. Another widely used wick material is the charcoal 

cloth, which has good solar absorbance and high capillary action properties. Many 

researchers investigated the use of charcoal cloth as a heat absorber medium inside the solar 

distiller such as, (Okeke et al., 1990), (Naim & Abd El Kawi, 2003), and (Mahdi et al., 2011). 

The study of  Ouar et al. (2017) confirmed that charcoal cloth could be used as a heat storage 

medium and it enhances the nocturnal distillation. As a result, the charcoal material increased 

the distillate output by 18.42% relative to the classic device. Light black cotton cloth was 

selected as one of good wick materials installed within still's absorber. Murugavel & Srithar 

(2011) evaluated the influence of using several wick materials on the simple still efficiency as 

presented in Figure 2.16. The researchers inferred that the light cotton was the best wick cloth 

and it yielded the highest daily output. Moreover, Sriram et al. (2013) and Ahmed & Ibrahim 

(2016) concluded that using the light black cotton enhances the performance and the 

productivity of the solar still more than many other wick materials. Hansen et al. (2015) 

tested the impact of integrating different wick cloths to several absorber configurations. The 

comparative investigation of different wick material was conducted based on various 

parameters such as, porosity, absorption capacity, and heat transfer coefficients. The results 

showed that highest distillate output of 4.28 L.m
-²
.d

-1 
was obtained in the case of using the 

water coral fleece placed on stepped absorber. On the other hand, cow dung cakes were tested 

as wick absorber material by H. N. Panchal (2015). The researcher found that this material 
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has a good physical properties and high heat storing capacity that enhances the nocturnal 

productivity of the still. 

 

 

Figure 2- 16: Different wick materials tested by Murugavel & Srithar (2011) 

The cow dung cakes increased the distillate output by 25% greater than that of the classic 

still absorber. However, they could produce some toxic gases at very higher temperatures. 

Yousef et al. (2019) introduced a study of solar still with steel wool fibres based on 

evaluating the energetic, economic and environment aspects. The researches deduced that the 

proposed solar still established 52.5% and 23%, of maximum energy and average daily 

exergy efficiencies, respectively. Furthermore, they found that the cost of 1 L.m
-²
 was 0.0343 

USD, and the annual reduction of CO2 emissions was 15.6 tons. 

2.6.2 Various arrangements of wick absorber 

Wick arrangement inside the solar still has an interesting impact on the evaporation process 

and the heat transfer of basin brine water. Therefore, investigating the layout of the wick 

cloth could contribute to the improvement of still productivity. Matrawy et al. (2015) 

evaluated theoretically the behavior of solar distiller integrated with corrugated shape of wick 

absorber by developing a mathematical model and numerical simulation. The results inferred 

that proposed configuration of the black wick could offer large evaporative surface area. The 

same configuration was designed by Omara et al. (2013). The absorber consisted of a 

galvanized iron sheet in waves shape covered by double layer of wick cloth. Based on the 

experimental tests that have been carried out at Kafrelsheikh University, Egypt, it was found 

that the corrugated shape of absorber with wick enhanced the productivity by about 55% 
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higher than that of the classic still. Anburaj et al. (2013) investigated the efficiency of 

rectangular grooves and ridges configuration. The researchers found that using black cotton 

cloth placed in the proposed configuration led to produce high amount of daily distillate. 

Suneesh et al. (2017) experimentally studied a special design of wick cloth in a V-shape solar 

distiller. Rather than total covering the basin by blackened wick, the researchers suggested to 

test the wick material with periodic cavities, as showing in Figure 2.17. The results inferred 

that the temperature of evaporation and condensation surfaces were higher with the proposed 

arrangement than that of the completely covered basin. Therefore, the productivity 

improvement was about 8.3%. Modi & Modi (2019) proposed to use a small pile of wick 

cloths immersed in the water. The tests of the experimental setup showed that the overall 

distillate yield of distiller with jute cloth in a small pile form was 18% greater than the 

productivity of the same still integrated by black cotton material. 

 

Figure 2- 17: Wick cloth in partially covered arrangement (Suneesh et al., 2017) 

Haddad et al. (2017) evaluated the efficiency of basin solar distiller incorporated by vertical 

rotating wick. The blackened jute cloth was attached with a vertical plate and its lower 

section was immersed in water. The proposed system enhanced significantly the thermal 

efficiency of the solar distiller and improved its productivity to reach 7 L.m
-²
.d

-1
during 

summer season. In addition, Abdullah et al. (2019) tested the efficiency of installing wick 

cloths in horizontal and vertical shape with DC motor controlled rotation, as presented in 

Figure 2.18. the proposed design increased the surface area and the solar radiation absorption. 

In addition, the obtained results showed that the improved still efficiency reached 84% with 

inserting a nanofluid material inside the distiller. 
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2.6.3 Passive and active wick type solar distillers 

Numerous research studies have been carried out with the purpose of improving the design 

and ameliorating the distillate output of the wick solar distiller. Some of wick solar still 

enhancement techniques are summarized in Table 2.1. 

 

 

Figure 2- 18: Solar still with vertical and horizontal rotating wick (Abdullah et al., 2019) 

Table 2. 1: Various wick solar still designs 

Type of still References Wick material Results 

Single and double 

slopes wick solar 

stills 

(Alaian et 

al., 2016) 

W.M.  

Pin-finned 

wick 

Increased efficiency by about 55% in 

case of using pin finned wick. 

(Ouar et al., 

2017) 

Charcoal cloth Enhancement of daily yield and 

increased nocturnal distillation output. 

(Murugavel 

& Srithar, 

2011) 

Light cotton 

Sponges 

Coir mate 

Waste cotton 

High distillate yield for using light 

black cotton cloth. 

Inclined wick 

solar still 

(Mahdi et 

al., 2011) 

Charcoal cloth Significant improvement of the 

evaporation rate and the distillate 

output. 

(Hansen et 

al., 2015) 

Water coral 

fleece fabric 

Wood pulp 

paper 

Daily yield: 4.28 L.m
-²
 with stepped 

wick arrangement. 

(Sharon et 

al., 2017) 

Black blended 

woollen wick 

Significant increase in operating 

temperatures. 

Coupled Basin 

still to tilted wick 

solar still 

 

(Al-

Karaghouli 

& Minasian, 

 

Blackened jute 

cloth 

Daily productivity improvement: 85% 

and 43% in comparison to basin solar 

still and inclined wick solar distiller, 

respectively. 
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1995) 

Wick type solar 

still in V-shape 

(Suneesh et 

al., 2016) 

Black cloth in 

tilted shape 

-Significant nocturnal productivity 

-Increased operating temperatures  

(B. S. 

Kumar et al., 

2008)  

Charcoal cloth Improvement of the overall efficiency 

by 30%. 

Wick solar still in 

concave shape 

(Kabeel, 

2009) 

(Gnanaraj & 

Velmurugan, 

2019) 

Jute cloth  -Enhancement of the solar radiation 

absorption. 

-Cost of freshwater production: 0.065 

USD for 1L. 

Stepped wick 

solar still 

(El-Agouz, 

2014) 

Black cotton 

clothing 

-Significant enlargement of the 

evaporation area. 

-Enhancement of the still productivity 

by 53%. 

(Swellam 

W. Sharshir, 

Eltawil, et 

al., 2020) 

Linen wick -Improvement of the thermal 

efficiency by 53%. 

-Reduction of the cost of freshwater 

production by 20%. 

Pyramid wick 

solar still 

(Prakash et 

al., 2016) 

Blackened jute 

wick 

Enhancement of distillate yield by 

17.68% with the use of black jute as a 

wick inside the pyramid still. 

 (Swellam 

W. Sharshir, 

Peng, et al., 

2020) 

Black wick 

material 

Development of 32hermos-economic 

performance of the pyramid solar still 

by using wick in corrugated shape.  

Multi–wick type 

solar still 

(Pal et al., 

2017) 

Jute cloth and 

black cotton 

-Augmentation of productivity at 

lower water depth (1 cm) 

- Enhancement of the still’s efficiency 

with the use of black cotton wick. 

(A. Agrawal 

& Rana, 

2019) 

multiple 

floating black 

jute wicks in 

V-shaped 

profile 

-Maximum daily distillate output: 

6.20 L.m
-2

 and 3.23 L.m
-2

 in summer 

and in winter, respectively. 

-Enlargement of the evaporative 

surface area by 26%. 

Wick type still 

with integrated 

reflectors 

(Tanaka, 

2015) 

 

Blackened 

wick cloth 

Improvement of distiller performance 

by installing a flat plate bottom 

reflector at optimum inclination. 

(Tanaka, 

2018) 

Double layer 

wick material 

in corrugated 

shape 

Enhancement of distillate yield by 

about 145.5% over the classic solar 

still. 

Wick type solar 

stills coupled with 

solar water 

heating system 

(Omara et 

al., 2013) 

Jute linen 

woven cloth 

Augmentation of overall distillate 

yield by 215%. 

 

Tubular wick 

solar still with 

(M. 

Elashmawy, 

Black cotton 

clothing 

Increase of distillate yield by  

676% and decrease of cost by 45.5% 
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integrated 

parabolic 

concentrator solar 

tracking system 

2017) compared to classic solar distiller. 

Wick solar still 

with integrated 

with mini solar 

pond 

(Dhindsa & 

Mittal, 

2018) 

Multiple 

floating 

blackened 

porous cotton 

cloths 

-Enhancement of the thermally 

efficient in comparison to the 

conventional still. 

-Improvement of nocturnal 

productivity by 71.21%. 

2.7 Limitations of previous investigations and alternative propositions 

Currently, there are numerous research studies, which focus on developing various design 

and operation improvements of the solar still with maintaining the high freshwater yield as a 

primary goal. On the other hand, testing the quality of the produced drinking water was 

overlooked in several investigations. The main role of the solar still is not only producing 

unsalted water, but also providing safe water that should confirm other drinking parameters. 

Theses parameters could be classified as; physical (color, turbidity, odour and taste), 

chemical (Ph, Chloride, dissolved oxygen) and bacteriological (bacterial and viral 

contaminations). Furthermore, the brine output and the possibility of this by-product 

valorization were neglected in most of the solar distillation research studies. Controlling the 

water quality could be performed by installing a system of different sensors connected to a 

programmed microcontroller in order to insure a continuous check of the water quality pre 

and post distillation process. Furthermore, many modifications were investigated with the 

aim of improving the distillate output, however the impact of several meteorological and 

design parameters on the efficiency of the proposed modifications were ignored because of 

the extensive and complicated experiments. In this case, various design of experiment (DoE) 

techniques are useful as a tools for investigating multiple process parameters simultaneously 

(Wagner et al., 2014). Many designs of experiment methods are widely used such as, 

Fractional Factorial Design, Taguchi method and Response Surface Methodology (RSM). 

These designs are convenient for planning experiments and studying influence of many 

factors on the still efficiency with a reduced number of tests. Furthermore, many researchers 

proposed several complicated designs to improve the still performance such as coupling 

reflectors, solar pond, solar concentrator and using external condensers. These designs are 

rather tricky and require a high-level maintenance. In general, these designs are technically 

demanding and expensive, also need many materials that are not easily available in the 

majority of rural or remote areas. However, thinking about increasing the evaporation surface 

area by using wick cloth and enhancing the condensation process by transferring the water 
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vapor via forced convection to a second condensation chamber inside the same device could 

be an efficient approach for high still productivity. This sustainable method could 

significantly reduce the heat losses and enhancing the evaporation process. Several research 

studies were performed using only experimental approach in order to test the efficiency of 

their proposed enhancements without explaining theoretically the evaporation and 

condensation processes as well as, widening the energy transport phenomena inside the 

improved design. Nevertheless, for solar distillation investigations, the theoretical analysis is 

an essential approach for the development of this type of technology, which help to 

understand the thermodynamic of the process and identify the influence of different climatic 

and operating parameters on the still’s efficiency. 

2.8 Summary 

This chapter presents a brief history of solar distillation technology which has been 

proceeding since many years for freshwater production. The basics of solar still operation and 

the state-of-the-art of passive and active solar distillers are summarized. Furthermore, it is 

highlighted that several meteorological and operating parameters namely solar radiation, 

wind speed, inclined shape and water depth, have significant impacts on the still efficiency. 

In addition, it is noted that the conventional solar distiller has a limited productivity. Hence, 

several design and process improvements recently developed for increasing the productivity 

of the solar distiller are reviewed in this chapter. It is mentioned that wick type solar still is 

one of the most efficient solar distillation units. Various studies have been made with the aim 

of improving the evaporation process of this device including the use of separate condenser 

and several complicated and cost extensive systems (reflectors, solar water heating system). 

Using an alternative mode of condensation through forced convection of water vapor could 

be a cost-effective process for reducing the heat losses, hence enhancing the still productivity. 

This chapter ends by discussing the limitations of previous investigations and introducing 

some alternative propositions for developing the distillation technology. The theoretical 

analysis of the classic distiller and the advanced solar still are presented in the next chapter. 
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 Theoretical analysis of solar distillation presents a useful approach that leads to better 

understanding the system’s behavior and the thermodynamic of the process. This chapter 

presents a mathematical modeling and numerical simulation of the conventional solar still 

and the improved system with the aim of analyzing the functional relationship between 

energy inputs and productivity and appraising various climatic and operating parameters and 

their sensitivity. 

3.1 Introduction to modelling and simulation processes 

Modelling approach could be defined as a process of representing a real-world system, 

particular concept or physical phenomena using simplified abstract symbols such as 

mathematical notations. In addition, modelling process aims at describing not only the state 

of a system but also its behaviour through the transitions from one state to another which 

could be caused by the system itself or by various circumstances (Dunkle, 1961) (El Hefni & 

Bouskela, 2019). Based on several physical laws, a set of mathematical equations are applied 

in order to build models of reality. Therefore, modelling is considered as an efficient tool that 

helps to define, design, analyse, predict and optimize a system under development with a 

cost-effective way (Zhang et al., 2019). The execution of a model is called simulation. 

Simulations could be considered as the numerical experiments based on a computer-

executable version of the model (Sahinoglu, 2013). Computer simulations were widely used 

in many sectors especially for engineering systems for theoretically investigating the process, 

validating the efficiency of a new design or an improved existing system and estimating the 

performance of complex engineering systems when the experimental approach for the real 

conditions is very expensive (Zhang et al., 2019). Due to the flexibility of the mathematical 

modelling and computer simulations, research and development in solar distillation 

technology have been performed based on theoretical approach for the aim of investigating 

the performance of several solar still configurations and improvements with no extra cost and 

time of experimental analysis. Modelling and simulation are used by many researchers as 

powerful tools for design, parameter analysis and difficulties removal in solar stills 

construction. Edalatpour et al. (2016) presented a comprehensive review of modelling on 

various types of solar stills namely, single slope, double slope, multi-effect and tubular solar 

still. The study included mathematical modelling and computational fluid dynamics (CFD) 

simulations of different solar distillers for the aim of estimating the productivity of each 
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system.  In the investigation of Ahmed et al. (2009), ANSYS-Fluent software was exploited 

to simulate the heat and mass transfer phenomena of a new multistage evacuated distiller 

system. Setoodeh et al. (2011) employed the mathematical modelling and numerical 

simulation to investigate the mechanisms responsible for heat and mass transfer between 

brine water and condensing cover. Furthermore, N. Rahbar & Esfahani (2013) developed a 

numerical simulation to evaluate the efficiency of basin solar distiller. Nader Rahbar et al. 

(2015) evaluated the efficiency of a tubular solar distiller by establishing a theoretical 

analysis. Khare et al. (2017) developed a numerical simulation aimed at understanding the 

evaporation and condensation processes inside the solar distiller.  

Generally, the efficiency of a solar distiller depends on the amount of thermal energy that 

the still converts from the global incident solar radiation. Hence, it is required to compute the 

total incoming solar energy before starting the distillation modelling.  

3.2 Solar energy modelling 

Recently, the need for solar radiation data has become more and more important and 

demanding for many engineering and scientific applications related to solar energy such as 

solar distillation. The thermal energy could be generated from the solar radiation. Thus, the 

converted heat from the solar energy is transferred from solar absorber to the various parts of 

the system via several ways of heat transfer, which is the case of the solar still. Hence, 

numerous solar radiation computation models were developed based on empirical 

correlations aimed at predicting the amount of incident solar energy at a given place and time. 

The emitted solar radiation is spread in electromagnetic waves form and turned into 

useful types of energy at the speed of light (Zekai, 2008). The solar energy that directly 

reaches the earth’s surface without any disturbances is named beam or direct radiation (Gb, 

W.m
-
²). The amount of solar radiation that is scattered by the atmosphere and reaches the 

ground is referred to diffuse radiation (Gd, W.m
-
²). Furthermore, there is a small part of solar 

radiation that can be reflected when it reaches an inclined surface, which is called reflected 

radiation (Gr, W.m
-
²) (El Mghouchi et al., 2016). The different solar radiation components are 

presented in Figure 3.1. In general, the global solar radiation (GT, W.m
-
²) is defined as the 

sum of these three components.   

 

https://www.powerthesaurus.org/with_the_aim_of/synonyms
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Figure 3- 1: Direct radiation Gb (a), diffuse radiation Gd (b) and reflected radiation Gr (c) 

(Zekai, 2008)  

3.2.1 Total solar radiation on horizontal surfaces 

The amount of direct and diffuse solar radiation is considered as the total radiation on a 

horizontal surface (Antonanzas-Torres et al., 2019). The conventional way of estimating the 

total solar energy that reaches horizontal surface (GTh, W.m
-
²) is presented by the following 

expressions (El Ouderni et al., 2013): 

GTh = Gb + Gd  (3.1) 

Gb = Gsc × exp [−
TL

0.9 + 9.4 sin (αs)
] sin (αs)                                                                             (3.2) 

Gd = 54.8 √sin (αs) [TL – 0.5 − sin (αs)]                         (3.3) 

Where, Gsc, αs  and TL are the solar constant, the solar altitude and the Linke turbidity factor, 

respectively. (Francis S. Johnson, 1945) has defined the solar constant as the rate of solar 

energy received by a surface, which is perpendicular to the sun direction. The common value 

of solar constant used by the scientific community is 1360 W.m
-
² (Zekai, 2008). The Linke 

turbidity factor (TL) summarizes the atmospheric turbidity, hence the attenuation of the direct 

solar radiation. TL can be calculated using the following expression (El Ouderni et al., 2013): 

TL = 2.4 + 14.6 β + 0.4(1 + 2 β) ln (Pp) (3.4) 
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Where (β) is the atmospheric turbidity, which depends on the site’s atmospheric condition 

β=0.05 for rural area, β = 0.05 for urban area and β = 0.05 for industrial area (El Ouderni et 

al., 2013).  

The partial pressure (Pp, Pa) can be estimated as a function of the atmospheric pressure (Pat, 

Pa) and the pressure of the dry air (Pdr, Pa). 

Pp = 
760

101325
 (Pat – Pdr) (3.5) 

The solar altitude (αs ) is the sun’s angular height relative to the Earth's horizon. The altitude 

angle is calculated by the following expression (Herrería-Alonso et al., 2020): 

sin (αs) = sin δ sin φ + cos δ cos φ cos ω (3.6) 

Where φ, δ and ω are the latitude of the area, the declination angle and the hour angle, 

respectively. The declination angle (δ) is defined as the angular distance between the Earth’s 

equator and the line connecting the centers of the sun and the Earth. According to (Cooper, 

1969) the declination angle can be mathematically presented as following, 

δ = 23.45 sin [0.986 (n + 284)] (3.7) 

Where (n) is number of the day in the year.  

