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Abstract 

Rapid population growth and industrialization have increased the demand on potable 

water dramatically, and there are many rural areas and communities around the world which 

suffer from the shortage of potable water. However, many of these communities inhabit 

desert areas where the weather is hot and solar energy is plentiful. Therefore, the present 

study suggests basin-type solar stills for desalination, which uses solar energy to evaporate 

the saline water. The use of solar stills in large scale commercial systems is limited by the 

low production rate of desalinated water. Therefore, the present study focuses on the effects 

of different parameters on the thermal performance and productivity of a single basin double 

slope solar still. It is well known that the performance of a solar still can vary from one 

country to another due to the effect of meteorological conditions. The experiments of the 

present study were conducted in Kuwait. A double slope solar still was designed and 

fabricated, and the data were collected over a long period of time to achieve high accuracy. 

The effects of several parameters on the performance of the examined solar still were 

investigated. These parameters include the following: (1) type of energy storing materials, 

(2) basin water depth, (3) the cooling of the solar still cover plate. The experimental data 

were verified using a theoretical model. The investigated energy storage materials included 

steel metal pieces in different shapes, gravel in two different sizes and encapsulated paraffin 

wax as a phase change material. 

This study has concluded that the basin water depth has a significant effect on the daily 

water production and the water production rate. This rate increases as the water depth in the 

basin decreases. A correlation was developed to express the relation between the daily water 

production and the basin water depth. The study has also found that the performance of the 

solar still with the energy storing materials depends on the material density and specific heat 

capacity. A new dimensionless factor called “energy storing material factor (β)” was 

introduced. It was found that the performance of the energy storing materials is proportional 

to the values of β. For β < 1, the energy storing materials can improve the water productivity. 

Among the studied energy storing materials, the phase change material has achieved the 

highest total water production per square meter (about 53% improvements). This present 

study contributes to improving the design of passive basin-type solar stills which can be 

used for water production in many rural and desert areas which do not have access to 

electricity. The study also discusses some ideas to enhance the water productivity of passive 

solar stills, which is still a big limitation to the widespread use of solar stills. 
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1. Chapter One: Introduction 

 

1.1 Background 

Water is one of the most important factors for the lives of humans, animals and plants. In 

the past, there was an impression that water resources are unlimited and the balance between 

demand and supply always exists through the hydrological cycle in nature. In the last few 

decades, it has been revealed that there is a significant imbalance between the supply and 

demand for fresh water. Such findings have led to the conclusion that water resources are 

extremely limited. It is well known that more than three quarters of the earth’s surface is 

covered with water. However, the majority of this water is not drinkable. Oceans, which consist 

of salt water, constitute about 97% of the earth’s water. The remaining 3%, which represents 

fresh water, is reserved in icecaps and glaciers (68.7%), ground water (30.1%) and surface 

water such as lakes and rivers (0.3%), (Manju and Sagar, 2017). This means that less than 1% 

of the earth’s water is available for human use in the form of potable water.  

Thus, it is expected that there will be an acute water shortage in the near future. This 

shortage arises from the increased demand induced by population growth, urbanization and 

industrialization. Some researchers (Rijsberman, 2006) reported that a water shortage occurs 

when the water supply falls below 1000 m3 per person per year. Additionally, it was reported 

by the United Nations that about 40% of the world population will face water shortage by 2030 

(WAAP, 2015). Also, the World Health Organization (2010) reported that the demand will 

exceed the supply by 56% by 2025. It is commonly known that water shortage is a multi-

dimensional problem that can lead to poverty, hunger, ecosystem degradation, desertification, 

climate change and even the threat to world peace directly and indirectly.   

 

Owing to the seriousness of the global water crisis, the United Nations has declared that 

the 22nd of March of every year is the World Water Day since 1993. This is to highlight the 

importance of water, to encourage the sustainable management of water resources and to 

increase the public awareness of this issue worldwide. Since this date, the interest in the global 

water crisis has increased dramatically, and noticeable improvements were detected in some 

regions in the last twenty years. However, the United Nations has issued a shocking report in 

2014, showing that 4000 children die every day (about 1.5 million/year) due to diseases such 

as diarrhoea, dysentery and cholera caused by dirty water and unhygienic living conditions. 

Moreover, the report indicates that the lack of access to water, sanitation and potable water is 
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extremely serious and needs immediate action so that a solution is reached globally. Error! R

eference source not found. illustrates that an appropriate action can prevent 20% of child 

death.   

 

 

 

Figure 1.1 An immediate action needs to be taken to find a solution for water shortage globally 
(www.unwater.org). 

 

1.2 Desalination Technologies 

Desalination can be defined as the process of removing dissolved salts and minerals from 

saline water to produce potable water with the permissible salinity limit 500 – 1000 ppm, (Rao 

and Mamatha, 2004). The objective of this section is present a summary of the existing 

desalination techniques. Figure 1.2 summarizes the classifications of desalination techniques 

based on the adopted desalination process, (Kucera, 2014) and Belessiotis, 2016). The figure 

classifies the desalination methods into thermal and non-thermal processes. The conventional 

thermal methods (commercially available) are usually driven by steam supplied from external 

sources and include Multistage Flash evaporation (MSF), Multi-Effect Distillation (MED) and 

Thermal Vapour Compression (TVC). The non-conventional thermal methods (not 

commercially available) include Solar Distillation (SD), Membrane Distillation (MD) and 

Humidification-Dehumidification (HDH) which are suitable for small capacities. The non-

conventional thermal methods are still under investigation by researchers. The conventional 

(commercialized) non-thermal methods are driven by direct electric energy and include 
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Reverse Osmosis (RO), Electro-Dialysis Reversal (EDR) and Mechanical Vapour 

Compression (MVC). The non-conventional non-thermal methods include crystallization 

(freezing and hydrates) and ion exchange, which did not find a wide range of applications. A 

brief description to each process is given below.     

        

 
Figure 1.2 The main desalination technologies, (Belessiotis, (2016).  

 

1.2.1 Solar Still Distillation (SD)  

In its simplest form, solar stills are basins which are partially filled with saline water and 

covered from the top side with a transparent cover; see Figure 1.3. The basins are thermally 

insulated from each side except from the top transparent side. Basically, the operation of solar 

stills is based on a distillation process. The incident solar radiation is absorbed by water in the 

basin of the still; thus, the solar energy is used to evaporate the saline water. The created vapor 

moves towards the top transparent cover by natural convection and condenses on the cold 

interior surface of the transparent cover. The pure water vapour condenses on top and drips 

down to the sides where it is collected and removed by gutters.  
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Because the created vapour is already mixed with the air inside the still, this process 

includes humidification-dehumidification process occurring simultaneously in the same 

device. The advantages of solar stills include simplicity, low cost, ease of maintenance and low 

environmental impact, while the most significant disadvantage is the low efficiency and 

productivity. Ahsan et al. (2014) designed and fabricated a solar still using local, available, 

cheap and durable materials and provided the fabrication cost. The designed still occupied a 

land area of 0.8 m2 and produced about 1.5 L/day. The total cost of fabricating this solar still 

was estimated, based on their local currency, as RM 112 or ($35, USD). Recent reviews on this 

technique were also given by Kaviti et al. (2016), Omara et al. (2017) and Shukla et al. (2017). 

 

 

 

Figure 1.3 Sketch of the evaporation/condensation inside a single effect solar still (Belessiotis, 
2016) 

 

Solar stills have been studied by researchers extensively in terms of their advantages and 

disadvantages compared to other techniques. The main points extracted from the published 

literature can be summarized as follows: 

 

Advantages: 

• A Free energy source: Sunlight, as an available energy source, exists almost in all countries, 

and it is a renewable energy. For example, the average daily solar radiation in India is 4–7 

kWh/m2 compared to the global average of 2.5 kWh/m2. Therefore, despite its relatively high 

capital cost, solar energy driven desalination is known to be more feasible than other methods 

(Arjunan et al., 2009). 

• Low maintenance cost: Solar stills are very simple and consist of no moving parts. Hence, 

there is no need to have regular maintenance which can be very costly in remote areas. 

Transparent cover 
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• A reliable system: Solar stills use sunlight to produce the potable water and there is no risk 

of losing the energy source. Therefore, solar stills are known as a reliable water producer. 

• Availability: Solar stills use a renewable energy source, which is available in most countries. 

It represents a good option especially in remote areas where there is a shortage of electricity 

and good quality water (Eltawil and Omara, 2014). 

• Better water taste: the water produced by solar stills has better taste compared to the other 

systems which boil the water to produce the drinking water. In solar stills the water is not 

boiled.  

• Neutral PH: Water production in solar stills is a chemical free process, which can produce 

neutral PH water. 

 

Disadvantages: 

Solar stills, like any other devices, have some disadvantages that render this technology 

very controversial in the field of fresh water production. Some of the disadvantages that were 

claimed by researchers can be listed as follows: 

• Bacteria and harmful chemicals: Solar stills do not boil the water and therefore, the bacteria 

and harmful chemicals could contaminate the produced water. 

•  Bugs and insects: The area for the tilted glass cover could be an attractive area for insects 

and bugs, which could reduce the efficiency of produced water in terms of quality and quantity. 

• Low water production: One of the main problems associated with the use of solar stills, as 

identified in many studies, is the productivity issue. A single solar still can be installed in one 

square metre and it weighs about 30 kg. The produced water when it is in direct sun shine can 

be about 6 litres per day in summer time and it could drop to half in winter time. 

 

1.2.2 Humidification-Dehumidification (HDH) 

In the solar still system, evaporation (humidification) and condensation 

(dehumidification) occurs in the same compartment. On the other hand, in the humidification-

dehumidification (HDH) systems, evaporation and condensation occurs in separate 

compartments and the carrier gas moves also either by natural convection (closed cycle) or by 

a blower (open cycle). Figure 1.4 depicts the simplest HDH process. The cold feed seawater is 

used to condense the water vapour in the dehumidifier unit and thus the feed water temperature 

increases. The feed water is further pre-heated in a separate heating unit then it is sprayed over 

a packed bed in the humidifier (evaporator). This is an updated version of solar stills. Because 
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some of the energy can be recovered in the dehumidifier and is used for preheating the feed 

water, the performance is improved compared to solar stills. Thus, the HDH process is a low 

to medium capacity method. 

 

 

Figure 1.4 Schematic drawing for the humidification-dehumidification distillation system (Kucera, 
2014) 

 

1.2.3 Membrane Distillation (MD) 

Membrane distillation (MD) is a desalination process that is driven by temperature 

gradient across a microporous hydrophobic membrane between a hot feed solution and a cold 

permeate. The temperature gradient across the membrane creates a vapour pressure gradient, 

and thus the vapour flows from the high pressure side (hot side) to the low pressure side (cold 

side). It involves evaporation of the water molecules at the hot interface, the transport of water 

vapor across the porous membrane and condensation of water vapor at the cold interface. A 

schematic drawing for this process is shown in Figure 1.5. It has the following advantages:  

(1) low sensitivity to salt concentration,  

(2) almost 100% salt rejection can be achieved,  

(3) it can utilize low-grade heat and renewable energy (e.g., industrial waste heat, solar 

power or geothermal energy),  

(4) there is a low chance of membrane fouling,  

(5) it is characterized by low equipment cost and good performance under mild operating 

conditions as compared to conventional, multi-stage distillation or pressurized process like RO. 
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More details about this technique can be found in Abu-Zeid et al. (2015) and González et 

al. (2017) who have conducted an extensive review on this method. 

