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ABSTRACT 
 
 

Fresh water and energy are fundamental needs for the enhancement of modern life and 

civilization. Fresh water and energy are becoming scare due to high living standards, rapid 

population growth, and development in the agriculture and industrial sectors. Using an accelerated 

and cost-effective energy process for the desalination of sea water can be an encouraging solution 

to the water problem. In the past, fossil fuels have been used as a dominant source of energy, but 

their detrimental impact on the environment and increased cost have made renewable energy 

resources more important.  As a result, a natural evaporation-condensation process such as a solar 

distillation system can be operated as a practical renewable desalination technique in remote arid 

areas like oil-rich countries who are very interested in implementing renewable energy 

desalination system.  

In this research, different types of carbonaceous materials that are similar to outside 

environment conditions have been used in the laboratory to determine a better evaporation rate of 

saline water. Different concentrations of saline water were tested in this study to show the 

comparable results and determine the better one. After performing several experiments under 

sunlight simulation, it was found that an evaporation rate of 5.37 
2

Kg

m hour
is achievable by using 

carbon felt in 3.5% saline water, which represents the average salt concentration of the world’s 

ocean water. A cost analysis performed in this research has shown that within six months, $1,076 

can be made from a one-square-meter desalination plant to validate the total method in certain 

areas where the surface temperature is very high. Finally, with the help of this study, it has been 

proven that the ocean’s salt water can be turned into a blessing for human kind due to the scarcity 

of pure drinking water.  
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CHAPTER 1 

 
INTRODUCTION 

 
 

 The main aim of this research is to investigate the increase in the rate of evaporation at the 

air-water interface by using nanoparticles such as carbon felt, carbon fiber, and carbon composite. 

Analysis of the rate of evaporation along with the rise in temperature and decrease in weight was 

carried out by using different concentrations of nanoparticles and different heights of a light source 

under similar environmental conditions.     

1.1 Background 

Water scarcity is a growing problem for large regions of the world. Scarcity results when 

the local fresh water demand is similar in size to the local fresh water supply. Figure 1 shows 

regions of the world in which water withdrawal approaches the difference between evaporation 

and precipitation, resulting in scarcity [1].  

 
 

Figure 1. Regions of water stress shown in orange and red [1]. 
 

The primary drivers of increasing water scarcity are population growth and the higher 

consumption of water associated with the rising standard of living. Over time, global climate 
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change is expected to affect existing water resources as well, thereby potentially altering the 

distribution of wet and arid regions and raising the salinity of some coastal aquifers. Among these 

factors, consumption in the developed world can be moderated relatively quickly by government 

policies aimed at reducing per capita water use [2, 3], and new supplies can be established through 

technology; however, population growth can be moderated only over very long time scales, and 

infrastructure may not be developed quickly. All of these pressures are moving water-scarce 

regions toward the purification of water supplies that are otherwise too saline for human 

consumption. Purification of saline water involves chemical separation processes for removing 

dissolved ions from water. These processes are more energy intensive than the standard treatment 

processes for freshwater supplies [2]. 

The two main types of desalination systems are either thermal distillation or membrane 

separation. In a solar context, thermal systems heat saline water and separate the relatively pure 

vapor for subsequent condensation and use. Here the engineer’s primary challenge is to recover 

and reuse the heat released in condensation, with minimal temperature difference, in order to make 

an energy-efficient distillation system [3]. Membrane separation systems usually rely on solar-

generated electricity, either to drive high-pressure pumps that overcome osmotic pressure 

differentials or to create electric fields that drive electro migration of ions in solution. Solar 

electricity, in turn, may be produced by either direct solar-electric conversion or by a solar-driven 

thermal power cycle. Some technologies, such as membrane distillation, embody both thermal and 

membrane processes. All desalination systems, especially those handling seawater or certain 

wastewater, must be designed with an awareness of the scale-forming potential of the raw water 