The hour angle (ω) is defined as the sun ‘s angular mobility to the East or West of the local 

meridian due to the Earth rotation around its polar axis (Goswami, 2015). 

ω = 
AST − 720 min

4 min/degree
                                                                                                                    (3.8) 

Where (AST) is the local solar time which can be estimated as following (Holbert & 

Srinivasan, 2011): 

AST = LST + (4 min/ deg) (LSTM − Long) + ET (3.9) 

Where LST, LSTM, Long and ET are the local standard time, the standard time meridian, the 

local longitude and the time equation, respectively. (LSTM) is calculated as following 

(Holbert & Srinivasan, 2011): 

LSTM = 15° × ( 
Long

15°
)round to integer                                                                                  (3.10) 

(ET) in minutes is given as following (Maleki et al., 2017). 

ET = 9.87 sin(2 D )− 7.53 cos(D) − 1.5 sin(D) (3.11) 

Where D = 360° 
(n−81)

365
                                                                                                       (3.12) 

The different angles that describe the position of the sun are illustrated in Fig. 3.2. 
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Figure 3- 2: Different solar angles 

3.2.2 Total solar radiation on tilted surface 

As the tilt angle has a significant impact on the amount of incident solar radiation, the 

majority of solar systems are tilted such as the solar collectors and solar stills. Therefore, it is 

required to estimate the amount of solar energy reaching an inclined plane (GTi, W.m
-
²), 

which consists of the direct, diffuse and ground reflected radiation (Zekai, 2008). 

GTi = Gbi + Gdi + Gr (3.13) 

Incident solar beam radiation on a tilted system (Gbi, W.m
-
²), could be calculated as 

following (Maleki et al., 2017): 

Gbi = Rb Gb (3.14) 

Where, (Rb) is the tilt factor for direct radiation (Rb) and it can be calculated as follow 

(Maleki et al., 2017): 

Rb = 
sin δ sin (φ – θ)+ cos δ cos (φ – θ) cos ω

sin δ sin φ + cos δ cos φ cos ω
                                                                               (3.15) 

Where(θ) is the angle of inclination. 

Numerous models were developed to estimate the diffuse radiation flux that reaches an 

inclined surface (Maleki et al., 2017). (Liu & Jordan, 1963) is one of the earliest and easiest 

models, which assumes that diffuse radiation flux, is scattered constantly over the sky. 

Therefore, the diffuse solar energy received by an inclined surface is computed by the 

following expression suggested by Liu & Jordan (1963): 

Gdi = (
1+cos θ

2
) Gd  (3.16) 
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Some of the total solar radiation that is reflected due to several intercepting objects is called 

ground-reflected radiation. The reflected solar radiation for a non-horizontal system can be 

calculated by, 

Gr = (
1− cos θ

2
) λ GTh (3.17) 

Where (λ) is the ground albedo (Gueymard, 2009). 

3.3 Thermal analysis of solar still 

Thermodynamics is the mathematical analysis of energy relationships that describe the 

evolution of a system from an initial to a final state. Furthermore, the thermodynamic 

modelling could be defined as an approach concerned with the evaluation of transmission, 

conservation and conversion of thermal energy in any process (J. Thoma et al., 2000). The 

design, construction, testing and operation of an efficient solar still require knowledge about 

thermodynamics of distillation process and heat transmission mechanisms. Investigating the 

heat exchange has a considerable impact on optimizing the solar distillation process by 

appraising temperatures of still’s components and its productivity.  

3.3.1 Heat and mass transfer processes 

Generally, solar distillation involves heat transfer through several modes namely, radiation, 

conduction, convection and evaporation. Heat transfer by conduction is found through the 

transparent cover and the bottom of the distiller, which leads to a loss of heat energy to the 

ambient.  Furthermore, the absorbed heat by the black basin surface is passed to brine by 

convection. Thereafter, the water thermal energy is passed to condensing cover by 

evaporation, convection and radiation. It should be mentioned that the internal heat transfer 

inside the solar distiller includes mass transfer. Therefore, correlations are determined in 

order to calculate the coefficients of heat transfer by convective and evaporation between 

brine water and condensing cover. Figure 3.3 illustrates the heat transfer processes in 

different points of a classic solar distiller. 

3.3.1.1 Radiative heat transfer 

Radiation heat transfer could be identified as the transfer of thermal energy via 

electromagnetic waves owing to a temperature gradient. The radiative heat involves the 
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transfer of energy from a surface to the space surrounding it without requiring a material 

medium but it propagates through vacuum or clear air (Ganji et al., 2018). 

 

Figure 3- 3: Heat transfer diagram of a conventional solar still 

Based on Stefan-Boltzmann’s law, the heat flux transferred by radiation (qr, W.m
-
²) is given 

as following (Holman & Lloyd, 2008): 

qr  = hr (T ‒ T0) = ԑ σ  (T
4
 ‒ T0

4
)                                                                                                             (3.18) 

Where, (hr, W.m
-
².K-1

) is the coefficient of radiative heat transfer, (T0, K) and (T, K) are the 

absolute temperature of the environment and the temperature of the object emitting or 

absorbing the heat radiation, respectively. (σ) and (ԑ) are the constant of Stefan-Boltzmann 

and the coefficient of the surface emission, respectively.  

For solar still systems, the radiative heat transfer occurs from water to the condensing top 

cover. Hence, the coefficient of radiative heat transfer (hr,w-g, W.m
-
².K-1

) could be expressed 

by Zhang et al. (2019): 

hr,w-g = ԑeff σ [
(Tw+273)4− (Tg+273)

4

(Tw – Tg)
]                                                                                  (3.19) 

Where (ԑeff)  is the effective emittance. 

ԑeff = ( 
1

ԑw
+  

1

ԑg
− 1 )−1                                                                                                      (3.20) 

Furthermore, the heat losses from top cover to surroundings takes place by radiation mode. 

The radiative heat flow (qr,g-a, W.m
-
²)  could be given as follow (Elango et al., 2015): 

qr,g-a  = hr,g-a ( Tg ‒ Ts) = ԑg σ  ( (Tg + 273)
4

 ‒ (Ts + 273)
4                                                                           

(3.21) 

Where, the sky temperature (Ts, K) is given by Elango et al. (2015): 
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Ts = Ta ‒ 6                                                                                                                     (3.22) 

3.3.1.2 Heat transfer by conduction 

Heat is transferred by conduction when a temperature gradient exists. Thus, the heat could 

pass from the warmer to cooler zones by vibrations of adjacent molecules or translational 

motion of electrons of material. Conduction heat transfer is proportional to the heat 

conduction coefficient (k, W.m
-
².K-1

) and the temperature gradient. Based on Fourier’s low 

(1822) the heat flux transferred by conduction (qcd, W.m
-
²), is given by the equation (3.2) 

(Holman & Lloyd, 2008). 

qcd = − k × 
dT

dx
                                                                                                                     (3.23) 

For the solar still, heat transfer via conduction mode is found between the internal and 

external skin of the glass cover and in the bottom of the distiller where the heat is lost to the 

surroundings through the insulating material. The increased (k, W.m
-1.K-1

) refers to a high 

rate of heat transfer through conduction. Therefore, the insulating material installed in the 

solar still should have a low value of thermal conductivity like, plywood, polystyrene and 

sawdust in order to minimize heat losses.  

3.3.1.3 Convective heat transfer 

Heat convection is the mode of thermal energy transfer between solid surface and a fluid 

flowing in contact with it, at different temperatures. Generally, heat transfer by convection 

occurs due to the combined diffusion and bulk movement of molecules. There exist two types 

of convective heat transfer namely natural or free convection and forced convection (Bi, 

2018). The difference between the two modes is related to the mechanism by which flow is 

generated. In the case of natural convection, the motion of the fluid is the result of a 

temperature gradient, which leads to a difference in densities. Whereas, in the forced 

convection, the fluid is forced to flow through an external power of motion like using pump 

and fan. Based on the law of Newton, the heat flux transferred by convection (qc, W.m
-
²) can 

be expressed by Holman & Lloyd (2008). 

qc = hc × dT                                                                                                                         (3.24) 

Where (hc, W.m
-
².K-1

) is the convective heat transfer coefficient, which can be given in term 

of the Nusselt number (Nu). Nu represents the ratio of heat passed to the fluid by convection 
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to the thermal energy conducted within the fluid. Nu is given as a function of Rayleigh 

number (Ra) (Holman & Lloyd, 2008). 

Nu = 
hc  L

k
 = C (Ra)

n
 (3.25) 

C, n; are unknown constants which are determined experimentally. (k, W.m
-1.K-1

) and (L, m) 

are the fluid thermal conductivity and the characteristic dimension of the surface, 

respectively. The characteristic dimension defines the length scale of a physical system. For 

the naturel convection along a horizontal plate, there are different definitions of the 

characteristic length. Some studies define the characteristic length consider as the shorter side 

of the plate. While the others take it as one-half of the longer side or one-half of the shorter 

side. The characteristic length suggested by Goldstein et al. (1973) is the most common 

definition (Hatfield & Edwards, 1981): 

L = 
A

P
                                                                                                                                  (3.26) 

Where (A, m²) is surface area and (P, m) is the perimeter. 

Rayleigh number (Ra) is expressed in term of Grashof number and Prandtl number. 

Ra = Gr × Pr                                                                                                                    (3.27) 

Prandtl number depends only on fluid properties and it is given as following: 

Pr = = 
υ

α
 = 

µ Cp

k
                                                                                                                  (3.28) 

Where (υ, m
2
.s

-1
) is the kinematic viscosity,  (α, m

2
.s

-1
) is the thermal diffusivity, (µ, Pa.s) is 

the dynamic viscosity, (Cp, J.kg
-1.K-1

) is the specific heat and (k, W.m
-1.K-1

) is the thermal 

conductivity. 

Grashof number (Gr) is defined as the buoyancy force devised by the viscous force of the 

fluid. Generally, (Gr) is given as following;                                                                                                                                             

Gr = 
g β L3 ρ2ΔT 

µ2                                                                                                                  (3.29) 

Where, (g, m.s
-
²): acceleration due to gravity, (ρ, kg.m

-
³): fluid density, (ΔT, K): Temperature 

gradient and (β, K
-1

) is the volumetric thermal expansion coefficient, which defines the 

fractional change in density of an object when the temperature changes at constant pressure. 

In case of forced convection of a hot fluid that flows over a flat plate of length (L, m), the 

following expression of average Nusselt number is widely used for calculation of convection 

heat-transfer coefficient (G. N. Tiwari & Sahota, 2017a) (Holman & Lloyd, 2008). 

NuL = 0.664 (Pr)
1/3

 √ReL                                                                                                  (3.30) 

Where (Re) is Reynolds number and it is given by, 
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Re= 
 ρ V L

µ
                                                                                                                             (3.31) 

Where, (V, m.s
-1

) is the fluid velocity. 

For the solar still system, the heat energy could be lost through transparent top cover by 

naturel convection. Thus, the convective heat flux from the top cover to surrounding (qc,g-

a,W.m
-
²) can be expressed by, 

qc,g-a = hc,g-a × (Tg ‒ Ta)                                                                                                                             (3.32) 

Many researchers inferred that the outward convective heat losses by convection depend on 

wind velocity (V, m.s
-1

) and it can be approximated by formulas as followings (Sarray et al., 

2017) : 

hc,g-a = 2.8 + 3V,  for V ≤ 5 m.s
-1

  (3.33) 

hc,g-a = 6.15 ×V
0.8

,  for V >5 m.s
-1

 (3.34) 

Once the black basin absorbs the solar radiation, heat is passed to brine water by natural 

convection, which in turn heats up the water and supports the evaporation process. The heat 

flux transferred from basin surface and water mass (qc,b-w, W.m
-
²) can be written as, 

qc,b-w = hc,b-w × (Tb ‒ Tw) (3.35) 

The convective heat coefficient (hc,b-w, W.m
-
².K-1

) is obtained by using the expression of 

Nusselt number for a hot horizontal surface presented in the following expressions (Holman 

& Lloyd, 2008). 

Nu = 1, for Ra < 10
5                                                                                                                                                             

(3.36) 

Nu = 0.54 Ra
1/4

, for 10
5
 < Ra < 2×10

7
                                                                             (3.37) 

Nu = 0.15 Ra
1/3

, for Ra > 2×10
7                                                                                                                             

(3.38) 

After heating and evaporating the brine water, the produced vapor creates heat flow through 

a free convection and moisturizes the air inside the distiller (Panayotis T. Tsilingiris, 2015). 

Thus, the heat flux by convection from water to condensing surface (qc,w-g, W.m
-
²) can be 

expressed by; 

qc,w-g = hc,w-g × (Tw ‒ Tg) (3.39) 

It should be mentioned that there exists a vapor concentration difference next to the 

temperature gradient in the distiller. Furthermore, the mass transfer process that takes place 

from the water vapor to the dry air enhances the transfer of heat energy between evaporating 
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and condensing surfaces. Hence, a modified Grashof number is applied in order to estimate 

the convective heat transfer (hc,w-g, W.m
-
².K-1

). Coulson and Richardson (1961) defined the 

modified Grashof number (Gr*) for evaporation process with taking into consideration the 

difference in fluid density by the following expression (P. T. Tsilingiris, 2009): 

Gr* = 
g ρ2 L3 

µ2  (
ρg

ρw
 ‒ 1)                                                                                                     (3.40) 

After applying the gas law, the previous expression becomes, 

Gr* = 
g ρ2 L3 

µ2
 (

Mg Tw

MwTg
 ‒ 1)                                                                                                (3.41) 

Where (Mg, kg.kmol
-1

), (Mw, kg.kmol
-1

) are the molecular weight of the vapor at the water 

and condensing surface, respectively. 

Furthermore, if we suppose that the humid air is an ideal gas, then: 

Pwv + Pwa = Pgv + Pga = PT (3.42) 

Where (pwv)and (pgv) are the partial pressures of the vapor close to water and the glass 

surfaces, respectively. Similarly, (pwa) and (pga) present the partial pressures of the dry air 

close to water and glass surfaces, respectively. 

Hence, the modified Grashof number (Gr*) could be written as, 

g ρ2 L3 

µ2  (
Mg Tw

MwTg
 ‒ 1) =   

g ρ2 L3 

µ2   [
Mv Pgv Tw + Ma Pga Tw

Mv Pwv Tg + Ma Pwa Tg
 ‒ 1]                                                                                                 

                               =   
g ρ2 L3 

µ2   [
Mv (Pgv Tw− Pwv Tg) +   Ma (Pga Tw− Pwa Tg)    

Tg (Mv  Pwv +Ma  Pwa )    
]                         (3.43) 

After replacing (Pwa) by (PT − Pwv) and simplifying the equation, the following can be 

obtained: 

 
g ρ2 L3 

µ2
 (

Mg Tw

MwTg
 ‒ 1) =  

g ρ2 L3 

µ2
  [

Tw − Tg

Tg
+

(Mv − Ma )(Pgv −Pwv ) Tw

Tg( Ma PT  + (Mv −  Ma )Pwv 
 ] 

                                = 
1

Tg
  [(Tw − Tg) +  

(Pwv − Pgv) Tw
Ma PT 

 Ma  − Mv 
 − Pwv 

]                                                      (3.44) 

Where β = 
1

Tg
, the molar mass of vapor and the dry air are Mv=18 g.mol

-1
, Ma=28.96 g.mol

-1
, 

respectively and the total pressure PT = 101300 Pa. Thus, the modified Grashof number (Gr*) 

can be expressed by, 

Gr* = 
g ρ2 L3β 

µ2  ΔT’                                                                                                            (3.45) 

Where, the modified temperature difference ΔT’ is given by, 

ΔT’ = [(Tw − Tg) + 
(Pw − Pg) Tw

(268.9 × 103)− Pw 
] (3.46) 
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Therefore, the general expression of the water-glass convective heat transfer coefficient is 

given by P. T. Tsilingiris (2009). 

hc,w-g = C k. L
3n-1 ( 

g β ρ 

 µ  α
)n

 [(Tw − Tg) +  
(Pw − Pg) Tw

(268.9 × 103)− Pw 
]

n

                                                                   (3.47) 

Where, (α, m².s
-1

) is the thermal diffusivity of the air. 

The partial saturated vapor pressure at the water and the glass temperatures, respectively, can 

be expressed as following: 

Pw= exp (25,317 ‒ 
5144

( Tw+273)
)                                                                                            (3.48) 

Pg= exp (25,317 ‒ 
5144

( Tg+273)
)                                                                                            (3.49) 

Elango et al. (2015) summarized the expressions of several physical properties of water vapor 

as presented in the Table 3.1. 

3.3.1.4 Heat transfer by evaporation 

Evaporation is a complicated process that includes both heat and mass transfer. The 

evaporation process takes place at the liquid-vapor interface. In addition to the heat transfer 

by convection and radiation, the heat transfer by evaporation also occurs between brine water 

and condensing cover (S. W. Sharshir, El-Samadony, et al., 2016). The rate heat transfer by 

evaporation (qe,w-g, W.m
-
²) is corresponding to difference between water and glass 

temperatures. Based on Cooper and Dunkle (1961) model, the heat transfer by natural 

convection inside the solar distiller could be written in terms of mass flow rate of dry air (ṁa, 

kg.m
-
².s

-1
), specific heat capacity of dry air (Cpa, J.kg

-1
.K

-1
) and the temperature gradient, as 

following (Sivakumar & Ganapathy Sundaram, 2017): 

qc,w-g = hc,w-g × (Tw ‒ Tg) = ṁa Cpa × (Tw ‒ Tg) (3.50) 

Hence, the mass flow rate of dry air is given by, 

ṁa = 
 qc,w−g

  Cpa (Tw – Tg) 
 = 

 hc,w−g

 Cpa
                                                                                                (3.51) 

Furthermore, the specific humidity (φ’) can be identified as the ratio of water vapor and the 

dry air masses, which may be both assuming as ideal gases. Thus, the specific humidity of the 

mixture at water surface and at condensing surface are given respectively by the following 

expressions (P.T. Tsilingiris, 2007). 

Φ’w = 
 mvw

 maw
 = 

Pw 

PT – Pw 
 

 Ra

 Rw
                                                                                                   (3.52) 
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φ’g = 
 mvg

 mag
 = 

Pg 

PT – Pg 
 

 Ra

 Rw
                                                                                                      (3.53) 

Where, (Ra, kJ.kg
-1⋅K-1

) and (Rw, kJ.kg
-1⋅K-1

) are the gas constant of dry air and water vapor, 

respectively. 