 

 

Figure 1.5 Schematic drawing for the membrane distillation 

 

1.2.4 Multi Effect Distillation (MED) 

The feed seawater is evaporated in several stages called effects (see Figure 1.6). In the 

first effect, the feed water is heated and partially evaporated by steam supplied from an external 

source. Afterwards, the feed water passes through a series of consecutive chambers where it is 

partially evaporated. The vapour created in the previous chamber is condensed in the next 

chamber giving the latent heat of condensation to the incoming feed seawater. 

  

 

Figure 1.6 Schematic drawing showing the multi-effect distillation process (El-Dessouky and 
Ettouney, 2002) 

 

1.2.5 Multistage Flash Distillation (MSF) 

The Multi Stage Flash (MSF) process consists of several elements, called stages. The hot 

feed water heated by steam in the first stage enters a series of compartments, each at lower 

pressure than the previous stage. The hot water expands (flashes) into each chamber releasing 

vapor, which condenses to fresh water and exchange simultaneously the latent heat of 

condensation with the incoming feed seawater.  
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1.2.6 Vapour Compression (VC) 

In this process, the heat required to vaporise the saline water is obtained from compressed 

steam supplied from an external source, i.e. the steam temperature increases as the pressure 

increases. The compression process could be done mechanically or thermally using steam 

ejector.  

 

1.2.7 Crystallization Process 

This process comprises of the freezing of seawater and hydrate formation. Both processes, 

despite their simplicity, have found no wide industrial applications. During the freezing 

process, seawater crystallizes nearly to pure ice. Small crystals are not easily separated from 

the ice brine slurry and almost half of the fresh water produced is used to wash out the salts 

from the ice surface, considerably reducing the efficiency of the method and increasing product 

cost. Hydrate formation is an alternative to produce pure crystals. Water combines with other 

substances to form hydrate crystals. For desalination purposes, hydrocarbons like propane or 

butane have been studied. During crystal formation, all impurities like the dissolved salts in 

seawater are excluded and the crystals formed are pure hydrates. After hydrate formation, the 

gas is released giving pure water. The process found no large-scale commercial applications 

due to many problems arising during operation. 

 

1.2.8 Reverse Osmosis 

In this process, saline water is pushed at pressures higher than the osmotic pressure 

(mechanical energy) through special semi-permeable membranes allowing water molecules to 

pass selectively while blocking the dissolved salts. 

 

Reverse osmosis and distillation processes constitute the most widely used techniques due 

to their efficiency and economic viability. A brief illustration of these two technologies is 

presented below.  

The reverse osmosis: These systems are generally preferred to distillation systems where 

the fresh water production is considered in a large scale (Ghaffour et al., 2013 and Greenlee et 

al., 2009). A water desalination plant that uses reverse osmosis process can provide fresh water 

for a city in scale of Adelaide in Australia by using sea water. After a pre-treatment process, 

seawater is pumped into a multi layers membrane at a high pressure (about 7 MPa). In order to 

improve the taste and disinfection properties, calcium carbonate (CaCO3) and chlorine (Cl2) 
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are added to the water. In a typical water desalination plant that uses reverse osmosis 

technology, similar to the Adelaide Desalination Plant in Australia in Error! Reference source n

ot found., about 40% of the saline water can be converted to potable water (en.wikipedia.org, 

2014). This plant has been providing 3×108 litres per day since 2012, which represents almost 

50% of the city’s drinking water needs. Depending on the availability of energy and the ability 

of affording the costs, a reverse osmosis plant can be a suitable solution to produce fresh water. 

Error! Reference source not found. presents the general technical information of Adelaide D

esalination plant, which uses reverse osmosis technology. 

 

 

Figure 1.7 Adelaide Desalination plant (www.en.wikipedia.org, 2014) 

 

 
 

Table 1.1 The general technical information of Adelaide Desalination plant, 
(www.en.wikipedia.org, 2014) 
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It was reported that the price of desalinated seawater has been reduced to under 

US$0.50/m3 at reverse osmosis plants. This price could be increased in some locations 

depending on the location conditions and facilities. The price also depends on local government 

policy and some subsidies may be contributed in calculating final price (Ghaffour et al., 2013). 

 

1.2.9 Distillation:  

After heating a liquid up to the evaporation phase, the process of capturing and cooling 

the resultant hot vapour until it condenses is called distillation. Distillation has been used to 

produce potable water for many years. It is a fundamental process in many water producing 

systems. The source of the heat energy required for the distillation process could be electrical 

energy or energy due to combustion of fossil fuels (oil or natural gas). Due to the cost of energy 

and the availability of energy sources in the form of electricity or fuel, producing low cost fresh 

water is not possible by using distillation in many remote areas (Ghaffour et al., 2015). 

According to the literature, it is estimated that 8.78 million tons of oil per year is required to 

produce one million m3/day of fresh water by desalination, which indicates that there is an 

important need to find an alternative energy source for the desalination systems (Kalogirou, 

2005). According to the report by the Institution of Mechanical Engineers (IMechE), there are 

an estimated 1.3 trillion barrels of proven oil reserve left in the world’s major fields 

(www.imeche.org, 2015). Considering such a huge rate of oil consumption, the present oil 

reserves will be sufficient to last for 40 years only. Table 1.2 illustrates the major oil reserves 

in the Middle East. It is estimated that two-thirds of the world’s remaining reserves are in the 

Middle East. 

 

 

Table 1.2 Major oil reserves in the Middle East, (www.imeche.org, 2015) 

 

By 2040, the production levels may decrease down to 15 million barrels per day – around 

20% of what is currently consumed. It is likely that by then that the world’s population will be 

http://www.imeche.org/
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twice as large as it is now. Therefore, the demand for potable water will be increased 

significantly in the future. It can be concluded that there is a real need to find an alternative 

source of energy for the increasing demand of potable water. Theoretically, any kind of energy 

can be considered as a heating source in potable water production. However, not many energy 

sources are available to replace the existing energy sources.  

In the last decades, researchers have focused on solar energy as a suitable alternative 

energy source that has many benefits in terms of availability and cleanliness (Kannan et al., 

2014 and Omara et al., 2013). The process of producing potable water by using solar energy is 

called solar desalination. The history and installation of solar desalination technology dates 

back to 2000 years ago (Velmurugan and Sritha, 2011 and Samee et al., 2007). Solar 

desalination was used to produce potable water from brackish water as well as salt. A number 

of advantages and disadvantages were reported in the literature for solar desalination. The main 

benefits of using solar energy are as follows (www.technologystudent.com, 2015):  

1. Solar energy is free, 

2. Solar energy does not cause pollution, 

3. Solar energy can be used in remote areas, 

4. Solar energy is not as limited as oil reserves. 

 

There are also several disadvantages for solar energy, namely: 

1. Solar energy is available on sunny days only, 

2. Solar energy is available at day time, 

3. Solar energy is not practically available in some countries, 

4. Solar energy requires a large area of land to capture sunlight. 

 

Having considered both advantages and disadvantages of solar energy, many researchers 

have concluded that solar stills are suitable devices to produce potable water especially in 

remote areas (Zerrouki et al., 2014; Malaeb et al., 2014; Sathyamurthy et al., 2014).  

 

1.3 Research Objectives 

As mentioned above, the future limitations in water resources have urged researchers to 

enhance the performance of the existing treatment units. However, the existing desalination 

technologies are energy intensive processes where the production of 1000 m3 of potable water 

per day requires about 27.4 ton of fossil fuel per day (Methnani, 2007). These technologies 

http://www.technologystudent.com/
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require the availability of energy sources (external steam or electricity). In fact, in rural and 

remote areas, conventional energy sources (external steam or electricity) are not available. 

Thus, there is the need for an alternative energy source for deriving small-scale desalination 

systems suggested for these rural and remote areas. Due to the abundant availability of solar 

energy, solar desalination systems are one of the options suggested for these areas. 

Accordingly, the objective of the present study is to investigate the effect of different 

parameters on the thermal performance of a double-slope solar still for water production in 

rural or remote areas. The objectives of the present study are summarized as follows:  

1. to study the effect of the type of energy storing material on the thermal performance of 

solar stills. Three materials will be tested namely steel, gravel and phase change material 

(PCM).  

2. to study the effect of the geometrical shape of steel pieces, which are used as a sensible 

heat energy storing material.  

3. to study the effect of gravel size on the thermal performance of the solar still.  

4. to compare the experimental results with a theoretical model.   

    

1.4 Organization of the Thesis 

The thesis is organised as follows. Chapter 2 reviews the previous studies on solar stills. 

Chapter 3 describes the experimental system. Chapter 4 presents the results and discussions. 

Chapter 5 presents the modelling and comparison with the experimental data. Chapter 6 gives 

the conclusions and suggestions for future work.    
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2. Chapter Two: Literature Review 

 

2.1 Introduction 

As mentioned in chapter 1, conventional desalination systems consume large amounts of 

fossil fuel. Thus, there is a need for either reducing the energy consumption in these 

conventional systems or using an alternative renewable energy sources. Solar stills are one 

option that uses solar energy for water desalination. According to the published literature, the 

number of published journal papers on solar stills during the last ten years has increased 

significantly; see Figure 2.1. Thus, research on solar stills is growing considerably. Based on 

the source of energy used to evaporate the saline water, solar stills can be classified into passive 

and active solar stills. In passive solar stills, water evaporation occurs naturally using direct 

solar radiation and no external energy source is supplied to the basin. The basin is fed with 

water every morning and there is no feed water circulation.  

    

 

Figure 2.1 Number of research papers on solar stills published by sciencedirect.com during the period from 
2004 to 2016 

 

In active solar stills, water evaporation is assisted by an external energy source such as 

solar collectors or solar panel or any waste heat, which is used to increase the water temperature 

and thus increase the evaporation rate. The feed water is circulated at very low flow rates using 

a circulation pump. Figure 2.2 illustrates an example on active solar stills assisted with a solar 
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collector (Figure 2.2a) or a solar panel that converts solar energy into electrical energy, which 

is used to heat the water using an electric heater (Figure2.2b).  

 

    

(a)                                                          (b) 

Figure 2.2 (a) Single slope active solar still that converts solar energy to thermal energy and heats 
up water in the basin. (b) Single slope active solar still that uses solar panel to convert solar energy 

to electric energy (Tiwari et al., 2003a). 

 

The performance of solar stills is usually evaluated using thermal efficiency defined by 

Eq. (2.1) below (Xiao et. al, 2013): 

 

               
                  (2) 

 

where m is the hourly distilled water production rate (kg/h), γ is the specific latent heat of 

vaporization (kJ/kg), Aa is the total area of an absorber (m2) and G is the solar radiation intensity 

over the area of Aa (W/m2). Note that, the value of m varies along the day depending on the 

time, i.e. morning, afternoon, etc. 