[4]. Scale formation imposes strong limitations on the thermodynamic performance of thermal 

desalination systems in particular.  
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Composition of the raw water source guides the selection of the treatment technology to 

be used. Different desalination technologies perform most economically in different ranges of 

salinity, in part because some methods of desalination require greater energy per unit mass as the 

salinity rises. Also, saline waters may contain a considerable variety of dissolved ions, and the 

proportions of ions found in low-salinity, or “brackish,” ground waters are typically quite different 

than those in high salinity seawater or those found in wastewater [5, 6]. Salinity per se is a term 

related to the electrical conductivity of the water and provides a bulk measurement of the total 

dissolved solids (TDS), typically in ppm or mg/kg [6]. Well-developed standards define the 

salinity of seawater through an electrical measurement, and these standards are robust over the 

Earth’s various oceans. For other water, a chemical analysis of the raw water is usually needed to 

determine which ions are present and in what concentration; for example, the ions in ground water 

will depend upon the rock formations from which the water is drawn. Table 1 shows the 

concentration of ions in representative seawater of 34,500 ppm and in various ocean waters [7]. 

The ion concentrations of water from a typical fresh surface water supply as distributed to end 

users can be shown for comparison. The thermo physical properties of saline waters are at first 

approximation similar to pure water. Extensive data exist for seawater properties. Some primary 

effects of salinity in water are to lower the specific heat capacity (by about 5% for seawater relative 

to pure water), to raise the density (by about 3.5% for seawater), and to lower the vapor pressure 

(about 2% lower for seawater, and reasonably well described by Raoul’s law) [7, 8]. The boiling 

point of seawater is slightly higher and the freezing point of seawater is lower than for freshwater. 

Each of these is a factor in the precise thermal design of desalination systems. 
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TABLE 1 
 

IONIC COMPOSITION OF SEA WATER (MG/L) AROUND THE WORLD [7] 
 

Constituent Normal 

Seawater 

Eastern 

Mediterranean 

Arabian Gulf 

at Kuwait 

Red Sea at 

Jeddah 
Chloride (C1-1)  18,980 21,200 23,000 22,219 

Sodium (Na+1)  10,556 11,800 15,850 14,255 

Sulfate (SO4
-2)  2,649 2,950 3,200 3,078 

Magnesium (Mg+2) 1,262  403  765 742 

Calcium (Ca+2)  400 423 500 225 

Potassium (K+1)  380 463 460 210 

Bicarbonate (HCO3
-1) 140 – 142 146 

Strontium (Sr-2)  13 – – – 

Bromide (Br-1)  65 155 72 80 

Boric Acid (H3BO3) 26 72 – – 

Fluoride (F-1)  1 – – – 

Silicate (SiO3
-2)  1 – 1.5 -- 

Iodide (I-1)  <1 2 – – 

Other  1 – – – 

Total Dissolved Solids 34,483 38,600 45,000 41,000 
 

1.2 Motivation 

 Desalination of seawater and brackish water has been implemented on a large scale 

throughout the world. More than 15,000 desalination plants were installed worldwide by 2014 with 

a cumulative production capacity of approximately 65 million m3/day of water, which is mainly 

for domestic consumption with some use in industrial production [9]. Worldwide water withdrawal 

for domestic consumption is roughly 1270 million m3/day, and it can be said that cumulative 

desalination capacity is equivalent in scale to about 5% of worldwide domestic use [10]. In the 

U.S, cumulative installed water capacity is more than 8 million m3/day, in comparison to the 



5 

publicly supplied water capacity of about 170 million m3/day [10]. Most of the U.S. capacity uses 

a membrane separation process for brackish water desalination. The largest desalination plants, 

located in the Arabian or Persian Gulf, are thermally driven. These seawater desalination plants 

have a water capacity of about 1 million m3/day [11].  

The use of desalination has grown dramatically in recent years; in 2004, the installed 

cumulative water capacity was less than half that in 2015, at only 28.5 million m3/day [12, 13]. 