Table 3. 1: Expressions of physical properties of water vapor 

Property Symbol Unit Expression 

Vapor temperature Tv °C Tw +  Tg

2
 

specific heat capacity Cp J.kg
-1⋅K-1

 999.2 + (0.1434×Tv ) + (1.101×10
-4

 

×Tv
2
) ‒ (6.7581×10

-8
 ×Tv

3
) 

Density ρ Kg.m
-3

 353.44

Tv + 273.15
 

Thermal conductivity k W.m
-
².K-1

 0.0244 + (0.7673 ×10
-4

 ×Tv) 

Viscosity µ N.s.m
-2

 (1.718×10
-5

 )+ (4.620× 10
-8

×Tv) 

coefficient of volumetric expansion 

coefficient 

β K
-1

 1

Tv + 273.15
 

Latent heat of vaporization of water  hfg J.kg
-1

 2.4935×10
6
 (1 – 9.4779×10

−4
×T + 

1.3132×10
−7

×T
2
 – 4.7974×10

−9
×T

3
) 

 

Therefore, the mass flow rate of vapor passed from the brine water to the transparent cover is 

given as following, 

ṁa (φw – φg) = 
 hc,w−g

 Cpa
 

 Ra

 Rw
 (

Pw 

PT – Pw 
 –  

Pg 

PT – Pg 
)                                                                (3.54) 

The thermal energy passed by evaporation from the water surface to the condensing surface 

(qe,w-g, W.m
-
².K-1

) can be written as the product of the mass flow rate and the latent heat of 

water vaporization (hfg, J.kg
-1

) (G. N. Tiwari & Sahota, 2017a). 

qe,w-g = he,w-g (Tw – Tg) = hfg  
 hc,w−g

 Cpa
 

 Ra

 Rw
 (

Pw 

PT – Pw 
 – 

Pg 

PT – Pg 
)                                              (3.55) 

Hence, the general expression of evaporative heat transfer coefficient (he,w-g, W.m
-
².K-1

) is 

written as following, 

he,w-g = hfg  
 hc,w−g

 Cpa
 

 Ra

 Rw
 [

PT (PT – Pw)

(PT – Pw) (PT – Pg)
 

1

(Tw – Tg) 
]                                                            (3.56) 

The condensed water rate (ṁew, kg.m
-
²⋅s-1

) is given by Tiwari & Sahota (2017): 

 ṁew = 
qe,w−g

hfg
                                                                                                                       (3.57) 
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3.3.2 Thermal models of solar distiller 

Solar distiller performance can be evaluated by investigating the internal heat transfer 

between evaporating and condensing surfaces. Hence, many researchers studied the 

convective and evaporative heat transfer and developed several empirical relations for the 

aim of predicting the still efficiency in different designs and with various improvements. 

3.3.2.1 Model of Dunkle 

The first thorough research of heat and mass transfer processes associated with solar 

distiller was published by Dunkle (1961). Dunkle developed the most well-known relations 

for heat transfer coefficients by convection and evaporation in solar distillers based on the 

oldest energy transfer background and some theoretical assumptions. Dunkle (1961) assumed 

that the constants “n” and “C” represented in Nusselt number expression equation (3.25) are 

equal to 1/3 and 0,075 respectively, for turbulent flows and for natural convection of dry air 

between two horizontal parallel plates where the lower one is warm and the upper one is cool. 

Hence, the relationship between Nusselt number, Grashop and Pandtl numbers is given as 

following (P. T. Tsilingiris, 2009): 

Nu = 0,075 [Gr∗ . Pr]
1

3                                                                                                        (3.58) 

Dunkle (1961) simplified the previous empirical relationship presented in equation (3.47) for 

a limited range of values where the Grashof number is between 3.2 x 10
5
 and 10

7
, and a 

normal operating temperature range lower than 50 °C. Furthermore, Dunkle evaluated the 

thermal conductivity, kinematic viscosity, expansion coefficient, and Prandtl number at 50 

°C. By assuming that the average spacing between the surface of evaporation and 

condensation do not affect the heat transfer coefficients, Dunkle derived the following 

empirical relation to determine the water-glass heat transfer coefficient (hc,w-g, W.m
-
².K-1

) (G. 

N. Tiwari & Sahota, 2017a). 

hc,w-g = 0,884 [(Tw‒ Tg)  +  
( Pw – Pg) ( Tw+273) 

268,9 ×103 – Pw
]

1

3

                                                             (3.59) 

To evaluate the heat transfer by evaporation inside the distiller, Dunkle simplified the 

equation (3.56) by assuming that the partial water vapor pressure can be neglected for normal 

range of operating temperature lower than 50°C. Thus, he suggested the following relation 

(Panayotis T. Tsilingiris, 2015). 

(PT ‒ Pw) (PT ‒ Pg) = PT
2                                                                                                                                            

(3.60) 

https://www.linguee.fr/anglais-francais/traduction/thorough+research.html


CHAPTER 3: MATHEMATICAL MODELLING AND NUMERICAL 

SIMULATION 

 

Mariem JOBRANE  50 
 

At the given condition of Dunkle’s model, the evaporative heat transfer coefficient expressed 

in equation (3.56) was evaluated by the following expression; 

he,w-g  = 
hfg

CPa

Ra

Rw
  

1

pT
 

( Pw – Pg)

( Tw – Tg)
 hc,w-g   = 16.276 × 10

-3
 × hc,w-g    

( Pw – Pg)

( Tw – Tg)
                              (3.61) 

Hence, the rate of mass transfer  ṁew is given by: 

 ṁew = 
16.276×10 −3 hc,w−g( Pw – Pg)

hfg
                                                    (3.62) 

3.3.2.2 Model of Zheng et.al  

In 1984, Chen et al. developed a thermal analysis study and investigated the heat transfer of 

air in an enclosure by natural convection for a large range of Rayleigh number (3,5×10
3
 < Ra 

<10
6
). The convective heat transfer between evaporation and condensation surfaces (hc,w-g, 

W.m
-
².K-1

) has been expressed by the following equation (Dwivedi & Tiwari, 2009). 

hc,w-g = 0,2 Ra
0,26

 
k

L
                                                                                                             (3.63) 

By considering the production of large amount of water vapor inside the solar still, (Zheng et 

al., 2002) modified the Chen et al ‘s model (1984) represented in equation (3.63) by using the 

modified expression of Rayleigh number (Ra’) given by Dunkle (1961). Therefore, the 

expression of (hc,w-g, W.m
-
².K-1

) evaluated by Zheng et al. (2002) is given by: 

hc,w-g = 0,2 (Ra’)
0,26

  
k

x
                                                                                                         (3.64) 

Where (x, m) is the water-glass distance. 

Ra’ = 
g ρ L3β 

µ α
 ΔT’                                                                                                                (3.65) 

Where ΔT’ is given by equation (3.46). 

Furthermore, Zheng et al. (2002) evaluated the evaporation through the heat and mass 

transfer  analogy of boundary layers and Lewis’ relation (Le). Lewis number is usually 

utilized to characterize the heat and mass transfer that occur at the same time like in the 

evaporation process (Golubovic et al., 2006). 

Nu

Prn
=

Sh

Scn
                                                                                                                           (3.66) 

Where, (Sh) and (Sc) are Sherwood number and Schmidt number, respectively.  

Sh = hm(
L

D
)                                                                                                                       (3.67) 

Sc = 
υ

D
                                                                                                                                (3.68) 
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Where, (hm, m/s) is the mass transfer coefficient and (D, m².s
-1

) is the mass diffusivity. 

Substituting the equations of (Nu) and (Sh), the equation (3.66) may be expressed as 

following; 

hc (
L

k
)

Prn =
hm(

L

D
)

Scn                                                                                                                       (3.69) 

Considering Le = 
Sc

Pr
 = 

α

D
, the equation (3.69) may be given as, (3.70) 

hc

hm
=  

k

D

1

Len =  
α ρ Cp

D
 

1

Len = ρ Cp Le
1-n 

(3.71) 

Where (α, m².s
-1

) is thermal diffusivities. 

Knowing that the evaporation rate per unit area is expressed as, 

 ṁew = hm (ρw ‒ ρg) (3.72) 

Where, (ρw) and (ρg) can be estimated using the perfect gas state equation, ρ =  
M R

P T
 ,    (3.73) 

Thus, the correlation of the evaporation rate derived by Zheng et al. (2002) is given as 

following,  

 ṁew = 
hc,w−g

ρa Cpa Le1−n 
Mw

R
 ( 

Pw

Tw
−

Pg

Tg
)                                                                                     (3.74) 

Where, n = 0.26 as cited in the equation (3.64) and R is the constant of universal gas. 

3.3.2.3 Model of Tsilingiris 

In 2007, Tsilingiris developed a refined model to evaluate heat and mass transfer processes 

for the solar distiller. This model is established based on the thermo-physical characteristics 

of air-vapor mixture rather than considering only the dry air properties (P.T. Tsilingiris, 

2007). Tsilingiris used the general equation of the convective heat transfer coefficient 

(equation 3.47) and he assumed that the numerical constants C= 0.075 and n= 0.33, as 

suggested by (Dunkle, 1961). 

hc,w-g = 0.075 km ( 
g β ρm 

µm αm
)1/3

 [(Tw −  Tg) +  
Tw (Pw − Pg)( Ma − Mv) 

Ma PT − Pw( Ma − Mv)
]

1/3

                                            (3.75) 

In addition, Tsilingiris used the general expressions of the evaporation heat transfer 

coefficient (he,w-g, W.m
-
².K-1

) as given in equation (3.56). The condensed water rate (ṁew, 

kg.m
-
²⋅s-1

) was estimates using the following expression (Elango et al., 2015). 

ṁew = 
 hc,w−g

CPa

Ra

Rv
(

PT( Pw− Pg)

( PT− Pw)(PT− Pg)
)                                                                                     (3.76) 

Tsilingiris developed a theoretical analysis based on experimental approach in order to 

identify the thermo-physical properties of the saturated air-vapor mixture including the 
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density (ρm, kg.m
-3

), viscosity (µm, N.s.m
-2

), thermal conductivity (km, W.m
-1.K-1

), specific 

heat capacity (Cpm, kJ.kg
-1⋅K-1

) and the thermal diffusivity (αm, m
2
.s

-1
) (P.T. Tsilingiris, 

2007). 

  Density of mixture  

ρm =1,299956 – 6,0436258×10
-3

 T + 4,6979266×10
-5

 T
2 – 5,7608678×10

-7
 T

3
                (3.77) 

 Viscosity of mixture 

µm = 1,6857317×10
-5 

+ 9,1518539×10
-8 

T – 2,162762×10
-9 

T² + 3,4139225×10
-11

 

T
3 – 2,6443726×10

-13
 T

4
                                                                                                     (3.78) 

 Thermal conductivity of mixture 

km= 0,0241686 + 5,5260045×10
-5

 T + 4,6312071×10
-7

 T
2 – 9,4893253×10

-9 
T

3
              (3.79) 

 Specific heat capacity of mixture 

Cpm=1,0880228 ‒ 0,010577580 T + 4,76911×10
-4

T
2 ‒7,89856×10

-6
T

3 
+ 5,12230×10

-8 
(3.80) 

 Thermal diffusivity of mixture 

αm = 1,8814930×10
-5 

+ 8,0276924×10
-8

T + 1,4964569×10
-9

T
2 – 2.112432×10

-11
T

3
        (3.81) 

3.4 Mathematical modelling of the conventional solar still 

Conventional solar distiller is the simplest and the most practical design, which was widely 

used as a reference system for comparison in many research studies conducted on solar 

distillation developments (Elango et al., 2015). The theoretical analysis of conventional 

system offers an easy understanding of the basic thermal processes governing the solar 

distiller and helps to promote research into novel solar-still designs for enhanced 

productivity. The energy analysis of solar distiller can be performed by solving the energy 

balance equations of the different parts such as basin surface, brine water and transparent top 

cover. The derivation of a set of temperature-dependent equations aims to compute the 

operating temperatures, the mass and heat transfer coefficients and the still efficiency. 

Furthermore, the mathematical model attempts to describe the behaviour of the solar distiller 

under different operational and climatic conditions. The energy balance equations are 

developed in general case with considering the following assumptions: 

- Negligible vapor losses  

- Constant brine water in the distiller 

- No brine concentration effect in the distillation process. 

- Same surface areas for basin, water and transparent top cover. 
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- Different temperature of internal and external skins of the glass cover 

- Different temperature of inner surface and outer surface of the basin liner. 

The standard approach of solar still modelling is based on the first thermodynamic law of 

energy conservation. This law is generally given as: 

Accumulation of energy = Energy Input – Energy Output      (3.82) 

3.4.1 Energy balance of outer glass cover 

The external surface of the condensing cover gains thermal energy from the absorbed solar 

radiation and from the internal glass skin by conductive heat transfer. On the other hand, a 

part of the heat is wasted to the surroundings by convection and radiation. 

Α’g G (t) + qcd,gi-go =  qc,g-a+ qr,g-a                                                                                                                                  (3.83) 

α’g G(t) + 
kg

eg
(Tgi − Tgo) = hg−a 

′ (Tgo − Ta)                                                                       (3.84) 

Tgo = 
αg

′ G(t) + 
 kg

eg
 Tgi + hg−a 

′ Ta 

 kg

eg
 +hg−a 

′
                                                                                                (3.85) 

The fraction of absorbed solar radiation (α’g) is expressed by Agrawal et al. (2017): 

α’g = (1-Rg) αg                                                                                                                                                                                (3.86) 

Where, ® and (α) are the reflectivity and the absorptivity coefficients, respectively. 

The total heat transfer coefficient from glass top cover to surroundings (h’ga, W.m
-
².K-1

) is the 

sum of the convective and radiative heat transfer. 

h’g-a = hc,g-a + hr,g-a                                                                                                                                                                       (3.87) 

3.4.2 Energy balance of inner glass cover 

The internal glass surface gains thermal energy from water via radiation, free convection, 

evaporation heat transfer. Due to the specific heat of the glass, some of the incoming energy 

is saved and the other part of heat is transferred to the external glass skin. 

Qt,w-gi = ( mg Cpg 
dTgi

dt
) + qcd,gi-go                                                                                          (3.88) 

dTgi

dt
 = 

1

  mg Cpg
 (hw−g 

′ (Tw − Tgi) ‒  
kg

eg
(Tgi − Tgo))                                                             (3.89) 

The global heat exchange coefficient (h’w-g, W.m
-
².K-1

) is the sum of heat transfer coefficient 

by radiation, convection and evaporation. 

Hw−g 
′  = hc,w-g + he,w-g + hr,w-g                                                                                               (3.90) 
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3.4.3 Energy balance of the water mass 

The brine water gains heat from the transmitted solar radiation and from the black basin 

surface via free convective heat transfer. Due to its specific heat, the water mass stores a part 

of the gained thermal energy and the remaining energy is passed to the internal condensing 

cover. 

α’w  G(t) + qc,b-w = ( mw Cp
w

 
dTw

dt
 ) + qt,w-gi                                                                                                                 (3.91) 

dTw

dt
 = 

1

  mw Cpw
 (α’w G(t)  + hc,b−w(Tbi − Tw) ‒ h’w-g (Tw − Tgi))                                     (3.92) 

The fraction of solar radiation (α’w) is giving by (Abhay Agrawal et al., 2017): 

α’w = (1- αg) (1- Rg) (1-Rw) αw                                                                                                                                          (3.93) 

3.4.4 Energy balance of the inner basin liner 

The largest part of incoming solar energy is received by the black basin surface. Thereafter, 

the thermal energy is transferred via three modes. The first part is stored in the basin liner. 

The second part is transferred to brine water and the remaining heat is passes from the inner 

to the outer skin of the basin by conduction. 

α'b G (t) = ( mb Cpb
dTb

dt
)   + qc,bi-w + qcd,bi-bo                                                                                                                          (3.94) 

dTbi

dt
 = 

1

  mb Cpb
 (hc,bi−w(Tbi − Tw) − 

ki

ei
(Tbi − Tbo))                                                          (3.95) 

The fraction of solar radiation (α'b) is given by Agrawal et al. (2017): 

α'b = (1- αg) (1- Rg) (1- αw) (1- Rw) αb                                                                                                                       (3.96) 

3.4.5 Energy balance of the outer basin liner 

The outer skin of the basin liner receives the thermal energy via conduction from the internal 

basin surface. A part of the received heat is transferred to surroundings passing by the 

insulating material.  

qcd,bi-bo =  qbo-a                                                                                                                                                                                                (3.97) 
ki

ei
(Tbi − Tbo) = Uba  (Tbo − Ta)                                                                                       (3.98) 

Tbo = 

ki
ei

 Tbi + UbaTa 

ki
ei

 +Uba

                                                                                                               (3.99) 

The overall external heat loss coefficient (Uba) is expressed as following: 
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Uba = 
1

 
kb

eb
 + 

1

hba
 
                                                                                                                      (3.100) 

Where (hba, W.m
-
².K-1

) is giving by:  

hba= hc,b-a + hr,b-a                                                                                                                                                                       (3.101) 

3.5 Mathematical modelling of the improved solar still 

The improved solar distiller investigated in this research consist of a tilted box divided 

horizontally into two compartments by an inclined flat solar absorber plate placed in the 

middle. The absorber plate is covered by a black wick cloth. The brine water slowly flows 

through the wick cloth and it is quickly evaporated after receiving the solar radiation. 

Furthermore, the top side of the enhanced solar distiller is fitted with a transparent cover and 

the box’s side and bottom walls are insulated against thermal losses. In order to reduce heat 

leakage that occur through the condensing cover, a forced convection is applied to transfer a 

part of water vapor from the first compartment to the second one under the wick covered 

absorber plate. Using a simple fan, the majority of produced water vapor is forwarded to a 

second condensing area where it rejects its latent heat of condensation. Consequently, the 

recovered heat energy is passed to the raw water by free convection, hence it supports the 

evaporation process. Therefore, the condensation heat is kept inside the system and it is 

reintroduced into the distillation process. The performance of the advanced solar still can be 

predicted by resolving the energy balance equations applied for different points of the 

distiller. Referring to the schematic diagram of heat transfer analogy presented in Figure 3.4 

and the assumptions cited above, the energy balance equations for the improved solar distiller 

are given as followings. 

3.5.1 Energy balance of the top glass cover 

The energy balance equations of inner and outer surfaces of condensing top cover are 

established based on the same analogy applied for the conventional solar still. Hence, next to 

the received solar radiation, the inner skin of the glass gains the thermal energy transferred 

from water. Thereafter, the energy passes from the internal to the external glass surface 

through conduction. Finally, the heat is rejected to the surroundings by convection and 

radiation. 

3.5.2 Energy balance of brine water  
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The brine water gains thermal energy from the solar radiation and from the wick covered 

absorber via natural convection. The first part of heat is stored in the brine water and the 

other part is passed to the condensing cover.  

α'w G(t) + qc,p-w = ( mw Cpw 
dTw

dt
 ) + qt,w-gi                                                                                                  (3.102) 

dTw

dt
 = 

1

  mw Cpw
 (α'w G(t) + hc,p−w(Tbi − Tw) ‒ h'w-g (Tw − Tgi))                                 (3.103) 

 

Figure 3- 4: Schematic diagram of heat transfer analogy for the advanced solar still 

3.5.3 Energy balance of the wick covered plate 

The wick covered plate gains the thermal energy from the transferred vapor via forced 

convection and from the absorbed solar energy. Some of the energy amount is saved in the 

absorber plate and the second part of heat is released to water mass. 

α’p G (t)+ qfc,v-p = ( mp Cpp
dTp

dt
)   + qc,p-w                                                                                                                         (3.104) 

dTp

dt
 = 

1

  mp Cpp
 (α’p G (t)+ hfc,v-p ( Tv – Tp) – hc,tw (Tp – Tw ))                                                                  (3.105) 

The fraction of solar radiation (α’p) is given by;  

α’p = (1- αg) (1- Rg) (1- αw) (1- Rw) αp                                                                                                                      (3.106) 

The temperature of the air- vapor mixture (Tv, °C) is given by Sarray et al. (2017). 

Tv = 
Tw + Tgi

2
                                         (3.107) 
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3.5.4 Energy balance of the basin liner 

The installed fan under the wick covered plate transports the water vapor from the upper 

compartment of the system to the lower one where it is condensed. Therefore, the heat is 

passed from the vapor to the internal basin surface via forced convection and by evaporation. 