 

This chapter presents a review of the factors affecting the thermal performance of solar 

stills. In section, 2.2, the effect of using energy storage materials is presented. Section 2.3 

presents the effect of initial water depth on the daily productivity of solar stills. Section 2.4 

presents the effect of transparent cover material while section 2.5 presents the effect of the tilt 

angle. Finally, section 2.6 gives a summary to the chapter.  
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2.2 Effect of Energy Storing Materials  

Solar still is not so much attractive in the market due to its low productivity, soresearchers 

have tried to improve the distillate output of solar stills. The productivity of solar still can be 

enhanced by increasing the brine temperature in the basin (Xiao et al., 2013) and Voropoulos 

et al., 2003). It was also found that the temperature of the brine depends on water free surface 

temperature (Sivakumar and Sundaram, 2013). The use of energy storing materials can affect 

the brine temperature and thus can make enhancements in the productivity of solar stills (El-

Sebaii et al., 2009). Energy storing materials store the excess energy during the sunshine hours 

and release it during sunless hours in order to increase distillate production. These materials 

can be divided into sensible heat materials (energy stored without phase change) and latent heat 

materials (energy stored with phase change). Some of the most effective energy storing 

materials is reviewed in this section. 

 

2.2.1 Sensible Heat Energy Storing Materials 

Akash et al. (1998) studied the effect of using different absorbing materials on enhancing 

the productivity of a double slope solar still. They tested three types of absorbing materials, 

namely; black absorbing rubber mat, black ink in water solution and black dye in water 

solution. The results demonstrated that the productivity has increased by 60% with black dye, 

45% with black ink and 38% with black rubber mat. El-Sebaii et al. (2000) investigated the 

effect of using baffle suspended absorber plates on the performance of a single basin single 

slope solar still; see Figure 2.3. The still basin was made of a galvanized iron sheet with an area 

of 1 m2. A movable suspended absorber plate made of aluminium was provided inside the basin 

water. Two plates were tested: a solid plate and a perforated plate, i.e. a plate with some vents. 

The suspended absorber plate can be moved up and down and thus the mass ratio of the water 

above and below the plate can be varied, i.e. the water height above and below the plate can 

vary. The results demonstrated that the modified still with baffle plates operates at higher water 

temperature compared to the conventional solar still. Thus, the daily productivity has increased 

from 4.736 kg/m2 to 5.737 kg/m2 (increased by 21.1%). Additionally, they reported that when 

the plate is perforated, the optimum position of the baffle plate should be in the middle of the 

basin while the mass of water above the plate should be as low as possible in case of solid plate. 

The reason for the improvement in productivity is mainly because of the increase in water free 

surface temperature induced by the absorber plate. In fact, this plate divides the water in the 

basin to upper and lower portions. The level of water column in upper portion plays a main 
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role in productivity enhancement. It was found out that the highest productivity can be achieved 

for the lowest water column in upper portion.     

 

 

Figure 2.3 Schematic diagram of the single slope solar still with suspended baffle plate (El-Sebaii et 
al., 2000) 

 

Nafey et al. (2001) used black rubber and black gravel materials as energy storage 

materials in order to enhance the productivity of a single slope solar still. They tested the effect 

of rubber thickness (2 mm, 6 mm, 10 mm) and gravel size (7 - 12 mm, 12 - 20 mm, 20 - 30 

mm). They concluded that the maximum enhancements occurred using black rubber with 10 

mm thickness (20% enhancement) and using gravel which measure 20 – 30 mm (19% 

enhancement). Naim et al. (2002) studied the improvement of productivity of solar still using 

charcoal particles to work as an energy absorbing material. They designed and fabricated a 

solar still made of Perspex with basin area 0.5 m2. A layer of charcoal particles of 20 mm 

thickness was placed uniformly underneath the basin. The effect of charcoal particle size was 

investigated (1.5, 5, 7 mm). The results showed that the coarse charcoal particles yielded the 

best results in terms of productivity. The experimental results showed a 15% improvement in 

solar still efficiency in comparison with conventional solar stills. 

 

Sakthivel et al. (2010) studied experimentally the effect of using jute cloth as an energy 

storing material on the performance of conventional solar still. The jute cloth was kept in the 

middle of the still as well as at the surface of the side wall (see Figure 2.4). Most of the incident 

solar energy is absorbed by the blackened surface of the basin through the saline water, portion 

of energy is absorbed by the jute cloth. The jute cloth provides more evaporation surface and 

as the heat capacity of the jute cloth is low, it can attain high temperatures. This leads to rapid 

evaporation of water. The still has an effective basin area of 0.5 m2. The experimental results 
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showed that the productivity of the solar still was improved by 12% using Jute cloth and the 

efficiency increased by 8% compared to the conventional solar still. This improvement is due 

to the fact that the latent heat released from the glass cover (condensation) is used to evaporate 

the water absorbed by the capillary action in the Jute cloth. Consequently, the water yield in 

solar still increased and the temperature of the bottom of the glass cover decreased.  

 

 

Figure 2.4 Experimental set-up showing Jute cloth as an energy storing material (Sakthivel et al., 
2010). 

 

Samuel et al. (2016) conducted an experimental study on improving the performance of a 

single slope solar still using the following: (1) spherical balls filled with rock salt as sensible 

heat storage material and (2) different sponge materials for better capillary action that enhances 

the evaporation process. Their experimental setup is shown in Figure 2.5. The results 

demonstrated that the daily yield was 3.7 kg/m2 with spherical ball salt energy storage whereas 

for the single slope solar still with and without sponges, the value was 2.4 and 2.6 kg/m2, 

respectively. It was found also that sponges need to be replaced every 14 days as rust and salt 

from saline water gets accumulated on the pores, thus reducing the capillary effect. 

Additionally, the cost of the produced water using the ball energy storage material was lower 

compared to that with the sponge material. 
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Figure 2.5 Schematic of the experimental setup by Samuel et al. (2016). 

 

Deshmukh and Thombre (2017) studied experimentally the effect of using sensible heat 

storage materials on the performance of a single slope solar still (0.5 m2 basin area) as shown 

in Figure 2.6. Sand and Servotherm medium oil (SM) were used as energy storing materials. 

Three depths of the energy storage material were tested namely; 0.5 cm (4.1 kg), 1 cm (8.2 kg) 

and 1.5 cm (12.3 kg). The water depth was kept fixed at 0.6 cm (3 kg) for all cases. The results 

demonstrated that the overnight productivity for solar stills with energy storage materials 

increased with increasing the mass of water and energy storing material compared to the base 

case (without storage material). The daylight productivity decreased with increasing the mass 

of water and energy storage material. Thus, they concluded that there is an optimum value for 

the mass of the energy storing material. This optimum value was such that the heat capacity 

equals 8.      

 

Figure 2.6 Experimental set-up showing sensible heat energy storing material (Deshmukh and 
Thombre, 2017) 
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Panchal et al. (2017) investigate the effect of energy storage material on the productivity 

of a single slope solar still. Marble pieces and sand stones were used as energy storage 

materials, and the water depth in the basin was kept constant at 4 cm. The results indicated that 

the productivity of the still with sand stone increased by 16% and the productivity of the still 

with marble pieces increased by 8%, compared to the still without energy storage materials. 

El-Sebaii and El-Nagar (2017) investigated the performance of a finned solar still. Black-

painted seven fins made of copper were attached to the flat plate basin liner as shown in Figure 

2.7. It was found that the daily productivity of the conventional and finned stills were 4.235 kg 

and 5.065 kg respectively (16.4% improvements). Additionally, the annual productivity of the 

conventional and finned solar stills were found to be 1467.4 kg and 1898.8 kg. The cost of 1 

(L) of distillate water has been calculated as 0.28, 0.21 and 0.20 (LE/L) when copper, glass and 

mica were used in manufacturing the finned basin liner, respectively. The corresponding cost 

of 1 (L) of fresh water obtained from the conventional still is found to be 0.31 (LE/L). 

 

 

Figure 2.7 Schematic of a finned liner basin still (El-Sebaii and El-Nagar, 2017) 

 

Nithyanandam et al. (2017) investigated the effect of various energy storage materials and 

the sizes of blue metal stone on the performance of the single-slope solar distillation system. 

The picture of the metal stone used as energy storing material is shown in Figure 2.8. The 

results demonstrated that blue metal stone with size 12 mm gave the highest thermal efficiency: 
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34.9% compared to 29.84% for the solar still without blue metal stones, i.e. about 17% 

improvement in the thermal efficiency. 

 

 

Figure 2.8 blue metal stone in various size (6, 12, 20 mm) (Nithyanandam et al., 2017) 

  

2.2.2 Phase Change Energy Storing Materials 

Naim et al. (2002b) studied the improvement in the productivity of a solar still using phase 

change energy storage material (PCM). The material used was a mixture of paraffin wax, 

paraffin oil and water. It was found that the use of PCM material promoted the heat transfer 

process and increased the still productivity noticeably by allowing distillation to take place at 

night time. Shalaby et al. (2016) proposed a new design for a v-corrugated absorber solar still 

with built-in phase change material (PCM) (see Figure 2.9). This design allowed for the 

expansion of melting wax through a net of tubes extended inside the storage tank. The system 

was tested with and without the PCM using different water masses. Adding a wick over the 

corrugated plate using PCM is also investigated. Paraffin wax is chosen as a PCM due to its 

medium storage, safety, reliability, uniform melting and moderate cost.  

The experimental investigation showed that the solar still with the PCM beneath the 

corrugated plate with less basin water mass achieves the best thermal performance among other 

studied configurations. Using the PCM causes a little decrease in the daylight productivity with 

a considerable increase in the still’s overnight productivity. The daily productivity of the still 

with the PCM was 12% and 11.7% better than those for the v-corrugated still without the PCM 

and with the PCM using wick, respectively. Cost analysis is also performed where the cost per 

litre (CPL) for the still without PCM, with PCM and with PCM using a wick are estimated as 

0.07182, 0.08369 and 0.09558 $/L, respectively 
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Figure 2.9 Solar still design with v-corrugated absorber integrated with phase change material 
(Shalaby et al., 2016) 

 

Kabeel and Abdelgaeid (2016) investigated the improvement of the performance of a solar 

still using a phase change material (PCM), which was paraffin wax. Two solar stills were 

designed, constructed and tested; a solar still with PCM and a conventional solar still. The 

experimental results indicated that the daily freshwater productivity for solar still with PCM is 

higher than that of conventional solar still. The daily freshwater productivity approximately 

reached 7.54 L/m2 a day for solar still with PCM, while its value is recorded 4.51 L/m2 day for 

the conventional solar still. The results show that the daily freshwater productivity for solar 

still with PCM is 67.18% higher than that of the conventional solar still. Also, the solar still 

with PCM is superior in daily freshwater productivity (67%–68.8% improvement) compared 

to a conventional solar still in the period from June to July 2015 under the ambient conditions 

of Tanta city in Egypt. In this case study, the estimated cost of 1 L of distillate water reached 

approximately 0.24 LE/L (0.03$/L) and 0.252 LE/L (0.032$/L) for solar still with PCM and 

conventional solar still, respectively 

 

Elfasakhany (2016) studied the effect of paraffin wax mixed with copper nano-particles 

as energy storage material on the performance of a single slope solar still. They have tested 

three cases. In case 1 a simple solar still without modification (base case) was tested. Case 2 

had a solar still with paraffin wax as an energy storage material. In case 3, paraffin wax was 
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combined with copper nano-particles as energy storage materials. It was found that the paraffin 

wax with copper nano-particles showed better energy storage performance compared to the 

paraffin wax only. The total daily productivity has increased by 125% and 106% compared to 

case 1 and case 2, respectively.  