About 60% of the world desalination capacity is based on the reverse osmosis (RO) process, in 

which saline water is mechanically pressured on one side of a membrane. The membrane has static 

charge groups on its surface which inhibit the absorption of ions into the membrane. Water 

molecules are soluble in the membrane and diffuse through it from the high-pressure saline side to 

the low-pressure pure water side. On a large scale, these systems are reported to produce water 

from seawater for as little as $0.50/m3 [14]. Evaporation of sea water is less costly than the RO 

method since this process can run with solar power and the world has an abundance of saline water. 

Using different materials in the sea water desalination process can accelerate the evaporation of 

saline water. Therefore, with the help of this process, it will be easy to ensure fresh drinking water 

around the world, and world leaders can work together to reduce the water scarcity problem.  

1.3 Research Objective 

 The main aim of this research is to find a convenient and cheap way to increase the 

evaporation rate of sea water with the help of nanotechnology. The first step of this study is to 

gather experimental data relative to the evaporation and temperature increase rate for different 

concentrations of saline water (SW) by simulating sunlight in the laboratory which is similar to an 

environmental condition like the greenhouse effect. Figure 2 shows the similar sunlight intensity 

around the world. The second objective is to prepare carbon felt, carbon fiber, and carbon 
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composites for observing the same behavior of evaporation and temperature increase rate with 

different concentrations of water and at different heights of the light source. All results of the 

different materials need to be compared in order to determine the better solution for the highest 

evaporate rate along with the better increase in temperature. The final step is a cost analysis to find 

the better way for obtaining pure drinking water at a reduced cost. 

 
 

Figure 2. The amount of solar energy arriving at the earth’s surface [14].  
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CHAPTER 2 

 
LITERATURE REVIEW 

 
 

2.1 Drinking Water Production 

Drinking water production processes can be divided into three broad categories, each of 

which will impact the quality of the finished water received by the consumer. 

 Source Water Quality 

 Treatment Technology 

 Distribution 

In the case of desalination operations, some factors and issues that distinguish them from 

most typical drinking water operations are as follows: 

 System components that can contribute chemicals to the water as direct additives or 

indirectly from surface contact. 

 Whether any risks are imparted from consumption of low TDS water either from general 

reduced mineralization or reduced dietary consumption of specific minerals. 

 Environmental impacts of desalination operations and brine disposal. 

 Performance of specific technologies particularly for microbial control. 

 Bacterial regrowth during distribution in warm/hot climates. 

 Whether microorganisms unique to saline waters may not be removed by the desalination 

process or post disinfection. 

 Whether membrane water softening (including home applications) should be included as a 

subtopic in this World Health Organization (WHO) assessment. 
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2.2 Distillation Technologies 

Principal distillation (vaporization condensation) systems include multi-stage flash (MSF) 

distillation, multi-effect distillation (MED), and vapor compression distillation (VCD). Distillation 

plants can produce water in the range of 1 to 50 ppm total dissolved solids [15]. 

During distillation processes, the source water is heated and vaporized, and a concentrated 

brine is produced as a residual. The condensed vapor has very low TDS. Low theoretical plate 

distillation processes can be applicable to desalination because significant amounts of volatile 

chemicals are usually not present in seawater and brackish water [16-18]. Inorganics, salts, and 

high-molecular-weight natural organics are nonvolatile and thus easily separated; however, there 

are circumstances where volatile petroleum chemicals are present due to spills and other 

contamination. Even though their vapor pressures can range from low to very high, many of them 

with a higher molecular weight will be steam distilled in a physical process where the vapor 

pressure of the steam and the vapor pressures of the organic chemicals together contribute to the 

total vapor pressure of the mixture [19]. In addition, some physical entrainment may also allow 

low volatility substances to be carried over into the distillate. This process is shown below: 

Solution + Energy → Vapor → Liquid + Energy 

For water, the boiling point (where the vapor pressure of the liquid is the same as the external 

pressure) is 100°C (212°F) at 1 atmosphere (760 mm Hg or 14.7 pounds per square inch) [20]. The 

boiling temperature is a colligative property of solutions; as the concentration of a solute increases, 

the boiling point increases. As the pressure is decreased, the boiling temperature decreases. 