The first amount of the gained energy is saved into the basin and the other part is transferred 

to the external basin surface by conduction. 

qf,v-bi = ( mb Cpb  
dTbi

dt
) + qcd,bi-bo                                                                                    (3.108) 

dTbi

dt
 = 

1

  mb Cpb
 (hf,v−bi(Tv − Tbi) − 

ki

ei
(Tbi − Tbo))                                                         (3.109) 

The total heat transfer coefficient from vapor to the internal basin liner (hf,v-bi, W.m
-
².K-1

) is 

given by; 

hf,v-bi = hfc,v-bi + hfe,v-bi                                                                                                                                                                                (3.110) 

Where (hfc,v-bi, W.m
-
².K-1

) and (hfe,v-bi, W.m
-
².K-1

) are the heat transfer coefficients by forced 

convection and by evaporation, respectively. 

3.6 Performance analysis of solar still 

The hourly yield ( ṁew, kg.m
-
²⋅h-1

) is calculated as the ratio of the evaporative heat flux and 

the latent heat of water vaporization (hfg, J.kg
-1

) (G. N. Tiwari et al., 2003a). 

 ṁew = 3600× 
qe

hfg
                                                                                                              (3.111) 

Hence, the daily yield of the solar distiller can be obtained by using the following expression, 

Mew = ∑  ṁew
24
i=1                                                                                                               (3.112) 

The performance of the solar still could be analysed by evaluating the thermal efficiency of 

the process. The still efficiency can be computed as the ratio of the total productivity and the 

incident solar radiation (G(t), W.m
-
²). Therefore, the thermal efficiency is given as following 

(Dev & Tiwari, 2009). 

ɳ = 
Evaporation heat

Input solar energy
  = ∑

Mew × hfg

G(t)
24
i=1                                                                    (3.113) 

3.7 Numerical calculation procedure 

MATLAB software is a powerful tool used for development of mathematical models and 

numerical computation. It is widely used in science, and engineering approaches (Eshkabilov, 
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2020). In this study, the mathematical models were developed in MATLAB through a special 

purpose code to calculate the amount of solar energy received by the system and to simulate 

the distillation process. The energy balance equations presented above are nonlinear and time 

dependent differential equations. The resulting system of differential equations were solved 

computationally using the method of 4
th

 order Runge-Kutta in MATLAB. The function 

“ode45” is used as ordinary differential equation (ODE) solver in MATLAB. This code 

implements the Runge-Kutta method, which is frequently used  and characterized by high 

precision (Linge & H.P. Langtangen, 2016). The classical 4th-order Runge-Kutta procedure 

is given as following (Eshkabilov, 2020): 

yi+1 = yi + 
h(k1 + 2k2+ 2k3+ k4) 

6
                                                                                            (3.114) 

The terms k1, k2, k3, k4 are computed from the following expressions (Eshkabilov, 2020): 

k1 = f (ti, yi) (3.115) 

k2 = f (ti + 
h

2
, yi + 

k1h

2
 ) (3.116) 

k3 = f (ti + 
h

2
, yi + 

k2h

2
 ) (3.117) 

k4 = f (ti + 
h

2
, yi + k3h) (3.118) 

Where i = 1, 2, 3, …, N, h is the time step and N is the number of steps. 

The system to be resolved in MATLAB has the following form (Sarray et al., 2017): 

dTk

dt
 = Mai × Tk                                                                                                                                                                             (3.119) 

The unknown vector of temperatures is: 

Tk = (Tgo, Tgi, Tw, Tp, Tbi ,Tbo) (3.120) 

Mai is a matrix of constant coefficients. 

The present computational procedure is based on input parameters such as climatic, design, 

operational factors and relevant thermo-physical parameters. Therefore, this iterative 

simulation calculates temperatures, heat transfer coefficients and the still efficiency during 

each time step. A descriptive flow chart of the computer approach is presented in Figure 3.6. 

The developed computer program starts by calculating the global solar radiation and by 

assuming that the initial values of the different temperatures of the system are the same as the 

ambient temperature (Ta, °C). The heat transfer coefficients are computed based on the initial 

values of temperatures. Thereafter, the new temperatures Tw1, Tgi1, Tgo1, Tp1, Tbi1, Tbo1 are 

computed by solving the various differential equations for 60 seconds, which is used as a 
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time step for the simulation. After knowing the hourly variation of different temperatures, the 

predicted hourly yield can be evaluated from the equation (3.111). In addition, the values of 

various design and operating parameters applied in this numerical simulation are introduced 

in Table. 3.2.  

Table 3. 2: Input design parameters for the simulation 

Material Property Value 

 

 

 

 

Glass cover 

Thickness, eg (mm) 4 

Absorptivity, αg 0,05 

Reflectivity, Rg 0,05 

Heat capacity, Cpg (J.kg
-1⋅K-1

) 2303 

Thermal conductivity, kg (W.m
-1.K-1

) 0,9 

Emissivity, ԑg 0.9 

Density, ρg (kg.m
-3

) 2700 

 

 

 

Basin liner 

Thickness, eb (mm) 5 

Density, ρb (kg.m
-3

) 2700 

Heat capacity, Cpb (J.kg
-1⋅K-1

)   879 

Thermal conductivity, kb (W.m
-1.K-1

) 204 

Emissivity, ԑb 0.022 

Insulating material Thickness, ei (mm) 50 

Thermal conductivity, ki (W.m
-1.K-1

) 0,04 

 

Absorber plate 

Absorptivity, αp 0,95 

Heat capacity, Cpp (J.kg
-1

.K
-1

) 879 

Density, ρp (kg.m
-3

) 2700 

 

Water mass 

Absorptivity, αw 0.69 

Reflectivity, Rw 0.05 

Emissivity, ԑw 0.9 
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Figure 3- 5: Simulation process flow diagram in MATLAB software 
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3.8 Simulation results 

In this section, performance evaluation and parametric assessments of the enhanced solar 

still are conducted based on the results of the numerical simulation. Furthermore, for the aim 

of comparing the productivity of the improved distiller to the conventional distiller, the 

simulations were also performed for the classic solar distiller under the same operating and 

meteorological conditions. The simulations have been performed based on the climatic 

condition of a typical day (29/05/2020) in Luxembourg (Latitude: 49°36′ Nord, 

Longitude: 6°07′ Est). The theoretical analysis starts by evaluating the amount of solar 

energy incident on the solar system. Thereafter, a comparative investigation is developed 

between the thermal behaviour of the classic solar distiller and that of the advanced solar still. 

This section ends with parametric analysis of the modified solar still. The design and 

operating parameters evaluated in this study include the effect of wind speed, angle of 

inclination, glass thickness and fan velocity on the productivity of the advanced system. 

3.8.1 Solar modelling results 

Based on the results of the solar energy simulation, Figure 3.8 presents the calculated 

hourly distribution of the direct (Gbh, W.m
-
²), diffuse (Gdh, W.m

-
²) and global solar radiation 

(Gbh, W.m
-
²) on a horizontal surface for the typical day considered. It is remarkable that the 

global solar radiation rises during the morning until reaching the maximum values between 

noon and 3.p.m, then it decreases gradually. In addition, it can be observed that the direct 

radiation clearly exceeds the diffuse irradiance almost all the day, which means that the 

considered day of testing was perfectly sunny with a clear sky (Page, 2012). In general, for 

clear sunny days, the diffuse radiation accounts for about 10-20% of the total solar radiation. 

However, for cloudy days, the diffuse radiation forms much higher percentage and the direct 

radiation is fairly low because of the high-dispersed radiation by the clouds (Page, 2012). 

Figure 3.9 presents the hourly variation of total solar radiation on a inclined system with 

various angles of inclination. As it can be observed, the global solar radiation increases with 

increasing angle of inclination. Hence, the tilted shape certainly influences the performance 

of solar systems. According to the considered typical day on Luxembourg and based on the 

results of the simulated model, the highest solar energy over the day was estimated about 

5462 W.m
-
² for an inclination angle of 40°. On the other hand, it is to be noted that the angle 

of any solar system should be optimized depending on the place, the season and the month of 
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the year (Nfaoui & El-Hami, 2018). Furthermore, it is reported in the literature that the 

latitude of the place is one of the factors that highly influence the optimal angle of inclination 

(Maleki et al., 2017). As the latitude of Luxembourg is 49°36′ North, the obtained result 

supports the argument that the highest solar energy collection is obtained when the tilt angle 

of the solar system is very close to the local latitude. 

 
Figure 3- 6: Estimated hourly variation of direct (Gbh), diffuse (Gdh), and global solar 

radiation (GTh) on a horizontal surface on 29/05/2020 (Luxembourg) 

 
Figure 3- 7: Hourly variation of global solar radiation (GTi) on a tilted surface in different 

angles of inclination (29/05/2020) in Luxembourg 



CHAPTER 3: MATHEMATICAL MODELLING AND NUMERICAL 

SIMULATION 

 

Mariem JOBRANE  63 
 

3.8.2 Thermal behaviour of the enhanced solar still versus conventional system 

The simulation results are given in Table 3.3. The calculations were developed for the 

conventional and the enhanced systems supposed to be inclined at 30° and based on 

Tsilingiris’s model for the considered typical day (29/05/2020) in Luxembourg. Starting by 

evaluating the temperature difference (ΔT = Tw –Tgi), it can be observed that ΔT of classic 

solar still is lower than that of the advanced distiller during most of the day. For the enhanced 

system, the highest ΔT is estimated equal to 12.67° C at noon. Many research studies inferred 

that evaporating/condensing temperature difference is the thermodynamic driving force of the 

distillation process (Sarray et al., 2017). In addition, all the heat and mass transfer 

coefficients are computed based on ΔT. Thus, as seen in the Table 3.3, the highest thermal 

energy transferred by evaporation (qe,w-gi, W.m
-
²) is found at ΔTmax. The recirculation of the 

water vapor from the first chamber of the still to the second one under the wick covered plate 

via forced convection leads to a second condensation process. The alternative mode of 

condensation is achieved due to the temperature difference between the vapor and the internal 

basin surface (Tv ‒ Tbi). Hence, the additional evaporation heat transfer (qe,v-bi, W.m
-
²) 

induces the increase of the distillate yield and the thermal efficiency of the advanced system. 

According to the predicted hourly thermal efficiency (η, %) presented in Table 3.3, it could 

be seen that the efficiency of the improved distiller can reach 46 % at noon, whereas it is 

limited to 28% for the conventional solar still. Furthermore, it can be observed that the best 

thermal efficiency corresponds to the highest value of incoming solar radiation and the 

maximum evaporation heat transfer (qe, W.m
-
²). Thereby, it can be concluded that all 

improvements related to ameliorate the evaporation process have the most significant impact 

on the still efficiency. 

Figure 3.10 highlights the hourly variation of cumulative yield of the classic solar distiller 

and the proposed enhanced system. It is noted that the productivity starts fairly low in the 

morning for both systems and then it increases gradually till sunset. On a daily basis, the 

simulated productivity of the conventional solar still is 2.64 kg.m
-
² while the predicted daily 

outputs of the advanced solar still is 3.26 kg.m
-
². Therefore, the daily yield improvement of 

the advanced solar distiller is about 24%. For the proposed solar still device, the total 

distillate yield is computed as the sum of the condensed water collected from the glass cover 

and the distillate produced in the bottom of the still. Thus, the mass of distillate water is given 

as following; 
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ṁew = 
qe,w−gi+ qe,v−bi

hfg
                                                                                                      (3.121) 

Table 3. 3: Simulated evaporation heat transfer and thermal efficiency of the conventional 

and advanced systems (29/05/2020) in Luxembourg 

Time (h) G 

(W/m²) 

Conventional solar still Advanced solar still 

ΔT 

(°C) 

qe,w-g 

(W/m²) 

η (%) ΔT 

(°C) 

qe,w-g 

(W/m²) 

qe,v-bi 

(W/m²) 

η (%) 

8:00 156.34 0.5 2.36 14.91 0.43 2.39 1.52 1.5 

9:00 242.55 2.02 37.44 21.59 4.49 34.93 8.83 14.4 

10:00 398.46 6.32 92.18 23.13 8.72 104.64 22.21 26.26 

11:00 553.78 7.22 144.34 26.06 10.67 198.99 46.57 35.94 

12:00 677.72 8.23 186.57 27.52 12.37 302.81 76.51 44.68 

13:00 737.29 8.24 209.12 28.36 12.67 336.71 87.17 45.66 

14:00 726.6 8.16 200.81 27.63 12.07 328.93 80.83 45.26 

15:00 646.7 7.64 152.26 23.54 10.28 218.75 60.38 33.82 

16:00 505.58 6.93 95.07 18.80 9.66 144.70 37.75 28.62 

17:00 348.48 5.29 48.45 13.90 8.64 86.40 18.84 24.79 

18:00 188.78 3.07 17.19 9.10 5.78 33.52 11.26 17.75 

19:00 86.25 1.9 5.43 6.30 3.3 11.22 5.11 13.00 

20:00 41.55 1.49 2.26 5.45 0.39 0.81 0.07 1.97 

 

 

Figure 3- 8: Simulated cumulative yield of the conventional solar distiller and the enhanced 

system (29/05/2020) in Luxembourg 

Furthermore, the results of the simulation indicate that the distillate yield distributions are 

70% and 30% from the condensing top cover and the still’s bottom, respectively. The 
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validation of the modelling approach and the evaluation of the proposed improvements 

compared to experimental data are provided in Chapter 5. 

3.8.3 Performance evaluation and parametric analysis of the improved solar still 

Figure 3.11 illustrates the hourly variation of temperature of the ambient air (Ta, °C), 

internal  and external surfaces of the condensing top cover (Tgi, °C) (Tgo, °C), internal and 

external surfaces of the basin liner (Tbi, °C) (Tbo, °C), the wick covered plate (Tp, °C) and the 

water mass (Tw, °C). All the temperature curves show the same profile proportionally to the 

solar energy variation. Furthermore, the resulting temperature variation of the water and the 

wick coved plate almost coincide each other. This is due to the low flow rate of brine water 

over the wick cloth, which provides a very low water depth.  The water temperature varies 

from 17°C to 62°C, which is expected for an experimented solar distiller under outdoor 

conditions. In addition, the figure shows a significant temperature difference between the two 

surfaces of the condensing top cover. Due to the condensation process, the larger amount of 

latent heat of water vapor is received by the internal face of the condensing cover. Moreover, 

the outer surface is usually in contact with the random wind and the moderate ambient 

temperature, which promote the heat losses by natural convection (hc,g-a, W.m
-
².K-1

) and by 

radiation heat transfer (hr,g-a, W.m
-
².K-1

). Hence, a significant temperature difference between 

the two surfaces is created. The same observation is found for the internal and external basin 

faces. The temperature difference is achieved due to the used thermal insulation with 

thickness of ei = 5 cm, which plays an essential role in reducing the heat leakage. The 

conductivity of the insulating material drives the energy loss in the bottom, thus, an increase 

in the thickness minimize the heat leaks to the surroundings (Selvaraj & Natarajan, 2018). 

In this investigation, the heat and mass transfer processes that occur between the brine 

water and the top cover were evaluated based on three theoretical models; Dunkle model, 

Zheng Hongfei et al. model and Tsilingiris model. Figure 3.12 shows the variation of 

convective heat transfer coefficient (hc,w-g, W.m
-
².K

-1
) computed by the three proposed 

thermal models during the considered typical day. The achieved results indicate that the 

highest (hc,w-g, W.m
-
².K

-1
) of 2.95, 2.26 and 2.2 W.m

-
².K

-1 
are obtained by Dunkle model, 

Tsilingiris model and Zheng et al. model, respectively, between noon and 3.p.m. 

Furthermore, it is noted that (hc,w-g, W.m
-
².K

-1
)  estimated through Dunkle model is 

significantly high comparing to the other two models, while the results of the simulation 

show rather close values of (hc,w-g, W.m
-
².K

-1
) obtained by Tsilingiris and  Zheng et al. 
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models. Dunkle elaborated heat and mass transfer correlations using only dry air properties 

without considering evaporation process. Whereas, based on Tsilingiris model, the 

convective heat transfer coefficient is computed using the thermos-physical characteristics of 

dry air-vapor mixture (Elango et al., 2015) (P.T. Tsilingiris, 2007). 

 

Figure 3- 9: Hourly temperature variation of water (Tw), wick covered plate (Tp), inner glass 

cover (Tgi), outer glass surface (Tgo), internal basin liner (Tbi), external basin (Tbo) and 

ambient air (Ta) (29/05/2020) in Luxembourg 

In addition, Dunkle neglected the average distance between the evaporating and condensing 

surfaces, however this variable is taken into consideration in Zheng et al. Model for 

calculating the convective heat transfer coefficient (hc,w-g, W.m
-
².K

-1
) (Elango et al., 2015) 

(Zheng et al., 2002). For the aim of identifying the most suitable model for the improved 

solar still and establish its accuracy, a comparative investigation has been developed in 

Chapter 5.  

Figure 3.13 shows the hourly variation of cumulated yield in the improved solar distiller 

which is computed by Tsilingiris’s model for different angle of inclination. It is seen that the 

productivity significantly affected by the increase of tilt angle. The cumulative yield 

increases by about 0.9 kg.m
-
² when the angle increased from 0° to 40°. As mentioned above, 

any solar system in inclined shape receives more solar intensity than horizontal system. 



CHAPTER 3: MATHEMATICAL MODELLING AND NUMERICAL 

SIMULATION 

 

Mariem JOBRANE  67 
 

Hence, high solar energy brings higher temperature of brine water, which improves the 

evaporation process and increases the still yield. These results conform to previous findings 

on the influence of inclined shape of solar still on distillate yield (Tanaka, 2010) (Alvarado-

Juárez et al., 2015). 

 

Figure 3- 10: Variation of convective heat transfer coefficient (hc,w-g, W/m².K) computed by 

Tsilingiris model, Dunkle model and Zheng et al. model (29/05/2020) in Luxembourg 

The influence of wind speed on the productivity of the advanced distiller is presented in 

Figure 3.14. It is observed that the productivity enhances with increasing wind speed. This 

result is attributed to the fact that the raised wind velocity improves the condensation process 

by promoting the heat losses via convection (hc,g-a, W.m
-
².K

-1
)  and radiation  (hr,g-a, W.m

-
².K

-

1
) between the outer skin of glass cover and the ambient. The increased wind speed lead to 

reducing the temperature of condensing cover, hence a significant water-glass temperature 

difference is achieved. 

El-Sebaii (2004) and Zurigat & Abu-Arabi (2004) also found the same findings on the 

influence of wind velocity on the solar distiller efficiency. 

Figure 3.15 represents the hourly variation of cumulative yield with using thickness of 

condensing cover as a variable. The obtained results show that the lowest glass cover 

thickness enhances the distillate yield. Thus, 4 mm glass cover thickness provides higher 

productivity compared with 6 mm and 8 mm. Glass with 4 mm of thickness transmit higher 
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solar rays to the absorber plate. Furthermore, lower thickness decreases the inner glass 

surface temperature, which improves the condensation process. 

 
Figure 3- 11: Effect of the tilted angle on cumulative yield (29/05/2020) in Luxembourg 

It is found that the current simulation results agree well with the previous findings on the 

influence of the glass cover thickness on the distiller productivity developed by Panchal 

(2016), Sharshir et al. (2016) and Elashmawy (2019). 