Sharsher et al. (2017) investigated experimentally the effect of graphite nanoparticles, 

phase change material and film cooling on the performance of a single slope solar still. They 

tested the following four modifications: modification A: flake graphite nano-particle (FGN) 

mixed with water, modification B: flake graphite nano-particle (FGN) mixed with water and 

encapsulated phase change material (paraffin wax), modification C: flake graphite nano-

particle (FGN) mixed with water and using film cooling on the glass cover (using water flowing 

at low flow rate), modification D: flake graphite nano-particle (FGN) mixed with water and 

encapsulated phase change material (paraffin wax) combined with film cooling on the glass 

cover. Compared to the non-modified solar still, the results indicated that the productivity has 

improved by 50.3% for modification (A), 65% for modification (B), 56.2% for modification 

(C) and 73.8% for modification (D).      

 

2.3 Effect of Basin Water Depth 

The effect of brine depth on the productivity of a solar still has been studied widely in the 

published literature by Srivastava and Agrawal (2013), Sathyamurthy et al. (2014), 

Rajaseenivasan and Murugavel (2013a), Manokar et al. (2014) and Mamouri et al. (2014). They 

agreed that as the water depth in the basin decreases, the productivity of the solar still increases. 

In contrast, Taghvaeia et al. (2014) reported that the productivity of solar still improves by 

increasing the water depth in the basin. They studied experimentally the effect of water depth 

on the productivity of solar still. Khalifa and Hamood (2009) collected data from literature on 

the effect of water depth on the productivity of solar still and used the least square method to 

fit the data in the form given by Eq. (2.2) below. 

 

         (2.2) 

 

where y is the still daily productivity in l/m2 and d is the basin water depth in cm. According to 

this Equation, the solar still production is increased by reducing basin water depth. Also 

Equation (2.2) indicates that the effect of water depth is insignificant for depths d > 40 cm. 

Kandasamy et al. (2013) proposed correlations for the daily production y as a function of the 

)(0458.0884.3 dey −=
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water depth d and are expressed by Eq. (2.3) for single slope and Eq. (2.4) for double slope 

solar stills, respectively. 

 

                  (2.3) 

                  (2.4) 

 

Ahsan et al. (2014) have investigated experimentally the effect of water depth on the daily 

water productivity and proposed the following correlation defined by Eq. (2.5). Error! R

eference source not found. 2.10 compares the daily water production predicted using Eqs. 

(2.2) to (2.5). The figure indicates that there is agreement on the effect of water depth, where 

the daily water productivity increases as the water depth decreases. Also, the figure shows that 

some correlations predict small effect (Kandasamy et al. and Ahsan et al.), while some other 

correlations (Sivakumar et al.) predict a strong effect.   

 

         (2.5) 

 

 

Figure 2.10 Variation of daily production y against the water depth 

 

2.4 Effect of Solar Still Cover 

Different materials could be used for the solar still cover. Plastic transparent nylon sheets 

are widely used in solar stills. Nylon sheets are cheaper in comparison to metal and glass sheets. 

829.0,833.2 22.0 Rdy −=

869.0,885.5 2292.0 Rdy −=

dy 47.084.3 −=

0

1

2

3

4

5

6

7

0 20 40 60 80 100

D
ai

ly
 p

ro
d

u
ct

io
n

, y
(l

/m
²)

Water depth, d(cm)

Sivakumar et al.(single slope)

Kandasamy et al. (single slope)

Kandasamy et al. (double slope)

Ahsan et al. (single slope)



24 

In Tiwari et al. (2009), the performance of solar still was studied by using glass, copper and 

PVC sheets as still cover material. Figure 2.11 shows the daily yield for a solar still using the 

three different cover materials (Glass, PVC and Copper).  

 

 

Figure 2.11 Solar still daily yield (l) by using three different materials (Glass, PVC and Copper) for 
cover (Tiwari et al., 2009) 

 

They have found that the performance of the solar still with a cover plate made of copper 

was better than that made of glass and PVC, with PVC giving the lowest performance. The 

high performance of copper was attributed to the high thermal conductivity of copper, which 

results in higher overall top loss heat transfer coefficient.  

Martin and Goswami (2005) studied the performance of a solar still with cover plate made 

of copper, aluminium and steel. They found that the performance of the still with copper and 

aluminium cover plates is much better than that of steel and it was attributed to the thermal 

conductivity. Copper and aluminium have higher thermal conductivity in comparison with steel 

(k=200Wm-1K-1 for aluminium, k=390 Wm-1K-1 for copper and k= 48 Wm-1K-1 for steel). In 

terms of cost of materials, copper and aluminium are more expensive than steel; more than two 

times the cost of galvanized steel (Manokar et al. 2014). 

 

Apart from the cover material, the cover thickness is another parameter that can affect the 

solar still productivity. Tiwari et al. (2009) studied the effect of glass cover thickness on solar 

still daily yield for active and passive stills. They found that the daily yield is linearly related 

to the thickness of the glass cover. Figure 2.12 shows the variation of daily yield against the 
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glass cover thickness in the range of 2mm to 6 mm. They concluded that the highest daily yield 

was achieved for 2 mm glass cover thickness. 

 

 

Figure 2.12 Variation of daily yield against thickness of glass cover for active still and passive still, 
(Tiwari et al., 2009) 

 

2.5 Effect of Solar Still Cover Tilt Angle 

The solar still cover tilt angle is another important factor which can affect the still 

productivity as reported by Kamal (1988) and Aybar and Assefi (2009). It was revealed that 

there is an optimum value for the tilt angle to achieve the best performance of solar stills. This 

optimum value mainly depends on various parameters such as season, latitudes as and design 

parameters. A wide range of optimum values was reported for tilt angles in experimental and 

theoretical studies. The most reported tilt angle was 10o (Tiwari et al., 2003 and Velmurugan 

and Srithar, 2007), and the second most reported tilt angle was 30o (Tiwari et al., 2003 and 

Mathioulakis  and  Belessiotis, 2003). A low angle of 4o was reported in Porta et al. (1997) and 

E1-Bahi and Inan (1999), and high angle value of 85o in Aybar and Assefi (2009). Other tilt 

angles include 20o by Fatani et al (1994), Ghoneyem and Lleri (1997) and between 11o to 13.5o 

by Kamal (1988), Farid and Hamad (1993) and Namprakai and Hirunlabh (2007). In some 

studies, the tilt angle was equal to the test site latitude angle. 
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Khalifa and Ibrahim (2010) studied the effect of solar still tilt angle and reflector on the 

still productivity experimentally and presented a list of tilt angles in a table. The investigation 

was carried out in winter and location latitude angle of 33.3o N. The experimental set-up for 

their tests is shown in Error! Reference source not found.2.13.   

 

 

Figure 2.13 The schematic diagram of experimental set-up (Khalifa and Ibrahim, 2010) 

 

They have found that the daily yield remained almost the same for all tilt angles (0o, 10o, 

20o and 30o). Consequently, no significant effect of tilt angle on the daily yield was observed. 

In terms of productivity, the best performance of the solar still in winter weather condition was 

achieved at 20o cover tilt angle for solar still with reflectors. The daily yield for solar still with 

reflector was recorded 2.45 times that of solar still with no reflectors. It was also concluded 

that cover tilt angle rises by increasing the test site latitude angle. The effect of tilt angle on 

productivity was studied in Sivakumar and Sundaram (2013), and the relation between 

productivity and tilt angle was presented by Eq. (2.6). 

 

                    (2.6) 

 

where y is the relative daily productivity (l/m2) and a is the cover tilt angle (degree). According 

to this Equation there is only one optimum value for cover tilt angle and this value can be 

calculated by differentiating Eq. (2.6) with respect to a. 

 

843.01562.00025.0 2 ++−= aay
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                  (2.7) 

 

By equating Eq. (2.7) to zero, the value of cover tilt angle which corresponds to maximum 

value of productivity was calculated .  

 

Otaibi and Al Jandal (2011) discussed the relation between solar still cover tilt angles and 

the time of the year. They found that the optimum value of tilt angle depends on the time of the 

year in Kuwait. Figure 2.14 shows the variation of the best tilt angle that corresponds to 

absorbing the highest solar radiation and daily water productivity in each month.  

 

 

Figure 2.14 Variation of solar still cover tilt angle in each month during a year (Al Otaibi and Al 
Jandal, 2011) 

 

According to Figure 2.14, the optimum tilt angle during winter is much greater than that 

in summer time. It is mainly because of variation of sun light angle in summer and winter.  

 

2.6 Summary  

The different parameters affecting the performance of solar stills are reviewed and 

discussed in this chapter. These parameters included energy storing materials, water depth in 

the basin, still cover plate material and tilt angle. The review indicated that a great deal of 

research is still needed to increase the productivity of solar stills and thus transfer the process 

from the laboratory scale into commercial applications. The focus of the present study is on 
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weather conditions in Kuwait, which have not been considered extensively by researchers. 

Figures 2.15 to 2.22 indicate the variation of sun hours, average maximum and minimum 

temperature in every month, water temperature, precipitation, number of rainy days, relative 

humidity and wind speed during a year, respectively (weather and climate.com, 2015).  

 

 

Figure 2.15 Sun hours in every month of a year 

 

 

 
Figure 2.16 Variation of average maximum and minimum temperature (oC) in a year 
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Figure 2.17 Variation of sea water average temperature in a year 

 

 
Figure 2.18 Variation of average precipitation (mm) in a year 

 

 
Figure 2.19 Number of rainy days in every month of a year 
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Figure 2.20 Variation of average humidity in a month (%) of a year 

 

 

Figure 2.21 variation of average monthly wind speed (m/s) during a year 

 

The abundant sunny days in Kuwait constitute one of the main reasons why Kuwait has 

recently built a 5 MW solar power plant. The main parameters that affect solar still productivity 

are studied experimentally and analytically in the present study. The data were collected in 

Kuwait for some time and a wide range of time slots were considered to capture any variation 

in the measurement. 
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3. Chapter Three: Experimental Set-Up 

 

3.1 Introduction  

Based on the literature reviewed in chapter 2, there is a need to improve the thermal 

performance of passive solar stills. Thus, the present study focuses on investigating 

experimentally the effect of different parameters on the performance of a double slope passive 

solar still. This chapter presents the description of the experimental and measurements system 

used in the present study. Additionally, the experimental plan and methodology are also 

presented.  

 

3.2 Experimental System 

The experimental set-up is installed at a personal workshop in Al Ahmadi, Kuwait 

(latitude of 29.3667o N and longitude of 47.9667o E). Al Ahmadi is a city which has more than 

250 sunny days in a year, and the daily solar insolation can reach more than 7 kWh/m2 (Al 

Otaibi and Al Jandal, 2011). Hence, this city is one of the best locations that could be chosen 

for solar energy experiments.  