For the enhanced solar distiller, the proposed alternative mode of condensation is achieved 

through forced convection transfer of water vapor from the first chamber of the distiller to a 

second area under the wick covered plate by using a fan. The fan speed is considered as an 

interesting operating parameter that should be optimized with the aim of ensuring the high 

efficiency of the improved design. As a result of the performed simulation presented in 

Figure 3.16, the distillate yield increases with increasing fan velocity.  

The performance of the second condensation process in the bottom of the still could be 

evaluated by computing the convective heat transfer coefficient (hfc,v-bi, W.m
-
².K

-1
). The latter 

is proportional to Nu, which is expressed in terms of Reynolds Number and Prandtl Number. 

In forced convection, Reynolds number plays a great role. Thus, increasing the velocity of the 

fluid flow leads to greater Reynolds number, which in turn improves the heat transfer 

http://thermopedia.com/content/1093/
http://thermopedia.com/content/1053/
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mechanism. Therefore, the distillate yield computed as a function of evaporating heat transfer 

coefficient increases with high fan velocity. 

 

 

Figure 3- 12: Effect of the wind speed on cumulative yield (29/05/2020) in Luxembourg 

 
Figure 3- 13: Effect of the glass thickness on cumulative yield (29/05/2020) in Luxembourg 
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Figure 3- 14: Effect of the fan velocity on cumulative yield (29/05/2020) in Luxembourg 

3.9 Summary 

Fundamental knowledge of solar radiation, heat and mass transfer and thermodynamic 

process have been presented in this chapter. Solar energy models for horizontal and tilted 

solar systems were computed to predict the amount of direct, diffuse and reflected solar 

radiations at a particular place and time. The solar energy is absorbed by the back basin and 

the brine water and converted to thermal energy. The latter is distributed as a heat and 

transferred by conduction, radiation, convection and evaporation between the different 

components of the solar distiller and its surroundings. Thermal models have been developed 

in this chapter for the conventional and the improved solar distiller in order to evaluate the 

energy distribution, operating temperature variation, efficiency of distillation process and the 

performance of the proposed improvements. A mathematical model was developed through 

energy balance equations for the different still parts. Furthermore, three different theoretical 

models were applied namely Zheng Hongfei et al. model, Dunkle model and Tsilingiris 

model, to describe the heat and mass transfer mechanism in the solar distiller. The 

mathematical equations were solved numerically for a typical day in Luxembourg using 

MATLAB software and the productivity was computed for both systems under the same 

climatic conditions. The simulated results show that the enhanced solar still theoretically 

yields more distillate water than the classic solar distiller. In addition, the parametric analysis 
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shows that wind speed, top cover thickness, angle of inclination and fan velocity have a 

significant impact on the improved still efficiency. These results are useful for designing and 

constructing the prototype solar still presented in Chapter 4. 
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    This chapter is concerned with the construction and the operation of an experimental wick 

solar distiller with improved design and thermodynamic process. Hence, this present 

investigation focuses on describing several materials and instruments used for implementing 

the advanced solar distiller and the pursued experimental approach. Furthermore, the 

evaluated parameters and the experimental design methodology are presented in this section. 

4.1 Experimental set-up 

The main goal of this study is to investigate a wick solar distiller with improved design and 

enhanced productivity. To establish an efficient design and reliable construction of the 

advanced solar still, it was found required to exploit the theoretical study developed in 

Chapter 3 and take into consideration the obtained analysis of several operating parameters. 

The experimental set-up consists of thermally insulated box covered by a transparent top 

cover. The still is devised horizontally into two chambers by a wick covered tray. The water 

is pumped directly into the upper chamber and is evenly distributed on the surface of wick 

cloth. By receiving the solar energy, the brine water is heated and evaporated. Thereby, a part 

of water vapor rises and condenses at the inner glass surface. Besides, the major part of the 

produced vapor is moved, by using a fan, to the lower chamber, where its latent heat of the 

vaporization is released, and then it condenses due to the bottom-vapor temperature 

difference. Figure 4.1 illustrates the schematic drawing of the improved solar still and a photo 

of the real assembled prototype. The characteristics of the different still’s components are 

given as following: 

4.1.1 Rectangular still body 

Aluminium AW6060 sheet with rectangular dimensions of 1400 mm x 900 mm was folded 

to make a 350 mm deep external rectangular box. The thickness of aluminium sheet is 2 mm 

which was selected with the aim of creating a durable and lightweight solar still. This 

material is widely used in marine applications due to its high corrosion resistance. 

Furthermore, AW6060 is a suitable material high thermal and mechanical characteristics 

(Liang et al., 2018). Hence, it is chosen as the best material that can resist the high salinity 

and the elevated temperature of the solar still. A second box with dimensions of 1300 mm x 

800 mm x 300 mm is created and putted inside the external box with sandwiching a heat-

insulating material in between, as shown in Figure 4.2.  
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Figure 4- 1: Schematic drawing (a) and photo of the improved solar still (b) 

For the solar distiller device, insulating the bottom and side walls of is essential in order to 

decrease the undesirable heat leakage. In general, a suitable insulator should have a low 

coefficient of heat conduction, which refer to a high resistance to heat transfer to the ambient. 

FOAMGLAS® with 50 mm of thickness is used as an insulating material in the improved 

solar still. The thermal conductivity of the FOAMGLAS is 0.035 W.m
-
².K

-1
 and it is 

characterized by a light weight, high stability and rigidity and durable thermal insulation 

performance (Ryan et al., 2019). 

 

Figure 4- 2: Schematic drawing of the rectangular boxes 

As it can be seen in Figure 4.1 (a), the solar still is fixed from its centre at the top of a support 

which is composed by two connected aluminium chambers where the battery, the pump, the 
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electrical equipment and the water tanks were installed and protected from adverse weather 

and environmental conditions. Furthermore, small wheels are attached to the four bottom 

corners of the support to facilitate the orientation and the movement and the setup. The 

inclination of the distiller is performed by changing the position of aluminium flat bars 

connected to the upside of the still’s body depending on the desired angle of inclination. 

4.1.2 Transparent top cover 

Generally, the solar distiller is covered by glass or plastic material which play the role of 

solar radiation transmitter, condensing surface and convective heat loss reducer. Glass 

material is typically used by most traditional solar distillation devices due to the cheap cost 

and large accessibility. A low-iron clear glass can offer between 88-92% of transmittance at 

normal incidence and it has a minimum mass of 10 kg.m
-
² for 4 mm of thickness (John A. 

Duffie, 1961). Glass is characterized by its great and sustained transparency of solar radiation 

and by its fairly low cost. However, this material is comparatively heavy and has an elevated 

risk for breakage if it is improperly supported and protected from shock. That make it 

unsuitable and insecure for several still designs and particular installations such as on the roof 

top of dwelling. Thinking about using an alternative transparent material with higher solar 

transmission, lighter weight and better thermal and mechanical properties than the glass could 

significantly enhance the still’s design and efficiency. Among the fluoropolymer materials, 

the ETFE (Ethylene Tetra-Fluoro-Ethylene) is considered as a good alternative that could be 

fitted on the top part of the improved solar still instead of the heavy glass. The ETFE has an 

advantage of transmitting between 92% and 97% of solar radiation (Cremers & Marx, 2016) 

and a reduced weight (175 g.m
-2

 for 100 microns of layer thickness) (Debergalis, 2004). 

Furthermore, ETFE material offers long lifespan, excellent resistance at elevated temperature 

and improved thermal characteristics (Robinson-gayle et al., 2001). In view of this, two types 

of transparent cover; the glass and the ETFE panel, were used for the experimental set-up as 

it can be shown in Figure 4.3. The experiments were performed with both top covers for the 

aim of testing their efficiency and evaluate the productivity of the distiller with different 

condensing surfaces. A glass panel with rectangular dimensions of 1400 mm x 900 mm and 4 

mm of thickness is supported by a steel frame in the four borders and fitted on the top of the 

prototype. On the other side, due to the lightweight of ETFE, double layers are installed for 

the purpose of reducing the heat losses and improve the still performance without increasing 

the still weight. 
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Figure 4- 3: Photo of the glass cover (a) and the ETFE panel (b) 

As presented in Figure 4.4, a special arrangement is used for fitting the double ETFE panels 

together on the still’s body. A L-shaped frame running around the still over which the first 

(thin 100µm) EFTE sheet is tensioned plus a spacer which lies on the first ETFE sheet. The 

outer ETFE sheet (300 µm of thickness) is then tensioned over the spacer. 

 

Figure 4- 4: Photo of the ETFE panels (a) and their arrangement on the support frame (b) 

4.1.3 Wick covered plate 

A sheet of stainless-steel with 2 mm thick with a dimension of 1090 mm x 790 mm is placed 

horizontally inside the distiller at a height of 200 mm as presented in Figure 4.5. This tray is 
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used as a support of the wick cloth which acts as a transport medium of the brine water and as 

a heat exchanger by absorbing and converting the solar radiation to thermal energy. The wick 

surface becomes wet at once brine water feeds the system due to the high capillary action 

properties. When the wick is thoroughly wet, the evaporation process occurs and the 

produced water vapor rises to the condensing surface. A special absorber fleece made from 

natural cotton is used as a wick cloth in the improved solar still. This material is essentially 

black without the need to add black dyes; hence it is considered as a perfect absorber of 

radiant energy and excellent emitter of that energy. This fleece is woven with horizontal lines 

to promote the quick and even distribution of the brine water. In addition, it can completely 

withstand high temperature and high water salinity. The used wick has a significant capillary 

action and heat transfer capacity.  

 

Figure 4- 5: Wick covered plate design 

4.1.4 Second condensation process 

Under the wick covered plate, a fan is installed for performing the water vapor transfer 

from the upper chamber of the still to the lower one, where it condenses due to the 

temperature gradient. The selected fan has a specific design that can be easily fitted between 

the aluminium plate and the bottom of the still. As shown in Figure 4.6, the tangential fan is 

composed of a long cylindrical impeller and a vortex that separates the inlet and the discharge 

of the fan.  By the rotation of the impeller, the airflow is diverted and speeded up via the 

vortex and finally distributed at the discharge side over the whole outlet width (Ilberg & 

Sadeh, 1965),  (LTG, 2016).Therefore, a uniform and extended vapor flow is diffused to the 

second condensation area. The used fan is characterized by a robust design and an improved 

corrosion resistance. In Addition, it can be used for large range of temperature (-30°C to 

+120 °C) and it can provide a maximum air volume of 940 m³.h
-1

 (LTG, 2016).  

https://www.powerthesaurus.org/completely/synonyms
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Figure 4- 6: Tangential fan for water vapor transfer (LTG, 2016) 

4.1.5 Water distribution 

Feeding the brine water into the distiller is performed through a pump. Peristaltic pump is 

used to deliver pulsatile water flow rate (0.59 to 32 L.h
-1

) that can be easily controlled and 

optimized depending on the performance of the distillation process. The brine water pumped 

from the reservoir supplies a stainless-steel pipeline with T-shape placed on the top of the 

wick covered plate as presented in Figure 4.7(a). The T-shaped pipe refers to a tangential 

spraying system that assures an evenly and continue water distribution on the form of fine 

droplets over the width of wick cloth. Thereby, the porous wick becomes quickly fully wet as 

a result of the capillary action property and a thin layer of brine is created over the whole 

surface of evaporation. The residual brine water is collected and then transferred to the 

feedwater tank via PVC hose pipe (Figure 4.7(b)). Furthermore, the outlet distillate water that 

is collected from the top condensing cover and from the bottom of the still are presented in 

Figure 4.7(c), (d). 

4.1.6 Instrumentation 

Various parameters need to be measured simultaneously for the aim of evaluating the 

performance of the advanced solar still such as temperatures of different distiller’s 

components, humidity, water conductivity and solar energy. In this study a hardware system 

was developed by using different types of sensors and highly efficient data logger in order to 

automatically collect and record the measurements. 

4.1.6.1 Temperature and humidity sensors 

Temperature measurement requires an efficient and high precision sensor. DS18B20 digital 

thermometer was used to measure the temperature of the external and internal glass cover, 
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brine water, wick covered plate, internal and external skins of basin liner and the ambient 

temperature. 

 

Figure 4- 7: Feed water system (a), brine discharge (b), distillate outlet from upper chamber 

(c) and from lower chamber (d) 

The DS18B20 sensor was supplied with a cable of two meters of length which facilitate to 

fix every sensor in the centre of each surface for suitable temperature measurement and to be 

easy connected to the external box of data logger. The DS18B20 is 1-wire digital sensor with 

high level of accuracy (±0.5°C) and it can read the temperatures measurement between -55°C 

and +125°C. Furthermore, this sensor has a good ability of communicate via a 

microcontroller using a single digital pin and also it is possible to connect several sensors to 

the same pin (Maximintegrated, 2019). For the humidity measurement, the BME280 sensor 

manufactured by BOSCH is used.  This sensor is placed on the plate with wick in order to 

measure the humidity of the evaporation area and it was fixed inside a small cylinder tube to 

be protected against the high‐salted water flowing on the wick cloth. BME280 is a digital 

combined sensor that can measure humidity, temperature and pressure at the same time. This 

sensor is characterized by rapid response time and high precision for large range of 

temperature. The BME280 sensor can be connected to a microcontroller and communicated 

via a particular interface called I2C (Bosch, 2011). Figure 4.8 presents the temperate sensor 

DS18B20 and the humidity sensor BME280 installed in the experimental setup. 
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Figure 4- 8: Temperate sensor DS18B20 (a) (Maximintegrated, 2019) and humidity sensor 

BME280 (b) (Bosch, 2011) 

4.1.6.2 Solar irradiance measurement 

The solar energy measurement was performed by a pyranometer placed on the top of the 

solar still near the solar panel and fixed in a small flat support. The pyranometer can be 

simply defined as a sensor that measures the hemispherical solar energy reached a horizontal 

plane in watts per square meter (W.m
-
²). The SMP 3-A pyranometer manufactured by KIPP 

& ZONEN was installed for insolation measurement and connected to the data logger. Unlike 

other used sensors, the pyranometer has an analog output of 4-20 Ma signal. The units are 

configured with the 4-20 Ma output as a 0-1600 W.m
-
². It means that when there is no 

sunlight i.e. 0 W.m
-
² the current provided by the sensor is 4 Ma. For the maximum possible 

measuring value which is 1600 W.m
-
², the provided current would be 20 Ma 

(KIPP&ZONEM, 2017). Figure 4.9 presents a photo of the used pyranometer for solar 

radiation measurement. 

4.1.6.3 Data logger 

The instrument used as a data logger for sensors communication and data recording is the 

microcomputer RASPBERRY PI. This device is a credit card-sized electronic board that can 

be programmed by Python language. Furthermore, it is a low-cost machine running Linux 

that has the ability to interact with several electronic components for physical computing 

such as sensors by providing a set of GPIO (general purpose input/output) pins. The 

RASPBERRY PI was used in this research study for collecting various data in a structured 

manner with the aim of storing them in a file, so that it can be easily transferred to a computer 

and opened in Microsoft Excel for analysing purposes (Raspberry Pi, 2019). All the 

temperature sensors could remotely be connected to the data logger through one wire bus. 

The humidity sensor is communicated by the RASPBERRY PI via a I2C interface. 
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Figure 4- 9: SMP 3-A pyranometer for insolation measurement 

Because the used data logger is a digital board, it was required to connect an additional 

interfacing board in order to read the analog signal of the pyranometer. A Pi-SPi-8KO analog 

input module bought from WIDGETLORDS ELECTRONICS was connected to the 

RASPBERRY PI for collecting the data provided by the pyranometer. 

The RASPBERRY PI was programming using PYTHON language. During the experiment 

running time, the data from all sensors was read, converted to its physical values and stored 

in the file every 10 minutes. The files were daily registered in a micro SD card in CSV format 

(Comma separated values) and named with the date of the testing day; 

PYTHON code was written and directly executed in LINUX command shell. The 

developed script was started by the command “import” for reading signals from different 

sensors and finished by the command “print” for storing data and displaying it on the screen.  

4.2 Experimental procedure 

Experimentation is an essential approach to test an engineering process or improved system 

and investigate its efficiency. The experimental still unit was designed and constructed in the 

workshop of the industrial partner of this project “Myriado Cleantech” in Luxembourg. A 

teamwork was deployed for assembling the prototype and achieving the innovation and the 

originality of the enhanced solar distiller. Several technical and engineering problems 

occurred during this phase of the project especially for selecting and ordering the suitable 

materials and instruments, also for installing different equipment and data acquisition system. 
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Therefore, significant amount of time was lost in order to deal with the diverse technical 

issues and to overcome the engineering challenges. Following the construction of the 

prototype, an experimental approach has been developed with the aim of evaluating the 

efficiency of the improved modifications and optimize several operating parameters. The 

experiments were performed in Luxembourg Institute of Science and Technology (LIST) 

(Latitude: 49°36′ Nord, Longitude: 6°07′ Est). 

The experimental set-up testing was performed based on the following data collection 

procedure. The measurement of temperature of different still’s components, relative 

humidity, ambient temperature and solar radiation were recorded by the microcomputer 

RASPBERRY PI at 10 minutes intervals from 08:00 a.m until 08:00 p.m. The amount of 

distillate yield collected from the top condensing cover (Vg, mL) and from the bottom of the 

still (Vb, mL) were simultaneously measured by using a volumetric apparatus every hour. All 

data was stored in an Excel computer program as presented in Table 4.1. After recording 

experimental and climatic data in Excel, the daily productivity of the improved still was 

computed as the sum of the collected distillate water from the top cover and from the second 

chamber of the still between 08:00 a.m and 08:00 p.m. The hourly distillate yield was used to 

calculate the efficiency of the solar distiller using the following relation: 

ɳ  = 
Production (

kg

m2.h
)  × Latent heat of water (

J

kg
) × 100

Solar radiation (
W

m²
) × 3600(s)

                                                                      (4.1) 

Daily efficiency of the enhanced system was computed as the ratio of global amount of 

distillate yield collected during the day of testing and the sum of solar radiation measured by 

the Pyranometer. 