 

The experimental set-up consists of two parts; a) the double slop solar still cover and b) 

the basin.  Figure 3.1 shows the schematic drawing of the single basin double slope solar still 

and Figure 3.2 shows a photograph for the investigated solar still. According to section 2.4, 

different materials could be used for the solar still cover. Plastic nylon sheet, glass, copper, 

aluminium and steel have been used in literature. Plastic transparent nylon sheets are widely 

used in solar stills because of their low cost and availability even though their performance is 

not as good as that of glass. In terms of the cost and performance of materials, it was decided 

to use glass for cover instead of metals (copper, aluminium and steel) and transparent nylon 

sheet. The basin was fabricated by using a galvanized steel sheet of 2 mm thickness. The 

thickness of the steel sheet was selected so that the still can be durable and light. The basin was 

1m long, 0.5 m wide and 0.5 m deep.  
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Figure 3.1 Schematic drawing for the experimental set-up with the locations of temperature 
measurements 

 

 

Figure 3.2 Photograph showing the tested double slope passive solar still 

 

The basin was painted black to improve the absorbability of solar energy. The supply pipe 

was connected to the basin from the side wall, while a drain line was considered at the other 

side wall of the basin. To control the water level inside the basin, a level sensor was inserted. 

When the water level in the basin decreases below the required value, the level sensor sends an 
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electric signal to the water supply pump to make it run and compensate the evaporated amount 

of water in the basin. K-type thermocouples were used to measure the basin temperature, the 

water temperature, the vapour temperature, the glass cover temperature and the ambient 

temperature (see Figure 3.1).  

 

The basin was enclosed by a wooden box of 2 cm wall thickness so that there was a 

clearance of 2.5 cm between the walls of the basin and the wooden box (see Figure 3.3a and 

Figure 3.3b). This clearance was filled with PUF (poly Urethane foam) insulating material in 

order to reduce the heat losses to the ambient. The thermal conductivity of the foam material 

is 0.025 W/m2K. The wood sheets were attached to the insulation by an adhesive: flexible anti-

mould and waterproof silicone sealant. This kind of attachment results in uniform mechanical 

and heat transfer properties on all basin area. A temperature selector switch was attached on 

the side of outer basin to monitor the temperature at different parts of the still. The detailed 

photographs of the different components of the still are summarized in appendix 3.  

 

       

(a)                                                               (b) 

Figure 3.3 (a) Photograph for the 2.5 cm insulation thickness and (b) composite wall cross sectional 
view 

 

It was discussed in Tiwari et al. (2009) that the daily yield is proportional to the thickness 

of the glass cover. It was reported that the daily water productivity decreases linearly as the 

thickness of the glass cover increases. It was also found that the best performance of solar still 

was achieved with a 2 mm thick glass. Since the 2 mm thick glass is not strong enough, a clear 

glass sheet with 3 mm thickness was used to construct the double slope solar still cover used 
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in the present study. The angle of glass sheets with horizontal plane were considered 30o and 

remained constant for all experiments. The selection of the tilt angle was based on the Kuwait 

latitude, which is about 30o. The solar still cover was connected to the basin using flexible anti-

mould waterproof silicone sealant. This type of sealant is strong and can keep the parts together. 

The experiments were carried out by placing the solar still in an open area, where the solar 

radiation could hit the glass cover directly during the experiments. 

 

3.3 Experimental Plan and Methodology 

In the present study, two approaches were used to enhance the performance of solar stills; 

namely, the use of energy storing materials and cooling the glass cover plate. The effect of 

energy storing materials and glass cover temperature on the productivity of passive double 

slope solar still were studied experimentally. The experiments were conducted first in a solar 

still without any modifications, which was considered as a base case for comparison. The 

following modifications were investigated:  

1. Steel metal was used as the energy storing material. Three different shapes were tested. 

The first shape was solid cylindrical rods cut in small pieces with each piece having 

diameter 77.5 mm and length 50 mm. The second shape was hollow cylindrical rods cut 

in small pieces with each piece having an inner diameter of 70 mm, 130 mm outer diameter 

and 25 mm in length. The third shape has square cross-sectional area of 150 mm × 150 

mm and 12 mm length. These dimensions were selected so that the mass is kept fixed at 

about 2 kg. Figure 3.4 shows the dimensions of the solid and hollow steel rods.  

 

 

(a) 
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(b) 

 

(c) 

Figure 3.4 The solid and hollow steel rods, a) top view, b) side view and c) the image of solid and 
hollow steel rods 

 

2. The second modification includes the use of gravel of different sizes as energy storing 

materials. Two sizes of gravel were used: 6.3 mm and 12.7 mm. 

3. The third modification includes the use of copper tubes of 25.4 mm diameter and 120 mm 

length filled with paraffin wax as energy storing material. The copper tubes were closed 

at both ends.  

4. The fourth modification includes cooling the glass cover using water flow to enhance the 

condensation and thus the productivity of the solar still. Figure 3.5 shows the layout of the 

water cooler on the solar still schematically. 
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Figure 3.5 The layout of the water cooler 

 

In terms of accuracy of measurements, the experiments were carried out in three 

consecutive days in order to minimize the effects of variation in weather conditions. The 

measurements were carried out three times, and the average values were used in the 

calculations. During the three consecutive days, the solar still’s location in the test site 

remained constant and it was covered during the night to protect the glass surfaces from dust. 

The solar still was cleaned at start of each day to make sure that the condition of the solar still 

was identical during the measurement period. Therefore, it can be assumed that the design 

parameters were kept constant during the measurement. 
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4. Chapter Four: Experimental Results and Discussions 

 

4.1 Introduction  

In this chapter the experimental results of the effect of energy storing materials on the 

productivity of solar still were studied experimentally. According to chapter 2, the performance 

of solar still can be affected by weather conditions (temperature, wind speed, relative humidity 

and solar radiation intensity) and design parameters. In the present study, the ambient 

temperature was measured on an hourly basis. The variation of the ambient temperature was 

studied in three consecutive days. It was found that the variation of the ambient temperature 

during these three consecutive days was less than 5% (see Figure 4.1). According to this Figure, 

the high ambient temperature was recorded between hours 12 to 16 for the three consecutive 

days. 

 

 

Figure 4.1 Variation of the ambient temperature during three consecutive days at different time of 
the day at the test site in Kuwait 

 

The results in Figure 4.1 indicate that the variation of the ambient temperature during the 

three consecutive days is not significant and hence the effect of the temperature variation could 

be considered negligible. Similar measurements were carried out for the temperature of the 

basin, water, vapour and glass inner side and a similar conclusion was obtained, i.e. the 

variation of the temperatures over the three consecutive days was not significant.  
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As presented in chapter 2 in Figs. 2.20 and 2.21, the variations of wind speed and relative 

humidity in the test site during the measurements period (9:00 to 19:00) were considered 

negligible at this time of the year. Solar radiation is another main factor which can affect the 

solar still productivity significantly. The solar radiation was measured in the present study on 

hourly basis using digital instrument SOLAR SURVEY 100 and the results are presented in 

Figure 4.2. The instrument gives the incident solar radiation in W/m2. The maximum value was 

recorded at hour 13. The measurements of the solar radiation in several days indicated that the 

maximum deviation from the mean value was less than 9.5%. In other words, the variation in 

solar radiation during the time of conducting the experiments could be negligible. This agrees 

with the conclusion given by Taghvaei et al. (2014) who also measured the solar radiation and 

reported variations of about 11%. It can be concluded that the variation of weather condition 

during the test measurements are negligible in the present study. 

 

 

Figure 4.2 The hourly measured intensity of solar radiation 

 

This chapter presents the experimental results and discussion for the examined 

experimental parameters. In what follows, the solar still with no modification is termed 

conventional solar still, which was used as a bench mark for comparison with the solar still 

with modification. In this study, “no modification” means no energy storing material or no 

external cooling for the glass cover plate.  
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The chapter is organised as follows. In section 4.2, the effect of the shape of metallic 

energy storing material is presented. Section 4.3 presents the effect of water depth. Section 4.4 

presents the effect of water cooling on the glass cover. Section 4.5 presents the effect of gravel 

as an energy storing material and its size. Section 4.6 presents the effect of using phase change 

material as an energy storing material. Finally, section 4.7 gives concluding remarks.  

 

4.2 The Effect of the Shape of Metallic Energy Storing Materials  

Three geometrical shapes of steel pieces were used as energy storing material. The three 

shapes are depicted schematically in Figure 4.3 and they are as follows: solid round rod, hollow 

round rod and solid square rod. Although the shapes were different, the total mass of the energy 

storing materials was kept fixed. The solar still was tested with no modifications as a base case 

for comparison, i.e. a conventional solar still. The design parameters in terms of cleanliness, 

location of the still and experimental set-up were kept unchanged during the measurements and 

it is assumed that the variation of weather conditions is not significant during experiments. At 

this stage the basin water depth was kept fixed at 10 cm and the water level was controlled by 

the height sensor. Figure 4.4 shows the distribution of temperature in the conventional solar 

still. According to this figure, the maximum temperatures for basin, water in the basin, vapour, 

ambient and glass inner side do not appear at the same time, but they occur about hour 12:00 – 

16:00. Moreover, the highest temperature was recorded for vapour inside the still as high as 60 

oC. The temperature of water in the basin was slightly higher than the basin temperature; up to 

12:00 and the difference became more pronounced after 12:00.  Figures 4.5 - 4.6 demonstrate 

the measured temperature versus time of the day for the solar still with solid round rods, hollow 

round rods and solid square rods. These figures demonstrate that the measured temperature 

distribution in the modified solar stills exhibited similar behaviour to that found in the 

conventional solar still. The vapour temperature showed some variation between hours 8:00 

and 16:00. The variation in the vapour temperature can be attributed to the variation in basin 

temperature which affects the natural air circulation currents inside the solar still. As result, a 

temperature gradient was formed inside the solar still. Also, it is observed that the vapour 

temperature is the highest.  
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Top view 

 

Side view  

 

a. Solar still with solid round rods sitting on the bottom side of the basin 

 

Top view  

 

Side view 

 

b. Solar still with hollow round rods sitting on the bottom side of the basin 

 

Top view 

 

Side view 

 

c. Solar still with solid square rods sitting on the bottom side of the basin 

 

Figure 4.3 The configurations and shape of the tested steel energy storing material 
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Figure 4.4 Temperature distributions inside the conventional solar still (without modifications) 

 

 

 

Figure 4.5 Temperature distributions inside the solar still with solid round rods 
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Figure 4.6 Temperature distributions inside the solar still with hollow round rods 

 

  

Figure 4.7 Temperature distributions inside the solar still with solid square rods 

 

Figure 4.8 depicts the cumulative water production curves for the above three steel shapes 

compared with the cumulative water production curve for the conventional solar still. Time 0 

means the starting time (6:00 am) and time increases as we move forward on the time axis. It 

is obvious that there is a clear improvement in the cumulative water production for solar stills 
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with steel pieces compared to the base case especially after about 6 hours from operation 

(nearly 12:00 am). The round hollow rods gave the best performance where the total daily 

water production has increased by 28.3%, followed by the round solid rods, which improved 

the total daily production by 21.3%. On the other hand, the steel pieces of square solid shapes 

exhibited insignificant improvements. This could be due to the fact that a considerable part of 

this shape was not fully immersed in water as was the case with the other two shapes (see 

Figure 4.3). The enhancements with the solid and hollow round shapes could be due to the 

reduction in the water depth above the immersed steel pieces. Figure 4.9 depicts the water 

production rate versus time for the three shapes compared with the conventional solar still. It 

is obvious that the production rate was nearly the same for all cases in the first five hours and 

there is a small peak after 5 hour (at nearly 11:00 am) for the conventional still and after about 

6 hours (nearly at 12:00 am) for the other cases. After this peak, there is another big peak, 

which occurred at different times for the three modifications. For the round solid rods, the peak 

occurred at time = 11 hr (17:00 pm). For the round hollow rods, it occurred at time = 13 hr 

(19:00 pm). For the square solid rods, it occurred at time = 12 hr (18:00 pm). These peaks are 

nearly in agreement with the temperature peaks reported in Figs. 4.4 – 4.7. The difference in 

the total production for the three pieces is related to the shape of energy storing material.  

            

 

Figure 4.8 The cumulative water production curve for the solar still modified with round solid rods, 
hollow round rods and solid square rods compared with the conventional solar still. 
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Figure 4.9 The rate of water production for the solar still modified with round solid rods, hollow 
round rods and solid square rods compared with the conventional solar still. 

 

4.3  Solar Still with Hollow and Solid Steel Pieces 

In this section, the solar still was tested using a combination of hollow and solid section 

steel rods together at the same time. Figure 4.10 presents the temperature distribution in the 

still. The figure indicates that the highest and lowest temperatures were recorded for water in 

the basin and the ambient respectively. The peak temperature occurs at the maximum ambient 

temperature with some delay. Figures 4.11 and 4.12 present the variation of the rate of water 

production and the cumulative production with time respectively. In comparison with the 

conventional solar still with no modifications, no significant changes were observed in the total 

water production. However, the peak value of production rate for the modified solar still was 

10% lower, which occurs when the basin reaches its maximum temperature. The peak value of 

the basin, water, glass and vapour temperature occurs when the ambient temperature reaches 

close to its maximum value. Also, it was observed that the delay in water production at the 

beginning was longer. 
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Figure 4.10 The temperature distribution inside a solar still modified with a combination of solid 
and hollow round steel rods 

 

 

Figure 4.11 The rate of water production for a solar still modified with a combination of solid and 
hollow round steel rods compared with the conventional solar still 
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Figure 4.12 The cumulative water production curve for a solar still modified with a combination of 
solid and hollow round steel rods compared with the conventional solar still 

 

4.4 The Effect of External Cooling 

In this section, the conventional solar still was tested with water flow on the outer surface 

of the glass cover as external cooler.  Figure 4.13 indicates the temperature distribution inside 

the solar still. No significant temperature reduction in the glass cover was observed by using 

the water flow on the outer surface of the glass cover and it was due to the high temperature of 

the water flowing on the cover. The water volumetric flow rate was considered 0.5 lit/min in 

this test. Due to the large surface of the hoses exposed to the environment, the water inside the 

hoses warmed up before reaching the cover, rendering the cooling function less efficient. It 

was found that increasing the volumetric water flow rate of water from 0.5 to 1 lit/min was not 

making a significant difference. Figures 4.14 and 4.15 present the rate of water production and 

the cumulative production curves as a function of time respectively. In comparison with the 

conventional solar still with no modification, almost no significant changes were observed in 

the total production and the peak value of the production rate. It took a long time for the 

production rate to reach its peak value and 2-hour time difference was recorded between the 

maximum temperatures for the basin and the glass cover. Moreover, it was observed that the 

delay in water production at the beginning was one hour longer. 
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Figure 4.13 The temperature distribution inside a solar still modified with an external cooling on 
the outer surface of glass cover plate 

 

 

Figure 4.14 The rate of water production for a solar still modified with an external cooling on the 
outer surface of glass cover plate 
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Figure 4.15 The cumulative water production curve for a solar still modified with an external 
cooling on the outer surface of glass cover plate 

 

4.5 The Effect of a Combination of External Cooling and Solid Steel Rods  

In this section, the solar still was modified by a combination of external water cooling and 

solid steel rods. The temperature distribution in the solar still was recorded and the results are 

depicted Figure 4.16. According to this figure, the peak values of the basin temperature, the 

water temperature, the vapour temperature and the glass temperature occur at the maximum 

ambient temperature with some delay. The highest and lowest temperatures were recorded for 

the water and ambient temperature, respectively.  Figure 4.17 and 4.18 present the rate of water 

production and the cumulative water production versus time respectively. The figures 

demonstrate that there was a reduction in the total water production and the production rate. In 

comparison with the conventional solar still with no modifications, the total water production 

showed 17% reduction. The maximum production rate was also reduced by 17%.  
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Figure 4.16 The temperature distribution inside a solar still modified with a combination of 
external cooling and solid rods 

 

 

Figure 4.17 The rate of water production for a solar still modified with a combination of external 
cooling and solid steel rods 
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Figure 4.18 The cumulative water production curve for a solar still modified with a combination of 
external cooling and solid steel rods 

 

4.6 The Effect of Water Depth 

The effect of the basin water depth on the total water production has been investigated 

extensively in the literature. Some researchers proposed correlations for the prediction of the 

total water production in terms of the basin water depth. However, these correlations may not 

be general; they depend on the region in which the experiments were conducted, and they need 

to be checked. In the present study, the water depth in a conventional solar still was varied from 

5 cm to 25cm in 5 cm intervals. Figure 4.19 presents the variation of the total production in 

terms of basin water depth. The figure demonstrates that the maximum daily production 

depends on the water depth and it increases as the water depth decreases. The effect of water 

depth can be explained as follows: as the water depth decreases the volumetric heat capacity 

of the water in the basin decreases and thus the water temperature increases rapidly. The 

increase in water temperature can increase the rate of water evaporation in the basin. Thus, the 

production rate is expected to increase as the water depth decreases.     
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Figure 4.19 Variation of total daily production (l/m2) in terms of water depth (cm) 

 

4.7 The Effect of the Type of Energy Storing Material 

This section presents and discusses the performance of the solar still with different energy 

storing materials. Two types of the energy storing media were tested, namely; sensible heat 

media and phase change media. The sensible heat media include steel pieces (round solid, 

round hollow and square solid) and gravel stones (small size, 0.25 inch, and big size, 0.5 inch). 

The phase change material tested in this study was paraffin wax filled in short pieces of copper 

tubes having 1-inch diameter and 12 cm length. After filling the tube with the paraffin wax, the 

two ends of the tube were closed and sealed. All materials were painted black in order to 

enhance the absorption of solar radiation. Figure 4.20 compares the rate of water production 

using different energy storing media with the conventional solar still with no modifications.  

The figure demonstrates nearly similar behaviour but with some differences in the peak 

value. The solar still with small and big gravel sizes exhibits nearly similar production rate to 

the conventional solar still without any modifications. There is a delay in the peak where it 

occurred at time = 15 hr. The round hollow rods and the square rods gave nearly similar trend 

and the peak value occurred at time = 12-14 hr with the hollow rods exhibiting better 

production rate. Finally, the round solid rods and the phase change material showed similar 

trend and the peak value occurred at time = 11 hr with the phase change material giving 

significantly higher peak value.  
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Figure 4.20 Effect of the type of energy storing material on the rate of water production compared 
to the conventional solar still with no modifications 

  

Figure 4.21 shows the cumulative water production curve for the different types of energy 

storing materials. The figure demonstrates that after 21 hours of operation the total water 

production was 3.1L/m2, 2.44 L/m2, 2.47 L/m2, 2.3 L/m2, 2.1 L/m2, 2 L/m2, 2.05 L/m2 

respectively for the phase change material, the round solid rods, the round hollow rods, the 

small size gravel, the big size gravel, the square solid rods and the conventional solar still. This 

means that the percent improvements in the total water production ranged from 5 – 53% with 

the highest value achieved with the phase change material. Additionally, the use of gravel with 

small size has achieved slightly higher production compared to the gravel with the big size. 

This could be due to the increase in the exposed surface area (area in contact with water) as the 

gravel size decreases. The enhancements in the total water production and production rate that 

were achieved with the phase change material could be attributed to the high thermal 

conductivity of copper compared to the other examined materials. This improves the response 

time of the material (fast release of heat/fast storing of energy). Additionally, with phase 

change the material can release a significant amount of energy over the night when the wax 

solidifies due to the decrease in the ambient temperature and the absence of solar radiation.   
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Figure 4.21 Effect of the type of energy storing material on the cumulative water production curve 
compared to the conventional solar still with no modifications. 

 

4.8 Summary  

This chapter presents the effects of several parameters on the thermal performance and 

total water production of a double slope basin-type solar still. The investigated parameters 

include the following: (1) the geometrical shape of steel pieces that were used as energy storing 

material, (2) the external cooling on the outer glass surface, (3) the combination of external 

cooling and steel pieces, (4) the water depth and (5) the type of the energy storing material. It 

was found that all the investigated parameters can affect the performance of solar stills. The 

results have indicated the following conclusions:  

(1) the round hollow steel pieces were the best among the investigated shapes.  

(2) The external cooling of the glass cover plate is not very effective.  

(3) The total water production increases significantly as the water depth decreases.  

(4) Using gravel as energy storing material can improve the productivity of a solar still, 

which is slightly lower than the productivity of solar stills with metallic energy storing 

materials. If the cost is considered, gravel can be a good option and gravel with smaller size is 

more favourable.  
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(5) Phase change materials can increase the production rate and the total daily water 

production significantly compared to the other materials. It achieved about 53% improvements 

in the total production.  

 

It was also observed that water production starts when the temperature difference between 

the basin and the glass cover plate reaches about 7oC. The production delay occurs because it 

needs some time to build up the temperature difference between the basin and the cover, which 

also depends on the heat capacity of the energy storing material used. The round solid rods can 

absorb considerable amount of heat due to their mass; hence the temperature difference 

between the basin and the cover can take longer to reach 7oC. It was observed that the 

production delay was one hour longer for solar still with solid section rods.  In comparison with 

solid section rods, the hollow section rods had no impacts on the production delay when solar 

still was used with hollow section rods only. It was concluded that the temperature difference 

between the basin and the cover is an important factor in terms of water production delay. 
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5. Chapter Five: Empirical and Theoretical Study of Solar Still 

Productivity 

 

5.1 Introduction 

Access to experimental equipment is not always available for the designers, and in many 

cases the experiments are sophisticated, and the cost is very high. Therefore, using empirical 

correlations and analytically derived formulas are strong tools for the design of any thermal 

system. This chapter presents an empirical and theoretical study for the total water production 

of the solar still. The effect of water depth and an example on the energy storing materials were 

investigated. 

 

5.2 Empirical Study of Total Production (Y) 

Using empirical techniques not only saves time and costs but it also helps to better 

understand the process and the relation between the main parameters. For example, as 

presented in chapter 2, Kandasamy et al. (2013) proposed two correlations for the prediction 

of the total water production (y) as a function of water depth (d) for a single slope (Eq. 2.3) and 

double slope (Eq. 2.4) solar stills.  

 

In the present study, five different values of water depth were investigated; see Table 5.1 

for the depths and the corresponding total daily production. These values are plotted in Figure 

5.1 and the best fit equation obtained using MS Excel is shown on the figure with the R2 value. 

The data of the present study are correlated in the form given by Eq. 5.1 below. This equation 

is nearly similar to Eq. 2.4 given by Kandasamy et al. (2003) except that the constant in the 

front of the correlation is slightly smaller. In other words, the correlation of Kandasamy et al. 

(2003) predicts values which are 13% higher than the values predicted using Eq. 5.1 given in 

the present study.   