In order to optimize the distillation process and enhance the productivity of the still, several 

design and operating parameters should be evaluated. Experimental investigation of various 

factors affecting the outcome requires large number of experiments and time. Therefore, 

applying a design of experiment (DoE) method could offer a suitable experimental approach 

and reliable statistical analysis with less number experiments and minimum resource 

consumption and delays. 
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Table 4. 1: Data collection in Excel 

4.3 Design of Experiments 

In several research areas, the aim of the experiments is to investigate characteristics of a 

system or process with collecting the maximum amount of useful information. Basically, 

large number of experiments is required if the number of process parameters is high. Thus, 

the traditional experimental approaches are complicated and hard to use. Furthermore, 

experiments with complex treatment structures require high performance equipment and 

incur high costs in industrial research, as well as in many laboratory sciences. Hence, the 

design of experiments (DoE) is a statistical technique, which became widely used as a tool 

for analysing, and optimizing systems and processes with the purpose of achieving the 

objectives of the experiments while minimizing resources (Gordon, 2015). Sir Ronald 

Aylmer Fischer was the first statistician who focused on DoE techniques and developed the 

fundamentals of modern statistics (Cavazzuti, 2013). In 1925, Fischer published his first book 

“Statistical Methods for Research Workers” which presents the basis of the design and 

analysis of experiments. Further, the second book “The Design of Experiments” (1935), was 

the first textbook specialized in DoE (Gordon, 2015) (Cavazzuti, 2013). In order to build an 

efficient plan of experimentation, it is necessary to define the problem, specify the main 

objectives of the experiments and select the variables to be evaluated, which are called 

factors or independent variables (Cavazzuti, 2013). Several DoE methods are available and 

Time 

(h) 

Tb 

(°C) 

Tw 

(°C) 

Tgi 

(°C) 

Tgo 

(°C) 

Ta 

(°C) 

Humidity 

(%) 

Insolation 

(W.m
-
²) 

Sunshine 

(min) 

Vg 

(mL) 

Vb 

(mL) 

08:00 15.00 15.52 15.00 15.73 15.00 99.9 100.00 58 0 0 

09:00 20.60 23.91 19.12 20.04 18.52 99.90 201.36 60 30 20 

10:00 29.53 35.03 28.55 26.51 19.41 99.87 407.35 60 110 60 

11:00 40.72 49.76 38.21 32.89 20.05 97.21 568.29 60 290 140 

12:00 47.88 56.73 44.13 35.95 21.25 94.13 695.08 60 660 250 

13:00 51.53 60.95 47.72 37.47 22.19 92.31 707.36 60 1100 370 

14:00 53.37 61.46 49.19 36.37 22.19 92.00 683.86 60 1550 470 

15:00 52.18 57.86 47.61 32.66 22.35 92.02 605.65 60 1950 540 

16:00 50.02 53.96 45.80 28.42 20.18 92.52 531.63 60 2280 600 

17:00 44.79 47.28 40.66 22.06 19.67 92.99 408.73 59.81 2530 650 

18:00 39.33 40.34 36.51 18.66 19.71 93.30 232.41 60 2710 670 

19:00 32.03 32.71 30.77 16.7 18.60 95.33 120.35 60 2800 680 

20:00 22.55 23.00 22.39 15.27 16.22 97.47 44.26 60 2820 680 
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extremely useful in many applications depending on the complexity of the problem, on the 

experimentation aims and on the availability of resources. The most widely applied methods 

are the Fractional Factorial Design, Response Surface Modelling (RSM) and Taguchi 

method. These methods were developed many years ago and successfully used in various 

fields due to their relative simplicity (Cavazzuti, 2013).  

Several researchers evaluated the influence of various parameters on the solar distiller 

efficiency by applying different DoE techniques. The DoE methods were used for developing 

an experimentation strategy and manipulating multiple parameters at the same time. Such as, 

the study of Burbano (2014) aimed to carried out a simple factorial design experiment with 

two independent variables and two levels each one, in order to determine the best 

combination of absorbent materials and insulators for a higher water production. Senthil 

Rajan et al. (2016) performed a theoretical analysis using RSM for evaluating the impact of 

using several heat storage mediums on the efficiency of an improved pyramid solar still. This 

investigation was aimed to find the relationship between the performance of the solar still and 

the different variables using a statistical software. As well, the study of Rashidi et al. (2016a) 

aimed to carry out an optimization procedure by using RSM to investigate the position and 

size of the partition inside the solar distiller. Taguchi method was used by Verma (2013) for 

the aim of optimizing different operating parameters and enhance the conventional solar 

distiller efficiency. In this study, limited number of experiments were performed to define the 

optimum condition for high distillate output. Furthermore, N. Singh & Francis (2013) 

focused on the application of Taguchi method to study the effect of the water temperature 

(60°C, 65°C and 70°C) and the inclination angle (15°, 30° and 45°) on the classic still 

efficiency. It was revealed that the optimal parameters values for higher productivity are 45° 

for inclination angle and 70°C for water temperature.  Moreover, Tarawneh et al. (2016) 

evaluated the effect of double-glazing cover and the water level with the use of energy 

storage medium on the solar distiller yield based on Taguchi approach. It was noted that the 

double-glazing area is the major significant factor that has the greatest effect on enhancing 

the solar still’s productivity. 

4.3.1 Response Surface Methodology (RSM)  

In the present research study, RSM is used for designing and analysing the experimental 

approach. RSM is selected due to its performance in developing a robust experimental 

design, its reliability in determining the relationship between the input and output variables 
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and its accuracy in identifying the optimal operating conditions. RSM method was developed 

by Box and collaborators between 1950 and 1960 as an analytic and experimental design tool 

for process optimization and it was widely used in numerous applications (Myers et al., 

1992). Response surface methodology consists of combined mathematical and statistical 

techniques. It is applied for establishing a liner or square polynomial functions that describe 

the process and investigated the relationship between variables affecting the performance of 

that process and the response of interests (Bezerra et al., 2008). In general, this relationship 

may be expressed mathematically as following: 

y = f (x1, x2) + e                                                                                                                    (4.2) 

Where, (y) presents the performance measure or the response of the process, (x1, x2) are the 

coded independent factors and I is the error. 

Since the real response function (f) is unknown, hence it should be estimated. The reliable 

approximation of this function is the mean objective of RSM method (André I. Khuri & 

Mukhopadhyay, 2010). Usually, the unknown function (f) is predicted by a low degree 

polynomial model in form of first-order model (equation 4.2) when the response region is 

relatively small with little curvature in (f). The second order model (equation 4.3) are used 

when there is a complex relationship between the factors and a strong curvature in the 

response (Andre I Khuri, 2017). 

Y = β0 + ∑ βixi
k
i=1 + e                                                                                                          (4.3) 

y = β0 + ∑ βixi
k
i=1 + ∑ ∑ βijxixji<j +  ∑ βiixi

2k
i=1 + e                                                          (4.4) 

Where, (β0, βi, βii, βij) present the coefficients of intercept, linear, square effects, and the 

interaction terms, respectively. 

In RSM, the second order models are widely applied due of their flexibility and large 

variety of functional forms. Among the most popular designs for second-degree models are 

the Box-Behnken designs (BBD) and central composite designs (CCD) (Nwabueze, 2010). 

The CCDs are factorial or fractional factorial designs presented by points in the cubic vertex 

that describes the higher and smaller bounds of each factor. In addition, this design is 

augmented with centre points and axial points that permit estimation of curvature. BBDs are 

independent quadratic designs that require just three levels for each factor (+1, 0, -1) and 

does not include integrated factorial design. The BBDs require less runs than CCDs and the 

design points are placed at the middle of the edges and at the centre of the cube (Andre I 

Khuri, 2017). Figure 4.13 presents a CCD and BBD for three factors. 
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Figure 4- 10: Central composite design (a) and Box-Behnken design (b) with three factors 

In order to establish the suitable model, it is necessary to perform a set of experiments 

according to the experimental matrix that presents all possible combinations of different 

levels of each independent variable. The general experimental matrix can be presented by the 

design (D) of order (n × k) as following (André I. Khuri & Mukhopadhyay, 2010). 

RSM offers the possibility to visualize the behaviour of each factor’s level or a combination 

of variables through graphical representation such as 2D contour graphs and 3D surface plots 

with the aim of perfectly analysing the factors-response relationship and selecting the 

optimum combination of variables investigated (Bezerra et al., 2008).  

4.3.2 RSM application using MINITAB software 

This research is interested in applying RSM method to develop a sensitivity analysis and 

evaluate the effect of three operating variables on the efficiency of the improved solar still. 

The investigated independent variables are; fan velocity, feed water flow rate and angle of 

inclination of the still, as presented in Table 4.2. The daily thermal efficiency of the advanced 

solar distiller is the response of interest which can be calculated using the equation (4.1) cited 

above. 

The data were treated using the statistical software MINITAB version 17.1.0. This software 

presents a reliable tool for designing experiments, analysing data and optimizing processes. 

After selecting the independent variables, their levels and the response of interest, creating 

the experimental design will be the next step. As shown in Figure 4.15, the design was 

developed using MINITAB software by precising the DoE method. 

The Box-Behnken design was applied in this research because of its smaller number of 

experiments and also time-saving advantage in comparison to the central composite design in 
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cases involving 3 factors. Furthermore, in BBD design, the runs are limited to the upper and 

lower values of each selected variable and no further runs are required (Ferreira et al., 2007). 

Table 4. 2: Independent variables and their levels 

Independent 

variable 

 Fan velocity 

(m³.h
-1

) 

Water flow 

(L.h
-1

) 

Angle of 

inclination (°) 

Symbol  A B C 

Level Min 0 2 20 

Max 392 6 30 

 

For BBDs, each independent variable is investigated at its three levels, in addition three 

replicates are performed in the centre that help to predict the pure error. Therefore, the total 

number of experiments for BBD is determined using the following relation (Yu & He, 2017); 

N = 2 × k × (k – 1) + C                                                                                                        (4.6) 

Where, N represents the number of experiments required, k is the number of factors and C is 

the number of replicates at centre point. 

In this study, three independent variables are varied at three levels each with further three 

replication of centre point, hence 15 experiments were performed. The experiments were 

conducted according to the experimental design matrix established by the BBD. 

4.3.3 Data processing 

The prototype was tested according to the combination of factor levels specified in each 

experimental run as given in the design matrix. The measured hourly yield was used for 

calculating the thermal efficiency of the improved solar distiller. The experiments were 

conducted in two summer seasons 2019/2020 in Luxembourg. Luxembourg is a small 

country in western Europe that borders 3 countries; France to the south, Germany to the east 

and Belgium to the west and north. This country does not have a direct access to a sea 

because it is separated from the North Sea by Belgium. To overcome the problem of lacking 

seawater resources, an artificial seawater solution was used in this research study as a feed 

water for the solar distiller. 

This solution constitutes a mixture of minerals salts dissolved in distillate water. In general, 

the obtained solution has an approximate formula of seawater with stable physical and 

chemical properties. One kg of the commercial product “Tetra Marine SeaSalt” was dissolved 

https://en.wikipedia.org/wiki/North_Sea
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in 25 L of distilled water. The measured electrical conductivity of the artificial seawater 

solution was 51.4 mS.cm
-1

, which is so close to that of the original seawater between 50-55 

mS.cm
-1

 as cited in the literature (Assiry et al., 2010). The variation of feedwater flow rate 

was achieved based on the operation condition of the used pump. Three levels of inlet water 

flow (2 L.h
-1

, 4 L.h
-1

 and 6 L.h
-1

) were managed by setting three operating points as a 

function of the stroke length (s, %) and the stroke rates (f, %) using the diagram presented in 

Fig. 4.18 (Prominent, 1998). The operating points were selected as following; 

 2 L.h
-1 

:  s = 30 %, f = 50% 

 4 L.h
-1 

:  s = 40 %, f = 70 % 

 6 L.h
-1 

:  s = 60%, f = 70 % 

 

Figure 4- 11: Diagram for setting the pump operation (Prominent, 1998) 

The speed of the fan was managed by a speed control system based on 0-10 V voltage 

signal principle. Thereby, the fan was switched off when 0 V is applied to the speed control 

input and it was running at 50% of its maximum speed for 5 V. Thus, 2 V and 4 V were 

considered as the medium and high voltages, which refer to 20% and 40% of the fan full 

speed, respectively. The maximum fan speed is 980 m³.h
-1

 (LTG, 2016). Figure 4.19 

illustrates the process of modifying the fan speed as a function of voltage variation. A battery 

charged by a solar panel is used for powering the electrical devices such as pump, fan and 

Raspberry Pi.  

The inclination of the experimental setup was achieved by a simple system as presented in 

Figure 4.20, that ensures the tilt of still box and fixed it in a position according to the required 

angle.  
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Figure 4- 12: Process of fan speed variation 

 

Figure 4- 13: Used system for tilting the solar still 

Following the collection of experiment data according to the design matrix, the statistical 

analysis and the numerical optimization were performed using MINITAB software with the 

aim of maximizing the efficiency of the improved solar still through the range set for each 

independent variable. Furthermore, a second-order polynomial equation was developed to 

define the relationship between efficiency of the advanced system and the process 

parameters. The statistical results and the optimization approach are presented in Chapter 5. 

4.4 Water quality analysis 

Most of previous research studies of solar distillation have focused on improving the still 

productivity. Nevertheless, the quality of distilled water was rarely investigated. The solar 

distiller is supposed to produce a clean water by removing diverse suspended solids, 

dissolved salts and other dissolved impurities through distillation process. In order to ensure 

the good quality of freshwater produced by the developed still device, several tests were 
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performed in chemical laboratory of Environmental Research and Innovation Department 

(ERIN) in Luxembourg Institute of Science and Technology (LIST). Both feed water samples 

and distilled samples were tested by evaluating some physicochemical parameters 

(Temperature, Ph, conductivity, TDS) and microbial quality analysis.   

The tested feed water was an artificial seawater prepared in the laboratory as described 

above. Then, a bacterial culture was developed using Escherichia coli ATCC 25922 

incubated overnight at 37°C in Trypticase soy broth (Nascimento et al., 2014). A 30 ml of the 

culture was added to 10 L of the synthetic seawater. On the other hand, the tested freshwater 

was the sum of the daily amount of distillate collected from the condensed top cover and 

from the still bottom. The samples of feedwater and distilled output were tested for the 

presence of Escherichia coli. The Escherichia coli bacteria is quickly and easily detected, and 

it is usually considered as a reliable indicator for the presence of many other microorganisms 

that can be a disease-causing (Odonkor & Ampofo, 2013), (Pandey et al., 2014). The IDEXX 

Quanti-Tray/2000 system with Colilert reagent is used for the bacteriological water analysis 

by following the procedures described by the manufacturer (Idexx Laboratories, 2015). The 

results are obtained in 24 hours and are reported as Most Probable Number MPN/100mL.  

A combined pH, conductivity, TDS and temperature measurement was performed using a 

digital WTW
TM

 2FD46H MultiLine 3420 multiparameter meter connected with Ph electrode 

SenTix™ 950 and digital conductivity sensor TetraCon™ 925 (WTWGmbH, 2015).  

4.5 Summary 

In the present chapter, the experimental setup construction, the used materials and the 

instrument specifications have been detailed. The prototype was assembled based on the 

developed design that involves second condensation process under the wick covered plate in 

addition to the classic condensation on the top glass cover. The advanced design aims to raise 

the distillate yield of the conventional solar distiller and improve its performance by 

decreasing the heat leakages to surroundings. An evolved control system has been installed 

for multiple parameters measuring and data recording. Furthermore, fundamentals knowledge 

of design of experiment approach and different experimental methodologies used in solar 

distillation technology have been presented in this chapter. Response Surface Methodology 

(RSM) was developed for designing the experimental approach, analysing the collected data 

and optimizing the process by evaluating the effect of three independent parameters on the 
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thermal efficiency of the improved system. The evaluated independent variables in this study 

are; feed water flow rate, fan velocity and the angle of inclination. In addition, procedure of 

testing the quality of the produced freshwater has been presented in this section. The 

experimental results and the interpretations are developed in Chapter 5.  
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A theoretical investigation was performed as presented in Chapter 3 for the aim of 

evaluating the efficiency of the classic distiller and the performance of the proposed 

improvements. In this section, the simulation results were compared to the empirical data 

collected via an experimental procedure, as described in chapter 4, for the aim of verifying 

the accuracy of the developed mathematical models. Furthermore, the statistical results and 

the optimization approach using RSM and the water quality analysis are presented in this 

chapter. 

5.1 Experimental results and mathematical model performance 

In this section, verification and validation of the mathematical models developed in Chapter 

3 are performed by comparing the predicted results to the experimental data. Therefore, three 

statistical tests are applied in this study, which are considered as the commonly used 

statistical indicators for mathematical model evaluation (El Mghouchi et al., 2014). The used 

statistical indicators are mean bias error (MBE), root mean square error (RMSE) and mean 

absolute percentage error (MAPE). The mean bias error (MBE) evaluates the long-term 

accuracy of the model by calculating the actual deviation between estimated and measured 

parameter. The negative value of MBE refers to an over-prediction and the positive value 

indicates the opposite (Ruiz & Bandera, 2017). MBE is calculated by the following relation: 

MBE = 
1

k
 ∑ (Ye −  Ym)k

i=1                                                                                                 (5.1) 

Where, k is the total number of tests, Ye and Ym are the i
th

 estimated value by the model and 

the measured value, respectively. 

The root means square error (RMSE) gives an idea about the short-term efficiency of the 

proposed model and it is defined as following: 

RMSE = √
1

k
 ∑ (Ye −  Ym)2k

i=1                                                                                          (5.2) 

The mean absolute percentage error (MAPE) measures the average of absolute percentage 

error. It is a simple statistical test for comparing between the predicted and the measured 

data. MAPE is given by (Montaño Moreno et al., 2013): 

MAPE = 
100

k
 ∑ |

Ye− Ym

Ym
|k

i=1                                                                                                  (5.3) 

For evaluating the accuracy of a given model, the mean absolute percentage error is classified 

according to Lewis (1982) analysis as following (La Foucade et al., 2019): 
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- Excellent accuracy if MAPE< 10% 

- Good accuracy if 10 < MAPE < 20% 

- Reasonable accuracy if 20 < MAPE < 50% 

- Weak predictability if MAPE > 50% 

5.1.1 Verification of solar radiation model 

For the aim of validating the accuracy prediction of the proposed model, it was required to 

compare the estimated solar radiation with the value measured by the pyranometer (SMP 3-

A, Kipp & Zonen) installed in the top of the improved solar still. The pyranometer measures 

the solar irradiance as the sum of direct and diffuse radiations. The data was collected every 

10 min and recorded via the data logger as an hourly average amount of solar radiation (W.m
-

²). For the estimated solar radiation, the simulations have been performed based on the 

meteorological condition of Luxembourg (Latitude: 49°36′ Nord, Longitude: 6°07′ Est) using 

MATLAB software. The simulated model in MATLAB computes the mean hourly and the 

global daily amount of solar irradiance. The model performance validation was performed by 

comparing the predicted and the measured solar radiation over the period of May-August 

2020. Figure 5.1 presents the profile of mean hourly measured and simulated radiations on 

horizontal surface for a clear day in March (29/05/2020). 

 

Figure 5- 1: Hourly variation of measured and predicted solar radiation on horizontal surface 

for 29
th

 March 2020 
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It can be seen graphically that the predicted solar radiation and the measured data show the 

same shape and they are close to each other. The calculated and measured monthly average 

hourly global energy as well as the calculated statistical parameters for four considered 

months are presented in Table 5.1. It is noted that there is a close agreement between the 

measured and simulated solar radiation. In addition, the results of June, July and August 

revealed that the values of MBE and RMSE are relatively low and MAPE is varying between 

5-8 % which refer to an accurate forecast according to Lewis (1982)’s evaluation. However, 

the results of May show that the model overestimates the real values of solar radiation (MBE 

= −25.22) and it is noted that the statistical indicators RMSE and MAPE are slightly high 

with 76 W.m
-2

 and 17%, respectively. This is attributed to the cloudy weather and rainy days, 

which present approximately 50% of the whole May month 2020 in Luxembourg. In general, 

it is revealed that the proposed model successfully estimates the real data of clear sky days in 

Luxembourg and in other places of similar climate conditions. Besides, it is recommended to 

investigate the accuracy of the solar energy model for the missing months and develop a 

refined model which consider the cloudy and rainy conditions during the year. 