 3.0308.5 −= dy                                                                                                                       (5.1) 

 

Depth, d(cm) 5 10 15 20 25 

Total daily production, 

y(L/m2) 3.4 2.4 2.4 2.2 2 

Table 5.1 Measured total production in terms of water depth 
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Figure 5.1 The daily water production as a function of water depth inside the basin 

 

5.3 The Effect of Ambient Temperature 

The effect of the ambient temperature (Tav) on the daily production and production rate is 

investigated in this section. Figure 5.2 shows the variation of temperatures of basin, basin 

water, vapour, ambient and cover in August in Kuwait on the test site. The test was carried out 

for a solar still with no modifications. It was observed that the maximum basin temperature, 

cover and basin water temperatures occurred at about 1 pm when the ambient temperature was 

at maximum value. The maximum ambient temperature also corresponds to maximum solar 

radiation time. The highest recorded temperature for vapour was 67oC which occurred at about 

1 pm. The highest recorded cover temperature was 59-60 oC between 1pm and 3pm. The basin 

temperature and basin water temperature were found almost the same throughout the 

experimental period. The daily water production as a function of the ambient average 

temperature is presented in Table 5.2.  
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Figure 5.2 Variation of basin temperature (T1), basin water temperature (T2), vapour temperature 
(T3), ambient temperature (T4) and cover temperature (T5) in August in Kuwait 

 

Daily ambient average temperature, [0C] 33.71 34.51 34.8 36.11 38.15 

Daily water production, [ml/m2] 1900 1750 1800 2300 3200 

Table 5.2 Daily ambient temperature against daily water production 

 

Figure 5.3 shows the results summarized in Table 5.2 and the best fit equation was 

obtained using Excel software. According to this figure, the daily water production increases 

as the ambient temperature increases. Equation 5.2 indicates the linear correlation for the daily 

water production in terms of the ambient average temperature. 

 

                              (5.2) 

 

where y is the daily water production and Tav is the ambient average temperature. This equation 

shows a strong relation between the daily water production and the ambient average 

temperature. When the maximum water production rate (Table 5.3) was plotted versus the 

ambient temperature, a similar trend was obtained, and the best fit equation is given by Eq. 5.3 

below.   
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Figure 5.3 The variation of daily water production against the ambient average temperature 

 

                             (5.3) 

 

Daily ambient average 

temperature oC 

Maximum water production rate 

l/hm2 

33.71 300 

34.51 340 

34.8 320 

36.11 420 

38.15 520 

Table 5.3 Maximum water production rate versus the daily ambient average temperature 

 

5.4 Energy Storing Materials 

It is well known that the higher the water temperature, the higher the productivity of the 

solar still. Energy storing materials are one of the options to improve water production and 

speed up the heating process in the water basin. Using energy storing materials can reduce the 

equivalent specific capacity of solar still. Therefore, for a given solar energy, the basin water 

temperature will be raised rapidly and consequently the water production will be improved. 

Many materials were used as an energy storing materials in the published literature. The effect 
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of energy storing materials on efficiency has been discussed and compared in the literature 

review chapter in this study. In this section the effect of energy storing materials are quantified 

and discussed in order to explain the results presented previously in chapter 4.  

 

5.5 Heat Capacity of Energy Storing Materials 

Figure 5.4 shows a typical double slope solar still. The energy balance Equation, in a very 

simple form, for this solar still which contains only water in the water basin can be expressed 

by (5.4). 

 

111 Lww QTCmQ +=                    (5.4) 

 

where Q1 is the total solar energy received from the sun (J) in a period of time t (s), QL1 is the 

total heat losses (J) in period of time t, mw is the mass of water in the basin (kg), Cw is the 

specific heat capacity of water in the basin (J/kg.K) and ΔT1 is the magnitude of increase in 

basin water temperature (K). Figure 5.5 shows a double slope solar still with some energy 

storing materials in the basin. 

 

 

Figure 5.4 A typical double solar still with no energy storing materials used in the basin 
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Figure 5.5 Double solar still with energy storing materials used in the basin 

 

The energy balance equation for the double slope solar still with energy storing materials 

can be expressed in form of Eq. 5.5. 

 

2222 )( Lsswsw QTCmTCmmQ ++−=                 (5.5) 

 

where Q2 is the total solar energy received from sun in period of time t when the solar still was 

used by energy storing materials as in Figure 5.5. Similarly ms is the mass of energy storing 

materials, ΔT2 is the magnitude of increase of basin water temperature, Cs is the specific heat 

capacity of energy storing material and QL2 is the total heat loss from the solar still to 

environment in the period of time t. the value of mw-ms presents the mass of basin water when 

solar still is in use with energy storing material. Since the tests were carried out on consecutive 

days, it can be assumed that the amount of solar energy on two consecutive days is almost the 

same.  

 

21 QQ =                                                                                                                                  

(5.6)                 

 

The effect of temperature differences ΔT1 and ΔT2 on heat loss is not significant and 

therefore it is a good assumption to consider the heat losses in two consecutive days are equal. 

 

Energy storing 

materials 
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21 LL QQ =                                                                                                                               (5.7) 

 

By equating the Eq. (5.4) and (5.5) and removing QL1 and QL2 from both sides of the 

equations and with further simplifications Eq. 5.8 below can be obtained. The derivation 

calculation of Eq. 5.8 can be found in appendix 2. 

 

v
Cm

CC

T

T

ww

wwss )(1
2

1  −
+=




                (5.8) 

 

where ρs is the density of energy storing materials (kg/m3), ρw is the density of water (kg/m3) 

and V is the volume of water replaced with energy storing material (m3). The left-hand side of 

Eq. 5.8 expresses the temperature difference ratio which is a positive value but smaller than 1. 

The only condition to have the temperature difference ratio less than 1 satisfying Eq. 5.8 is: 

 

 0)( 
−

v
Cm

CC

ww

wwss 
                 (5.9) 

 

Further simplification to Eq. 5.9 results in Eq. 5.10 below. 

 

wwss CC                     (5.10) 

 

Equation 5.10 expresses the condition required for improving the performance of energy 

storing materials. It is concluded that the only parameters which can affect the performance of 

energy storing materials are density and specific heat capacity of energy storing materials. 

 

5.5.1 Energy Storing Factor (β) 

A new dimensionless parameter called Energy storing factor (β) can be defined using Eq. 

5.11 below.  
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ss

C

C




 =                   (5.11) 
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According to the above equation, for values of β smaller than 1, the energy storing material 

can cause an increase in temperature in comparison with the solar still without modification. 

For values of β greater than 1, the material will not be effective for energy storing. The value 

of β can be used to compare the performance of different energy storing materials in terms of 

their effect on the temperature difference (ΔT2).  

 

Equation 5.8 mentioned above expresses the relation between ΔT1 and ΔT2 in terms of ρ 

and C for energy storing material and basin water and also V and can be rearranged as: 

 

21 })(1{ TV
Cm

CC
T

ww

wwss 
−

+=


               (5.12) 

 

The value of v
Cm

CC

ww

wwss )(1
 −

+ in the above equation constant for a given solar still and 

therefore it can be expressed as: 

 

21 . TkT =                   (5.13) 

where k is a constant that depends on the properties of the energy storing material, basin water 

and the volume of basin water in the solar still. Figure 5.6 shows the variation of ΔT1 against 

ΔT2 for Steel, Copper, Aluminium, stone and glass. 

 

 

Figure 5.6 Water temperature rise for a modified solar still using energy storing materials versus 
water temperature rise for a solar still without modifications 
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According to Figure 5.6, steel, copper, aluminium, stone and glass can increase the basin 

water temperature in comparison with the basin water temperature in solar still without 

modifications. Consequently, the water production can be improved by using those materials 

as energy storing materials. Figure 5.7 shows the values of β for steel, copper, aluminium, stone 

and glass, which were used as an energy storing material in many studies. According to this 

figure, materials with the same value of energy storing factor have similar performance when 

they are used as an energy storing material. Table 5.4 expresses the values of ρ and C for steel, 

copper, aluminium, stone, glass and water. The results of Figure 5.7 are in a good agreement 

with the literature. As the value of β decreases, the performance of the energy storing material 

in the solar still improves. 

 

 

Figure 5.7 Variation of Energy storing factor, β for steel, copper, aluminium, stone and glass 

 

Material 

Density  

ρ (kg/m3) 

Specific heat 

capacity  

C (J/kg.K) 

steel 7700 450 

copper 8940 385 

Aluminium 2712 900 

stone 2550 840 

glass 2600 840 

water 1000 4200 

Table 5.4 Density and specific heat capacity values 
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5.5.2 The Effect of The Shape of Energy Storing Materials 

According to the experimental and analytical results in this study, the density and specific 

heat capacity of energy storing materials are the two main factors which affect the value of 

Energy storing factor β. It was also found that the value of β is proportional to the performance 

of energy storing materials. Two different shapes of steel with the same mass were included in 

the discussion given in this section. This could be due to the heat transfer performance for two 

different shapes. The performance of the two round shape samples in this study can be 

expressed by Eq. 5.14. 

 

111 ThAQ =                   (5.14) 

 

where Q1 is the rate of heat transfer which exposed to basin water from the solid shape (W), h 

is the convective heat transfer coefficient (W/m2K) and ΔT1 is the temperature difference for 

the solid shape in period of time t (s). Similarly, the performance of hollow shape can be 

expressed by Eq. 5.15. 

 

222 ThAQ =                   (5.15) 

 

The samples were kept in a refrigerator to make sure the samples were started by the same 

temperature at the beginning of water production. The final temperature at period of t is 

assumed the same if the gradient of temperature in the basin is not considerable and therefore 

it can be concluded that ΔT1=ΔT2. Equation (5.14) can be divided by Eq. (5.15) as follows. 
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=                     (5.16) 

 

Further simplification results in Eq. (5.17). 
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The convective heat transfer coefficient is a function of material, surface roughness, colour 

and size of materials. The two samples were the same materials and mass and surface roughness 

and colour and therefore it is a good assumption to consider h1=h2. Simplifying Eq. (5.17) 

results in Eq. (5.18). 
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(5.18) 

 

The ratio of the two areas in Eq. (5.18) can be calculated for hollow and solid shapes. 
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where R2, r2 and l2 are the external radius, internal radius and height in m, respectively for 

hollow sample. Similarly, R1 and l1 are the radius and height in m, respectively for solid sample. 

By considering the values for R2, r2, R1, l2 and l1 for solid and hollow samples it can be 

concluded that. 