Table 5. 1: Measured and estimated monthly average hourly solar radiation and statistical 

indicators values 

 Measured Estimated MBE RMSE MAPE 

May-2020 370.29 395.51 -25.22 76.14 17.41 

June-2020 387.60 393.00 -5.40 34.12 6.75 

July-2020 422.25 427.90 -5.65 24.27 4.84 

August-2020 391.56 402.79 11.23 39.31 8.53 

 

5.1.2 Experimental results and verification of distillation process models 

The performance of the conventional solar distillation process and the improved distiller 

were evaluated theoretically by developing simulation models. The thermal models used for 

estimating the coefficients of heat and mass transfer between evaporation and condensation 

surfaces were carried out based on applying different correlations developed by Dunkel 

(1961), Zheng et .al (2002) and Tsilingiris (2007). For the purpose of verifying the accuracy 

of these models, a set of experiments was performed, and the obtained data were compared to 

the predicted results in terms of different temperatures of the still’s components and the 

distillate output for the classic and enhanced processes. All experiments were performed in 
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Luxembourg during the summer of 2019 and 2020. The tested days with close mean solar 

radiation (about 380 W.m
-2

) were selected for the modal verification and the efficiency 

comparison between the two processes. It should be noted that the conventional system is 

referred to the constructed prototype with considering only the classic distillation process and 

cancelling the forced convection by the fan under the wick covered plate. In addition, the 

experiments were performed by the prototype inclined at 30° of angle to the horizontal. 

Hence, the solar radiation striking the tilted solar still was calculated based on  Liu & Jordan 

(1963) model as described in Chapter 3 and using the solar energy on horizontal surface 

measured by the pyranometer.  

5.1.2.1 Water temperature 

 As the rate of distillation process is proportional to the water-glass temperature difference, 

it is required to investigate the temperature variation of water and condensing cover during 

the day. Figure 5.2 illustrates the profile of the simulated and measured water temperature for 

the conventional process (a) tested on 30 August 2019 and the improved design (b) tested on 

23 August 2019 with around 380 W.m
-2

 of mean hourly solar radiation for both days. Starting 

by the conventional process results, it is seen that the measured water temperature reached its 

maximum of about 55°C between 12 a.m and 15 a.m. Furthermore, it is clearly observed a 

great agreement between experimental and theoretical values obtained by Zheng at al. model 

and Tsilingiris model, however the model of Dunkle overestimates the water temperature 

especially during morning hours. Concerning the improved system, it was found that the 

maximal measured water temperature was 63°C attainted at approximately 01:00 p.m. It 

appears that the water temperature of the improved still is higher than that of the classic 

distiller with difference varied between 7 to 10 °C at 01:00 p.m for almost all the considered 

days. The notable raise in the water temperature is attributed to the convective heat transfer 

from the wick covered plate which is heated up by the water vapor transferred via forced 

convection under the plate. In addition, the numerical simulation exhibits similar profile of 

water temperature to the real values for the three considered models. Figure 5.2 (b) shows 

that the temperature values calculated by Tsilingiris model are the closest to the measured 

values over the whole day.  For the aim of better evaluating the accuracy of different models 

used in the simulation, three statistical indicators MBE, RMSE and MAPE were calculated 

and the results are given in Table 5.2. It is indicated that the values of performance evaluation 

factor MBE are negatives for both systems in case of using Dunkle model which mean that 
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this model overpredicts the water temperature. In addition, it is observed that the values of 

MBE of the conventional system are lower than that of the advanced design.  

 

       
(10) (b) 

Figure 5- 2: Hourly variation of experimental and simulated water temperature for the 

conventional process (a) and the improved still for the day (b) 

The values of RSME indicate that the largest deviations between the estimated water 

temperature and the measured values are obtained when Dunkle’s model is used for the 

conventional process and the improved system. However, the results of RSME revealed that 

there are small deviations in the case of applying Tsilingiris model for all considered days. In 

addition, the calculated mean absolute percentage error (MAPE) indicates that the smallest 

values varied between 4% and 10% are obtained for Tsilingiris model for both systems.  

Table 5. 2: Performance evaluation of the proposed models for water temperature estimation 

Conventional 

process (a) 

Dunkle (1961) Zheng et .al (2002) Tsilingiris (2007) 

MBE RMSE MAPE MBE RMSE MAPE MBE RMSE MAPE 

30.08.2019 -2.66 6.07 12.43 0.71 3.96 9.72 0.05 3.64 8.88 

03.06.2020 -1.97 7.06 17.47 1.29 4.73 10.03 0.91 3.69 7.16 

14.07.2020 -1.82 6.35 15.31 1.56 5.77 14.06 0.82 3.49 8.41 

RANK 3 2 1 

Improved 

process (b) 

Dunkle (1961) Zheng et .al (2002) Tsilingiris (2007) 

MBE RMSE MAPE MBE RMSE MAPE MBE RMSE MAPE 

23.08.2019 -5.31 7.61 13.32 0.58 4.17 8.25 0.17 3.53 8.29 

19.05.2020 -6.08 6.89 10.85 2.65 4.67 9.09 2.04 2.59 4.62 

27.05.2020 -6.24 8.69 18.89 1.03 5.28 13.31 0.24 3.67 10.50 

RANK 3 2 1 



CHAPTER 5: EXPERIMENTAL RESULTS AND MODEL 

VERIFICATION 

 

Mariem JOBRANE  98 

 

5.1.2.2 Temperature of glass and basin  

Figure 5.3 and Figure 5.4 illustrate the profile of measured and predicted values of glass 

temperature and basin temperature for the conventional and improved distillers. The results 

indicate that the best agreement between the simulated and measured temperatures is 

obtained for the case of applying Tsilingiris model for both systems.  

 

     
(a)                                                                  (b) 

Figure 5- 3: Hourly variation of experimental and simulated glass temperature for the 

conventional process (a) and the improved still (b) 

Furthermore, the largest deviations are often observed during morning hours between 08:00 

and 10:00 a.m. This is probably due the effect of water heating time, which mean that in 

reality water takes a sufficient period of time to heat up and reach the evaporation process 

(Pamungkas & Rusdi Sambada, 2019). 

     
(a)                                                                             (b) 

Figure 5- 4: Hourly variation of experimental and simulated basin temperature for the 

conventional process (a) and the improved still (b) 
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5.1.2.3 Relative humidity measurement 

    The relative humidity (RH) was measured using the BME280 combined sensor installed on 

the wick covered plate and the data was recorded every 10 min via the data logger. Figure 5.5 

presents the hourly variation of the relative humidity measured for the conventional 

distillation process and for the improved system. As it can be clearly showed in the figure, the 

RH inside the still started high during morning hours, then it decreased between noon and 3 

p.m and it raised again at the end of the day. The RH is a temperature-dependent parameter 

that quantify the water vapor in a water-air mixture compared to the maximum amount of 

water vapor that the air can hold (Jaimes et al., 2017). Therefore, the relative humidity 

changes with the operating temperature variation inside the distiller. When the still 

temperature increases between noon and 3 p.m, the amount of water vapor that the air can 

hold increases, hence the relative humidity decreases. Furthermore, figure indicates that the 

RH measured for the improved distiller varies between 92% and 100%, however it ranges 

between 75% and 95% for the conventional system. It can be noted that the air inside the 

advanced solar still is more saturated by water vapor than the classic distiller. As the 

condensation rate depends on the amount of water vapor presented in the air, it can be 

concluded that the condensation process of the improved still is faster than that of the classic 

distiller due to the second condensation area in the bottom of the still (Su et al., 2018). 

 

Figure 5- 5: Hourly variation of relative humidity 

5.1.2.4 Distillate yield 

The simulated and experimental daily amount of distillate output of the conventional 

process and the improved system are presented in Figure 5.6. It is found that the models 
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proposed by Zheng et al. and Tsilingiris yield estimates that are in close agreement with the 

experimental results. Nevertheless, the model of Dunkle overpredicts the daily yield output 

for both systems on all considered days. It is noted that the deviation between predicted 

distillate yield by Dunkle model and the experimental values increases markedly at elevated 

operational temperatures particularly for the advanced solar still. This observation is 

attributed to the two main assumptions of this model. The first serious one is by considering 

that there is only free convection between water and condensing cover and neglecting the 

evaporation process. The second one is that all constants used in the empirical equations were 

calculated for limited range of Grashof number and normal operating temperatures range 

equal to 50 °C. In addition, Dunkle didn’t take into account any geometric factor in his 

model. These results are consistent with previous findings of Shawaqfeh & Farid (1995) and 

(N. Rahbar & Esfahani, 2013). On the average, the calculated MAPE values of Dunkle, 

Zheng et al. and Tsilingiris are 19%, 17% and 16%, respectively for the conventional solar 

distiller and 22%, 17% and 14%, respectively for the improved system.  

As it is clearly observed in Figure 5.6, the daily production of the improved solar distiller 

reaches around 3.5 L.d
-1

, however, it is quite limited to 2.8 L.d
-1 

for the simple device for a 

mean solar irradiance of 380 W.m
-2

. Therefore, an enhancement of 25 % in the productivity 

of the solar still is achieved. The increase in daily yield is attributed to the second 

condensation process in the bottom of the still.  For the improved solar distiller, the 

condensation heat is kept and returned to the distillation process. However for the 

conventional solar still, the heat is lost to surroundings through the condensing cover 

(Jobrane et al., 2019).  

 

 
 

(a)                                                                      (b) 

Figure 5- 6: Experimental and simulated daily yield for the conventional process (a) and the 

improved still (b) 
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5.2 Application of further improvements 

5.2.1 Alternative condensing top cover (ETFE) 

One of the main objectives of this project is to build an advanced solar distiller with 

lightweight and workable design. Therefore, the fluoropolymer material (ETFE) was selected 

to be tested and used as an alternative material of the heavy glass cover. Next to its 

significant low weight, this material has several good thermal and mechanical properties and 

high potential of solar transmission (Cremers & Marx, 2016). Outdoor comparative 

experiments have been carried out on several days in August 2019 in Luxembourg for the 

purpose of investigating the influence of using ETFE panel and glass cover on the 

productivity of the improved solar distiller. Figure 5.7 shows the cumulative daily yield of 

glass covered distiller tested on 23/08/2019. It is seen that the obtained total productivity is 

around 3.5 L.d
-1 

 and the major amount of distillate water is collected from the condensing 

glass cover (distillate output 1). 

 

Figure 5- 7: Distillate production with using glass as a top cover 23/08/2019 

On the other hand, the global daily output of the ETFE covered distiller was limited to 

around 2.1 L.d
-1

 under the same weather conditions, as presented in Figure 5.8. Furthermore, 

it is noted that the highest yield was obtained from the bottom of the improved still (distillate 

output 2). This observation can be attributed to the high thermal properties of the ETFE 
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which is installed as a double layer (300 µm and 100 µm of thickness) for the purpose of 

decreasing the heat leakages to surroundings.  

On daily basis, the productivity of the glass covered still ranged from 3.4 to 3.8 L.d
-1

 while 

the ETFE covered distiller yielded between 2 and 2.5 L.d
-1

 on the other considered days with 

around 380 W.m
-2

 of mean solar radiation. Therefore, it may be inferred that the daily yield 

of the glass covered distiller is 50-60% greater than that of the solar distiller with ETFE top 

cover.  

 

Figure 5- 8: Distillate production with using ETFE panel as a top cover 21/08/2020 

The limited productivity from the ETFE cover is probably attributed to the hydrophobic 

structure of this polymer that has an adverse effect on the condensation process and the 

motion of water droplets. In addition, the produced condensing droplets and fogging on the 

surface of this material decrease the transmitted solar energy. The ETFE as the majority of 

polymer films has very limited wettability performance (Phadatare & Verma, 2009). Thus, 

surface pre-treatment would be required for the aim of enhancing the surface energy and 

ameliorating the wetting and adhesive properties of the ETFE. The study of Norihiro Inagaki 

et al. (2002) and N. Inagaki (2003) revealed that the hydrophilicity of ETFE surface treated 

by plasma method was effectively improved. Plasma treatment is a widely used method for 

surface modification and coating of polymers.  In Plasma treatment, an ionized gas interacts 
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with the polymer to form functional groups on the surface and hence modify its structure 

(Arpagaus et al., 2018). 

5.2.2 Enhancement of second condensation process  

The performed experiments revealed that an improvement of 25 % in daily productivity of 

the advanced solar distiller was achieved in comparison with the conventional system. 

However, it was noted that the condensation rate under the wick covered plate decreased after 

01:00 p.m, when the temperature of the still’s bottom rises. Figure 5.10 (a) illustrates the 

temperature of water, inner glass cover and inner basin for the improved solar still tested on 

23/08/2019. It is clearly seen that the water-inner basin temperature difference gradually 

decreased during the afternoon hours. Therefore, the efficiency of the system was reduced. 

To overcome this limitation in condensation process and avoid the continuous circulation of 

hot water vapor between the two chambers, a cooling system for heat exchange was installed 

under the wick covered plate. This system consists of water pipe in sinusoidal shape, where 

the cool water coming from the feed tank was circulated and then distributed over the wick 

cloth. Figure 5.9 presents the schematic diagram and a picture of the cooling system. 

 

Figure 5- 9: Cooling system inside the second chamber of the still 

This improved technique enhanced the condensation by making a difference of temperature 

between the hot water vapor and the cool pipe. Furthermore, the warmed water feeding the 

still was ready to accelerate the evaporation process. The experimental tests indicated that the 
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installed cooling system increased the water-inner basin temperature difference as presented 

in Figure 5.10 (b). 

 

(a)                                                                   (b) 

Figure 5- 10: Hourly variation of temperatures for the solar still without cooling system (a) 

and with cooling system (b) 

The cooling system improved the condensation process under the wick covered plate and 

accelerated the evaporation rate above it. Hence, the daily efficiency increased by 17% and 

55% compared to the improved solar still without cooling system and the conventional 

distillation process, respectively. Table 5.3 presents a summary of the experimental results of 

the convention process and the improved process with/without cooling system. 

Table 5. 3: Summary of the experimental data 

 Conventional 

process 

Improved process 

without cooling system 

Improved process 

with cooling system 

Max water 

temperature (°C) 

50.8≤ Tw ≤ 58.9 58.6 ≤ Tw ≤ 63.2 61.6 ≤ Tw ≤ 67.7 

Max ΔT (°C) 6.2 ≤ Tdiff ≤ 7.8 8.7 ≤ Tdiff ≤ 12.3 10.44 ≤ Tdiff ≤ 14.9 

Max distillate output 

(mL/h) 

220 ≤ mew ≤  450 450≤ mew ≤ 550 500 ≤ mew ≤ 580 

Daily efficiency (%) 27.4 36.27 42.28 

 

5.3 Statistical results and process optimization using RSM 

For the aim of optimizing the performance of the improved solar distiller, a three-level-

three-factor design of experiment was applied using RSM which induced fifteen experimental 

runs as described in Chapter 3. The factors investigated in this study are fan velocity, 
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feedwater flow rate and angle of inclination of the still. The experimental runs were 

conducted in random order for the aim of reducing any unexplained variability in the 

response factor (Yim et al., 2019). The response parameter of this investigation is the distiller 

efficiency. The design of experiments and the obtained results are given in Table 5.4. The 

statistical software MINITAB version 17.1.0 was used for the analysis of variance 

(ANOVA), analysis of regression model and finally for plotting response surface at 

optimized conditions. 

Table 5. 4: Design of experiments and obtained results 

Experimental 

run 

Fan velocity 

(m³.h
-1

) 

(A) 

Water flow 

(L.h
-1

) 

(B) 

Angle of 

inclination (°) 

(C ) 

Efficiency (%) 

(N) 

1 0 4 20 26 

2 392 6 25 36 

3 0 2 25 29 

4 196 4 25 35 

5 392 4 20 38 

6 0 6 25 27 

7 196 4 25 38 

8 392 2 25 43 

9 196 2 30 42 

10 0 4 30 33 

11 196 6 30 39 

12 196 2 20 38 

13 392 4 30 45 

14 196 6 20 35 

15 196 4 25 37 

 

5.3.1 Analysis of Variance (ANOVA) 

Based on the regression analysis of the RSM, the generated full quadratic model that 

describes the relationship between the efficiency of the improved solar distiller and the three 

studied parameters is given by the following equation: 
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N = 60.3 + 0.0729 A – 0.40 B – 3.03 C – 0.000077 A*A + 0.010 B*B + 0.0717 C*C – 

0.00319 A*B + 0.000000 A*C – 0.0000 B*C                                                                      (5.4) 

The ANOVA is often used for testing the significance and accuracy of the model given by 

RSM. The most important parameters of this analysis are F-value, Probability value (P-

value), sum of squares (SS) and adjusted mean squares (Adj MS). ANOVA results of the full 

quadratic model are given in Figure 5.11. From statistical point of view, the significant model 

terms are that have large F-value (>1) and small P-value (<0.05) (Rashidi et al., 2016). Based 

on ANOVA analysis, it is observed that the F-value and P-value of the model are 22.32 and 

0.002, respectively.  

 

Figure 5- 11: Results of ANOVA of the full quadratic model 

Furthermore, the Lack-of-Fit of the model has a P-value higher than 0.05 which shows that 

there is insignificant probability for the generated model to not fit the experimental results at 

a 95% confidence interval. In addition, the coefficient of determination R
2
 and adjusted R

2 

were found 97.57 % and 93.2 %, respectively which proved that the model can perfectly 

estimates the experimental data (Behera et al., 2018). Therefore, the full quadratic model 

generated by the RSM is adequate and statistically significant. For ensuring the performance 
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of the RSM model, it is also required to examine the residuals plots. Figure 5.12 presents the 

residuals plots of the RSM model generated by MINITAB. It is seen that in normal 

probability plot, the points follow the straight line which refer to the normal distribution of 

residuals and the high accuracy of the regression model.  

 

Figure 5- 12: Residual plots for RSM model (MINITB) 

Furthermore, the residuals versus order plot shows that the residuals fall randomly around 

the center line, also the points of the residuals versus fits plot are randomly distributed about 

zero (Rashidi et al., 2016). These results affirmed that the proposed model by RSM is 

significant and fits the data adequately. 

For the aim of simplifying the full quadratic model developed by RSM and enhance the 

precision of predictions, it is possible to reduce the model to linear and square effects and 

eliminate the interaction terms. As shown in Figure 5.11, the P-values of the 2-Way 

Interaction terms (A*B, A*C and B*C) are ranged between 0.14 and 1 which indicate that are 

insignificant terms. Thus, the final regression equation is given as following: 

N = 62.8 + 0.06016 A – 1.02 B – 3.03 C – 0.000077 A*A + 0.010 B*B + 0.0717 C*C    (5.5) 

The analysis of variance (ANOVA) of the simplified model is presented in Figure 5.13. It is 

seen that the new F-value is higher than that of the first full quadratic model and the P-value 
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is reduced to zero. In addition, it is noted that the predicted R
2
 increased from 76% to 86% 

which means that the simplified model has the ability to give better prediction of the still 

efficiency (Yim et al., 2019).  

 

Figure 5- 13: Analysis of Variance (ANOVA) of the simplified model 

5.3.2 Optimazation of the still efficiency using RSM 

MINITAB software provides a graphical presentation of estimated model which allows the 

visualization of the individual and interaction effect of the considered parameters on the 

response variable through response contour and surface plots. Surface plots are three-

dimensional results of the RSM that represent the relationship between the studied parameters 

and the response variable. Contour plots are two-dimensional presentation of the RSM 

outputs which aim to simplify and better understand the shape of response surface plots 

(Yolmeh & Jafari, 2017). Figure 5.14 (a) (b) (c) illustrates the response surface and contour 

plots that describe the regression model developed by RSM approach. Each figure shows the 

effect of two factors on the efficiency on the solar distiller. Figure 5.14 (a) represent the 

interaction effect between the angle of inclination (C) and the feedwater flow rate (B) on the 

daily efficiency of the solar still (N). As observed in the contour and surface plots, the 

greatest efficiency is obtained at the highest level of the variable (C) and the lowest level of 
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the variable (B). Figure 5.14 (b) shows the combined effect of angle of inclination (C) and 

fan velocity (A) on still efficiency at constant water flow rate (4 m.s
-1

). As observed in the 

contour and surface plots, the efficiency of the improved solar distiller increases when both 

fan velocity and angle of inclination increase. Furthermore, figure 5.14 (c) represents the 

influence of water flow rate (B) and the fan velocity (A) on the performance of the advanced 

solar distiller at constant angle of inclination (25°). Referring to this figure, it is confirmed 

that the greatest efficiency of the improved solar still can be achieved at lowest feedwater rate 

and maximum velocity of the fan. 

In the same context, the Response Surface Optimizer function of MINITAB was used for 

calculating an optimal solution and generating the optimization plot as shown in Figure 5.14. 

In general, the optimization plot represents the effect of each parameter in a column and 

response variable in a row. The vertical red line and numbers in each column indicate the 

optimal factor setting. Furthermore, the horizontal blue line and number represent the 

response at the optimum conditions. According to the results presented in Figure 5.15, the 

optimized values of the considered parameters that lead to obtain a maximum still efficiency 

of 46% are 392 m³.h
-1

 of fan velocity, 2 m.s
-1

 of feedwater flow rate and 30° of angle of 

inclination. In addition, it is observed that the fan velocity has the greatest effect on the 

efficiency and the lowest effect is found for the inlet water flow rate. Furthermore, the order 

of significance can be statistically identified via ANOVA analysis. As presented in Figure 

5.15, the lowest P-value was given for the first parameter (A), followed by the angle of 

inclination (C) and finally the feedwater flow (B). The optimized conditions obtained by 

RSM analysis were validated experimentally and good agreement was found between with 

the experimental and predicted results. 

The fan installed under the wick covered plate drives the forced convection of the water 

vapor, hence it plays an essential role in improving the distillation process in the second 

chamber of the still. Therefore, increasing the fan velocity enhances the Nusselt number, 

consequently the heat transfer and the still efficiency are improved (Afshari, 2020). These 

results are similar to the outcomes of the performed numerical simulation presented in 

Chapter 3. Furthermore, this study revealed that an inverse relationship exists between the 

water flow rate and the efficiency of the improved solar distiller. This is due to the fact that 

raising the flow rate leads to decrease the residence time of water inside the distiller and rise 

the heat loss associated with the output brine, hence it decrease the still efficiency (Abujazar 
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et al., 2016). The obtained results agree well with the research findings of Tabrizi et al. 

(2010) and Mahdi et al. (2011).  

 

Figure 5- 14: Predicted still efficiency as a function of the considered independent parameters 

In addition, RSM optimization analysis indicates that the highest efficiency of the solar 

distiller is obtained at a tilt angle of 30°. This observation is similar to the simulation results 
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reported in Chapter 3. The considerable impact of the tilt angle on the still performance is due 

to the greater received solar intensity of tilted shape than the horizontal system (Khalifa, 

2011). Furthermore, the tilt angle has a significant influence on the condensation process and 

the movement of the droplets which travel along the inner glass surface (Goshayeshi & 

Safaei, 2019). 

 

Figure 5- 15: Optimization plot for the still efficiency 

5.4 Results of water quality investigation 

In order to ensure that the improved solar still can produce safe drinking water, physico-

chemical and bacterial indicator parameters were evaluated and compared with the WHO and 

European guidelines. Table 5.5 illustrates the properties of water before and after distillation 

and the contaminants removal efficiency of the system. It is observed that the value of pH of 

distillate is lower than that of the feedwater and it is within the Wold Health Organization 

(WHO) and the European recommended range (World Health Organization, 2017). 

Table 5. 5: Results of water quality analysis 

Parameters Distillation Standards 

Before After % Removal WHO EU 

Temperature (°C) 22 36 − − − 

pH 7.9 6.5 − 6.5− 8.5 6.5−9 

Electrical conductivity(µS/cm) 49800 17.5 99 <250 <250 

Total dissolved solids TDS (mg/l) 49100 15 99 <1000 <1000 

Coliform bacteria 

(E. Coli) (CFU/100ml) 

10
6
 0 100 0 0 
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Furthermore, the conductivity and the TDS were significantly reduced after distillation with 

removal efficiency of 99%. These results are in great agreement with the previous findings of 

Hoque et al. (2019) and H. Panchal et al. (2020). The results of bacterial analysis of 

feedwater and distillate simples are presented in Figure 5.16. As it can be seen in Figure 5.16 

(a), there is large numbers of E. coli bacteria which refer to the high contamination of the 

water feeding the improved solar still. In addition, distillate water analysis revealed the 

presence of 5 colonies/100mL. Based on colony morphology observation, it was inferred that 

the obtained colonies were not the E. coli bacteria presented in the feedwater. Therefore, 

additional confirmation method was required in order to identify the bacteria existed in the 

produced distillate water. Matrix-assisted laser desorption/ionization time-of-flight (MALDI-

TOF) mass spectrometry (MS) technique was used for bacteria identification. MALDI-TOF 

MS is one of the most powerful and high selective techniques for differentiation and 

identification of microorganisms such as bacteria and viruses (Hou et al., 2019). The 

principle of MALDI-TOF method is based on ionising a sample into charged molecules after 

embedding in a matrix (solution of a low mass organic compound) and irradiating by 

ultraviolet laser beam.  According to the ratio of their mass to charge (m/z), the obtained ions 

are separated inside a TOF analyser (Figure 5.17). MS profile is generated and compared to a 

database reference spectrum in order to analyse the identical or closely related profile which 

leads to the identification of the tested microorganism (Clark et al., 2013). 

 

Figure 5- 16: Bacterial analysis of (a) feedwater (106 CFU of E. coli/100 mL) and (b) 

distillate water (5 CFU of non-E. coli/100mL) 
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The results of MALDI-TOF MS indicated that the colonies existed in the distillate water are 

Bacillus species (B. simplex, B. indicus, B. vietnamensis, B. pumilus, B. altitudinis). All these 

bacteria are classified in the Risk Group 1 (RG1) which refer to the microorganisms that have 

no risk associated with disease in human health (Borriss, 2020). The majority of Bacillus spp. 

Are non-pathogenic and not toxigenic for humans, animals or plants (Celandroni et al., 2019). 

Furthermore, they are widely distributed in nature such as in air, soil and water, due to their 

high capacity to fast grow and survive even under harsh conditions (Du & Webb, 2011).  

 

Figure 5- 17: Sematic diagram of MALDI-TOF MS technique (Hou et al., 2019) 

The Bacillus spp. have the potential to form endospores with rigid structure that offer 

sufficient thermostability and high resistance to adverse conditions including cold to extreme 

high temperatures, solar radiation and saline environment for long periods. Owing to the high 

resistance of produced spores, Bacillus spp. are often found in drinking water supplies even 

with using chemical disinfectants (Schultz et al., 2017). Because they don’t pose a hazard to 

human health, there is no specific guideline for the presence of the most of Bacillus spp. in 

drinking water (WHO, 2017).  

The water quality analysis proved that the enhanced solar still can supply good quality of 

drinking water with successfully removing pathogenic bacteria by 100% even for high 

contaminated feedwater (10
6
 CFU/100mL). The high microbiological quality of produced 

water can be explained by the efficiency of the solar distillation process in disinfecting water 
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due to incident solar spectrum that includes ultraviolet (UV) radiation and visible light and 

also due to the elevated temperature during evaporation which can reach between 55-65°C 

(Malaeb et al., 2017) (Nascimento et al., 2014). Hence, it is required to keep the still 

accessible to sunlight and always to clean and provide an appropriete operation and 

maintenance of the distiller for ensuring the supply of safe drinking water. 

5.5 Summary 

In this chapter, the simulation models developed in Chapter 3 have been verified and the 

theoretical results have been compared to the experimental data. The solar model was 

validated, and it was found that the thermal model proposed by Tsilingiris yielded estimates 

that agree well with the experimental data. Furthermore, it is revealed that the improved 

distiller produced higher yield than that the conventional system under similar outdoor 

conditions. Further improvements have been proposed and tested for the aim of enhancing the 

still productivity. Using the lightweight ETFE top cover as an alternative material of the 

heavy glass yielded lower distillate water due to the hydrophobic structure of this polymer. In 

addition, it was found that installing a cooling system under the wick covered plate improved 

the distillation process and hence increased the still efficiency. In this investigation, 

sensitivity and optimization analysis were carried out based on RSM approach. The effect of 

the operating parameters on the distiller efficiency have been evaluated and the optimized 

conditions have been defined. The last section of this chapter presents the results of water 

quality analysis. It was showed that the improved solar distiller can produce a good quality of 

drinking water. 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

CHAPTER 6: CONCLUSIONS AND 

RECOMMENDATIONS 

 

 

 

 

 

 

 

 

 

 

 



CONCLUSIONS AND RECOMMENDATIONS 
 

Mariem JOBRANE 116 

 

 

Solar still is a viable cost-effective system aimed at producing freshwater from brackish 

water resources. The use of small scale solar powered distillers serves to increase the 

availability of clean drinking water in several remote and isolated areas. Numerous designs 

and technological innovations are available in the open literature that aimed at improving the 

distillation process and overcoming the conventional solar still limitations of low 

productivity. Hence, this investigation presents an attempt for contributing to the global 

efforts in solving the shortage problem of safe drinking water supply in many regions in the 

world. The basic objective of this research study is to build an improved wick solar still that 

provides a considerable amount of freshwater using unconventional distillation process. The 

innovation of this project assists in increasing the distillate output through creating an 

alternative mode of condensation within the same device without calling for any complicated 

or cost-extensive technology. Furthermore, keeping the simplicity and the low-cost of the 

distiller and building a lightweight design are the most important goals of this investigation. 

The substantial gain in the specific weight of the solar still is achieved by combining the idea 

of improving the distillation process without adding any external systems and using 

alternative lightweight materials such as the use of ETFE instead of the heavy traditional 

glass cover. To maintain the system constantly at the optimum for greater productivity, an 

evolved control system was installed based on using a set of sensors and a microcontroller for 

the aim of monitoring several parameters such as, temperature of water, speed of the fan, feed 

water flow rate, angle of inclination and many other thermal and design properties.  

The performance of the improved wick solar was evaluated theoretically and 

experimentally and the main findings and conclusions are as following. 

6.1 Conclusions and discussions 

The first research step was developing a mathematical modelling and numerical simulation 

for calculating the amount of global incident solar energy. Also, a thermal model has been 

established that can represent the different heat and mass transfer phenomena during the 

distillation process, evaluating the energy distribution inside the still and predicting the 

distillate output. Energy balance equations were formulated for several parts of the 

conventional and the advanced solar stills and numerically solved using MATLAB software. 

The heat transfer coefficients were calculated based on three empirical relations developed 

respectively by (Dunkle, 1961), (Zheng et al., 2002), and (P.T. Tsilingiris, 2007). The 
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simulations of both systems were performed according to the same meteorological conditions 

and for a typical day in Luxembourg. The results of this theoretical study revealed that the 

incident solar radiation for tilted surfaces increases with increasing angle of inclination and 

40° was found as the optimum angle. Comparing the efficiency of the improved distiller to 

the classic system showed that the daily yield of the advanced solar distiller was around 24% 

greater than that of the conventional process. This improvement was achieved by the 

increased water-glass temperature difference (ΔT, °C), which is considered as the 

thermodynamic driving force of the distillation process. In addition, the second condensation 

process in the bottom of the still induces the increase of the distillate yield and the thermal 

efficiency of the advanced distiller. Furthermore, the developed parametric analysis indicated 

that fan speed, tilt angle, glass thickness and the wind velocity have a significant impact on 

the still productivity.  

Following the construction of the advanced wick solar distiller and installing the control 

system for multiple parameters measuring and data recording, an experimental investigation 

has been carried out for outdoor testing of the prototype. Firstly, a set of experiments was 

performed with the aim of collecting empirical data for theoretical model verification. The 

accuracy of the solar energy model was improved by comparing the computed solar radiation 

values to the measured data using a pyranometer. The comparison study was assessed over 

the period of May-August 2020 in Luxembourg. It was found that the simulated results agree 

well with the measured data. Furthermore, the results of statistical analysis inferred that the 

developed model can offer a perfect prediction of solar radiation for clear skies. In the same 

context, the accuracy of the developed thermal model was evaluated by comparing the 

predicted temperature of different still’s components and the distillate output to the 

experimental data. The comparative study proved that the thermal model based on Tsilingiris 

(2007) model provided better conformality between the estimated and the experimental 

results than that of Dunkle (1961) and Zheng et .al (2002). The heat transfer coefficients and 

the distillate output calculated by Tsilingiris model were evaluated based on using thermos-

physical properties of the real working medium inside the distiller which is the dry air-vapor 

binary mixture and not only the dry air. Hence, the errors of predicting the different 

temperatures and the productivity of the improved solar still were significantly lower in case 

of applying Tsilingiris model than the other two models.  

Secondly, an experimental study has been developed to evaluate the daily efficiency of the 

improved distiller (with forced convection) compared to the conventional process (without 
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forced convection). The obtained results revealed that the daily efficiency of the improved 

device is 36% while it is limited to 27% for the conventional distillation system for a mean 

hourly solar radiation of 380 W/m
-
². Furthermore, it was noted that the condensation rate 

under the wick covered plate decreases after 1.p.m, when the temperature of the still’s bottom 

rises. To overcome this limitation in condensation, a cooling system was installed which 

assures a heat exchange between the transferred hot water vapor and the cold-water inlet 

circulated in a pipe under the wick covered plate. This improved system enhances the 

condensation by making a difference of temperature between the hot water vapor and the cool 

pipe. The experimental tests showed that the daily efficiency of the improved design 

increased by 17% and 55% compared to the advanced solar still without cooling system and 

the conventional distillation process, respectively.  

For the aim of building a robust and lightweight distiller, it was suggested to use the 

fluoropolymer material (ETFE) as an alternative still cover instead of the heavy glass. The 

ETFE is characterized by several good properties such as, high durability and significant 

potential of solar transmission (Cremers & Marx, 2016). However, the experimental results 

of the solar still with EFTE cover showed that the hydrophobic structure of the ETFE has an 

adverse influence on the condensation and the motion of water droplets. Consequently, very 

low distillate output was collected from the ETFE cover compared to the glass cover. Hence, 

increasing the membrane surface hydrophilicity by a specific surface treatment would be 

required for improving the condensation process on the ETFE cover. 

Furthermore, sensitivity and optimization analysis were developed using Response Surface 

Methodology (RSM) that aimed to optimize the distillation process and evaluate the effect of 

three independent parameters on the efficiency of the improved solar still. RSM was applied 

for designing the experimental approach and statistically analysing the collected data. The 

results of this study showed that the distillate yield of the advanced distiller increases by 

increasing the fan speed and the angle of inclination and by reducing the inlet water flow rate. 

Lastly, experiments were conducted for testing the quality of produced freshwater and 

evaluating the contaminants removal efficiency of the improved wick solar still. The results 

of water quality assessment revealed that the tested parameters include pH, total dissolved 

solids (TDS), electrical conductivity were reduced significantly after the distillation process. 

Furthermore, it was proved that the advanced solar distiller has the capacity to remove 

pathogenic bacteria by more than 90%. 
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The main objective of this project was achieved by developing an improved solar distiller 

that can overcome the limited productivity of the conventional design and providing a 

significant amount of clean freshwater. Considering the meteorological conditions of 

Luxembourg with a low temperatures and decreased solar irradiance for about half of the 

year, the amount of distillate output reaches 4 L.m
-2

.d
-1

 for a mean daily solar radiation of 

380 W.m
-2 

.On the other hand, the Middle East and the African countries have been identified 

as a hot spot for climate change with strong precipitation decrease and temperature increase 

(Bichet et al., 2019). In addition, these countries enjoy particularly long sunny days with a 

high intensity of solar irradiation (between 6.5 and 7 kWh.m
-2

.d
-1

) as presented in Figure 6.1. 

Therefore, the improved solar distiller could supply around 7 L.m
-2

.d
-1

 of safe drinking water, 

hence,  10 m
2
 of surface can offer 70 L.d

-1
. This considerable amount of clean freshwater 

could solve the big problem of water shortage in many densely populated rural and semi-arid 

areas. 

 

Figure 6- 1: Global solar energy in Middle East ad North Africa 

6.2 Recommendations for future research 

The main objectives of this project have been achieved and the results proved that the 

advanced wick solar still produces more high-quality freshwater output than a conventional 

solar distiller. However, many interesting research questions should be investigated and there 

is a need for further enhancements. The time factor was one of the most limitations of the 

present study, hence several modifications and improvements could be performed in order to 

enhance more the still’s efficiency, but it was not possible to re-design and re-test the 
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prototype with further modifications. Among the proposed improvements, the following 

aspects could be considered: 

- Coupling the solar distiller device with internal reflectors for concentrating and 

increasing the amount of incident solar radiation. 

- Testing and selecting the most efficient wick material and using heat storage medium 

for enlarging the rate of evaporation.  

- Designing a modified arrangement of wick covered plate based on implanting small 

pyramids as presented in Figure 6.2. This new configuration raises the absorption of 

solar energy and the residence time of water which will be in zig-zag flow, hence the 

evaporation process will be more optimal. 

 

Figure 6- 2: Proposed arrangement of wick covered plate 

A deeper investigation into the surface treatment of the ETFE film with the aim of 

increasing its surface energy and improving its wetting and adhesive properties for better 

condensation process would be an issue of interest. The adhesion improvement ETFE 

material could be done by plasma treatment as reported by (Hegemann et al., 2003) and (N. 

Inagaki, 2003). Obtaining a hydrophilic surface of ETFE using remote plasma technology 

enables the enhancement of the water vapor condensation efficiency and resolves of the 

droplet mobility issue. Hence, higher distillate output of solar still can be achieved. 

Further research is required in order to develop an economic analysis of the improved solar 

distiller. Energy cost is one of the most important elements in determining the water cost 

where the freshwater is produced from desalination plants based on conventional sources of 

energy. However, the main advantage of the solar distillation systems is their zero-input 

energy cost due to the abundantly and freely available solar energy. Hence, the major items 
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of cost comprise of capital investment, operational and maintenance cost. The performance 

and the production cost of the improved solar distiller should be compared with the 

conventional design. 

One of the most overlooked issues in solar distillation is the brine water output and the 

possibility of valorisation of this by-product. Thus, further research is required in order to 

investigate the possible brine disposal methods. The rejected brine includes a high 

concentration of salts and it has a significant deleterious effect on the environment, thus 

alternatives must be found to reduce the adverse environmental impact of direct discharge. 

Several disposal options are available such as reusing the rejected brine in solar pond system 

which may be an efficient energy source for the solar distiller during night and cloudy days. 

Salinity-gradient solar pond is a method used to collect, save and convert solar energy to 

thermal power as defined by  Farahbod et al. (2013) and AL-Musawi et al. (2020). 

Furthermore, among possible options for residual brine management is to separate salt from 

water and convert the brine into a freshwater and salts in a solid, crystalline form. Thereby, 

the produced salts could be exploited in the process of numerous industrial sectors such as oil 

and gas exploration, textile dyeing, leather industry, chemical products and paper industry. 
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