 

1
1

2 
Q

Q
                   (5.20) 

Or 

12 QQ                    (5.21) 

 

Equation (5.21) expresses that the rate of heat exposed to basin water is greater for the 

hollow sample in comparison to solid sample. Therefore, the basin water temperature is raised 

rapidly for hollow sample in comparison to solid sample. Consequently, the water production 

started for the hollow sample earlier in comparison to solid sample. In other words, the time of 

water production for solar still is longer in comparison to solid sample. It is concluded that the 

shape of energy storing materials can affect their performances as well as density and specific 

heat capacity of energy storing materials. It was also concluded the wetted area is an important 

factor in relation to shape of energy storing materials. A larger wetted area can improve the 

energy storing material performance. 
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5.6 Theoretical Analysis 

In the sections above, simple analysis was conducted in order to quantify the effect of 

shape and material of the energy storing media. In this section a full theoretical analysis is 

conducted in order to predict the temperature distribution and productivity of a double slope 

solar still. Figure 5.8 depicts a schematic drawing for the solar still that illustrates the flow of 

energy through the different zones in the still. The total incident solar radiation on the glass 

cover is not complexly absorbed by water. Instead, a fraction of this radiation is reflected to 

the ambient, another fraction is absorbed by the glass cover and the rest can penetrate the glass 

and reach the water inside the basin. These fractions depend on the material coefficients of 

reflection (R), absorption (α) and transmittance (τ). These three processes occur wherever the 

radiation hits any surface, i.e. water surface and the basin surface. Because the bottom surface 

of the still is usually painted black, the reflection from this surface can be ignored. In what 

follows, the analysis starts with an energy balance for each zone in the still. The current analysis 

is based on the following assumptions: 

1. There is no vapour leakage in the still, 

2.  There is no temperature gradient along the glass cover thickness and the water depth,  

3. The level of water in the basin is constant,  

4. The condensation on the inner surface of the glass cover is film-wise condensation.   

 

 

Figure 5.8 The energy flow inside a double slope solar still 
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For the glass cover, the summation of the absorbed solar energy and the heat transfer from 

the water inside the basin is balanced with the energy lost from the glass cover to the ambient. 

This balance equation can be written as follows in terms of W/m2: 

 

)()()()()( agtggwewgwcwgwrwg TThTThTThTThtI −=−+−+−+                                        (5.22) 

 

where 
cgrgewcwrw qqqqq ,,,, are the radiation heat flux from water to glass, the convection heat 

flux from water to glass, the evaporation heat flux, the radiation heat flux from the glass to the 

ambient and the convection heat flux from the glass surface to the ambient. The energy equation 

for the solar basin bottom plate is given by: 

 

sw
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sbgbb

A

A
qqqtI ++=)(                                                                                                    (5.23) 

where 
sbgb qqq ,, are the heat flux from the basin liner to water, from the basin liner to the 

ground and from the basin liner to the side walls of the still. The energy balance equation for 

the water mass is given by: 

 

ewcwrw
w

wwbw qqq
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dT
cmqtI +++=+)(                                                                            (5.24) 

 

The heat transfer coefficients required for the above equations are obtained from Dutt et 

al. (1989) as follows.   
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where 
eff is the effective diffusivity, σ is the Stefan Boltzmann constant, 

wT is the water 

temperature. The effective diffusivity is given by: 

 

1
11

1

−+

=

gw

eff



                                                                                                            (5.26) 

where 
w = 0.96 and 

g = 0.88 are the emissivity of water and glass, respectively. 
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where 
wP  and 

gP are the vapour pressure estimated at the water and glass temperature, 

respectively. 
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The combined radiation and convection heat transfer coefficient from the glass cover to 

the ambient depends on the wind speed (V) and is given by: 

Vhtg 8.37.5 +=                                                                                                                    (5.31) 

 

Equations (5.22), (5.23) and (5.24) can be written in the following forms:  

 

 )()()( agtggwtwg TThTThtI −=−+                                                                                    (5.32) 

)()()( gwtw
w

wwwbww TTh
dt

dT
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)()()( abbwbwb TThTThtI −+−=                                                                                        (5.34) 

 

The glass and basin temperature can be obtained from Eq. (5.32) and (5.34), respectively.  
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Substituting Tg and Tb into Eq. (5.33) and with some re-arrangements, the following 

equation can be obtained: 

 

)(tfaT
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Solving this differential equation with the boundary conditions Tw = Tw0 at time t = 0 and 

Tg = Tg0 at time t = 0, the water temperature can be obtained as follows: 

 

( ) )exp()exp(1
)(

0 atTat
a

tf
T ww −+−−=                                                                             (5.38) 

 

Using Eq. (5.35), the glass temperature can be obtained. The hourly distillate output can 

be obtained from the following equation: 
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The equations above were applied and solved for the conventional solar still with no 

modifications in order to verify the experimental measurements. Figure 5.9 and Figure 5.10 

depict the measured water and glass temperature versus time, respectively, compared with the 

predictions using the equations above. It is obvious that the model predicts the trend very well 

with some deviations from the measured values. These deviations may be arising from the 

uncertainties in the empirical correlations that were used to predict the heat transfer coefficients 

required for the model. However, when the cumulative water production was predicted and 

compared with the measurements in Figure 5.11, the predicted values are in a good agreement 

with the measured values. This figure was created using Eq. (5.39). This means that although 

the model has some deviations in the predicted temperatures, the temperature difference 

between water and glass is predicted very well. This explains the success of the model in 
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predicting the cumulative water production. The results of this analysis conducted in the 

present study indicate that the measurement system is verified.  

  

 

Figure 5.9 The measured basin water temperature versus time compared with the prediction using 
the theoretical model 
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Figure 5.10 The measured glass temperature versus time compared with the prediction using the 
theoretical model 

 

 

Figure 5.11 The measured cumulative water production versus time compared with the prediction 
using the theoretical 

 

5.7 Summary 

In this chapter, the effect of water depth and ambient temperature on the thermal 

performance and productivity of the solar still was correlated by fitting the experimental data 

using the best fit equation. Additionally, the effect of energy storing materials was quantified 

and it was found that the material density and heat capacity are the important factors. In the 

end, a theoretical analysis was conducted only for one case, which is the conventional solar 

still with no modifications. The results indicated that there is a reasonable agreement with the 

predictions and the measurements. This can verify the experimental measurements system.  
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6. Chapter Six: Conclusions and Future Work 

 

6.1 Conclusions 

Solar stills have been studied analytically and experimentally in this thesis. It has 

concluded that solar stills are one of the best solution for the problems of obtaining fresh water 

in the world. The main achievements of this study are listed as follows: 

 

1. Solar stills are the most available and affordable technique to prepare fresh water 

particularly in remote or coastal areas in the Kuwaiti climate conditions.  

 

The quality of water produced by solar still was tested in terms of main parameters (PH 

value, electrical conductivity (Ec), total dissolved solids (TDS) and salinity (Sa). the study has 

found that the main quality parameters are all within the WHO standard range. 

 

2. The study has concluded that energy storing materials can increase the daily water 

production in solar stills. The performance of energy storing materials is related to their 

size, material and shape. A new dimensionless parameter called Energy storing factor (β) 

is the main factor which can affect the performance of energy storing materials in terms of 

increasing water production in solar stills. 
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 =  

Where ρs is the density of energy storing materials (kg/m3),  ρw is the density of basin water 

(kg/m3), Cs is the specific heat capacity of energy storing material (J/kg.K) and Cw is the 

specific heat capacity of water in the basin (J/kg.K). 

 

3. The study has found that for the values of β<1 the energy storing materials can improve 

the water production and for values of β>1 using energy storing materials can cause a 

reduction in water production. 

 

4. The study has found that in addition to density and specific heat capacity of energy storing 

materials, the shape of energy storing materials is an important factor which can affect the 

water production in solar stills. It was found that greater wetted area for energy storing 

materials corresponds to higher water production performance. 
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5. The study has found that daily water production is linearly depended on maximum 

production rate. Higher maximum production rate is corresponding to higher daily water 

production. A linear correlation was developed to express the relation between maximum 

production rate and daily water production. 

 

6. The study has found that the water depth (d) can influence water production (y) 

significantly.  The correlation below was developed using experimental measurements. 

 

3031.03085.5 −= dy  

 

7. The water production is proportional to ambient average temperature (Tav) linearly. A 

linear correlation was developed using the experimental data. 

 

8. Maximum production rate is proportional to average ambient temperature linearly. A linear 

correlation was developed to express the relation between maximum production rate and 

average ambient temperature. The calculated values for production using the correlation 

were in a good agreement with measurements. 

 

9. The round hollow steel pieces are the best among the investigated shapes. The external 

cooling of the glass cover plate is not very effective.  

 

10. The total water production increases significantly as the water depth decreases.  

 

11. Using gravel as energy storing material can improve the productivity of a solar still, which 

is slightly lower than the productivity of solar stills with metallic energy storing materials. 

If the cost was considered, gravel could be a good option and gravel with smaller size is 

more favourable.  

 

12. Phase change materials can increase the production rate and total daily water production 

significantly compared to the other materials. It achieved about 53% improvements in the 

total production.  
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6.2 Future Work 

For further improvements in the performance of double slope solar stills, the following 

recommendations can be adopted for future work: 

1. The test of a different design configurations  

2. Testing a wide range of phase change materials to as energy storage materials. 

3. Incorporation of photovoltaic and electric heaters to increase the evaporation rate. 

4. The use of heat pump driven by renewable energy to work as a heat source and to supply 

cooling to the external transparent cover plate   
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Appendix 1: On Balance Mtt-500 Mini Table Top Scale 

 

On Balance MTT-500 Mini Table Top Scale 

• Capacity: 500g / 17.64oz / 7716gn / 2500.0ct 
• Readability: 0.1g / 0.01oz / 0.1gn / 0.5ct 
• Sperarate Lid/ Bowl 
• 4 Modes: g, oz, gn, ct 
• Backlit Display 
• Auto Shut Off 
• Tare & calibration Facility 
• 2 x AAA Batteries (Included) 
• Weighing Platform Size: 69 x 69mm 
• Dimensions: 75 x 105 x 23mm 
• Weight: 150g 
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Appendix 2: Derivation of Equation (5.8) 
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Appendix 3: Figures – Experimental Setup 

 

 

Fig. App 3.1 Solar still basin. The edges were welded from both sides. 

 

 

Fig. App 3.2 The connection of supply pipe to solar still inside the basin 
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Fig. App 3.3 The connection of level sensor. 

 

 

Fig. App 3.4 The level sensor was connected to basin wall. 
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Fig. App 3.5 level sensor was connected to alarm circuit. 

 

 

Fig. App 3.6 K-type thermocouple was connected to basin to record the temperature. 
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Fig. App 3.7 The connection of drain pipe to the side of basin. 
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Fig. App 3.8 Wood sheet attached on outer basin. 

 

 
Fig. App 3.9 Wood sheet protects the insulation layer. 
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Fig. App 3.10 Temperature selector switch. 

 

 
Fig. App 3.11 Electrical parts were tested on daily basis. 
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Fig. App 3.12 Glass sheets were used to construct double slope cover. 

 

 
Fig. App 3.13 The solar still cover was built by using glass sheets at angle 35o. 
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Fig. App 3.14 Flexible anti mould, water proof silicone was used to connect the cover to 

still main body. 

 

 
Fig. App 3.15 Thermocouples were connected to cover glass to measure the temperature 

of outer face of cover. 
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Fig. App 3.16 Control value was connected on the side basin. 

 

 
Fig. App 3.17 The measurements were carried out where sun light could hit the solar 

still cover directly. 
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Fig. App 3.18 Variation of water production rate during a day with no modification. 

 

 
Fig. App 3.19 Variation of total daily water production during a day with no 

modification. 
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Fig. App 3.20 Variation of water production rate during a day by using hollow shape 

energy storing materials. 

 

 
Fig. App 3.21 Variation of total daily water production during a day by using hollow 

shape energy storing materials. 
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Fig. App 3.22 Variation of water production rate during a day by using solid shape 

energy storing materials. 

 

 
Fig. App 3.23 Variation of total daily water production during a day by using solid 

shape energy storing materials. 
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