The amount of energy required to vaporize a liquid is called the heat of vaporization. For 

water, this amounts to 2,256 kilojoules per kilogram at 100°C (970 Btu per pound at 212°F) [21]. 

The same amount of heat must be removed from the vapor to condense it back to liquid at the 
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boiling point. In desalination processes, the heat generated from vapor condensation is transferred 

to feed water in order to cause its vaporization and thus improve the thermal efficiency of the 

process and reduce the cost and fuel consumption [23]. 

2.2.1 Energy Consumption 

Desalination plants require significant amounts of electricity and heat depending upon the 

process, temperature, and quality of the water source. For example, it has been estimated that one 

plant producing about seven million gallons per day could require about 50 million kWh/yr [24], 

which would be similar to the energy demands of an oil refinery or a small steel mill. For this 

reason, co-generation facilities provide significant opportunities for efficiency. 

2.2.2 Environmental Impacts 

Installation and operation of a desalination facility will have the potential for adverse 

impacts on air, water/sea, groundwater, and possibly other aspects, all of which should be 

considered. Their acceptability and any mitigation requirements would usually be matters of 

national and local regulation and policies, studies to examine these effects would usually be 

conducted at each candidate site, and post-installation monitoring programs should be instituted 

[25]. 

2.3 The Solar Still 

The first man-made large-scale water desalination system, which dates back to the 

nineteenth century, is the solar still. A solar still is made of an airtight insulated basin covered with 

a tilted glass sheet (Figure 2) [26]. Solar radiation passes through the transparent glass or plastic 

cover and is absorbed by salty (or brackish) water in the basin so that water is heated and 

evaporates. Here the water vapor condenses at the inner side of the glazing, and the liquid flows 

by gravity into a trough where it is collected. Basins are painted black to increase solar absorption, 
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and long wavelength radiation cannot pass from the solar still through the glazing. In other words, 

the greenhouse effect makes the solar still look like a heat trap. A solar still needs flushing to 

prevent salt precipitation, and the frequency of flushing depends on quality of the feed water. 

 
 

 Figure 3. Desalination process in solar still with help of solar irradiation [26]. 

Solar stills can be classified as passive or active. Passive stills will use only the solar energy 

falling into the unit’s active stills. An external thermal energy source is added to the unit to help 

with heat addition to the salty or brackish water. This additional heat source could be provided by 

a concentrating solar panel, waste thermal energy, or a conventional boiler. Other classifications 

of solar stills based on geometry are referred to as single-slope glazing still, as shown in Figure 3, 

or double-slope glazing still, as shown in Figure 2; conical solar still, also shown in Figure 3; 

inverted absorber solar still; multiple-effect horizontal solar still, as shown in Figure 4 [26]; and 

vertical solar still, as shown in Figure 5 [27].  
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Figure 4. Distilled water collection by water-cone solar still. 

 

 
Figure 5: Multi-stage solar collector under vacuum [26]. 

 

 
Figure 6: Multi-effect vertical solar still with solar heater [27]. 
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A two-basin still can have a 40–50% increase in productivity, as indicated by Shoikhedbrod 

[26]. Models of multi-stage solar collectors include an external source of heat, a solar heater, and 

a vacuum pump to enhance the evaporation rate, as show previously in Figure 4. The modeling of 

a multi-stage solar still follows simple heat and mass balances. However, due to space limitations, 

only the basic case of a single-stage solar still will be discussed in detail here. 

Other attempts to increase the solar still productivity include increasing the heat and mass 

transfer surface area through methods such as using sponge cubes; wicks, as shown in Figure 6; 

charcoal, which is reported to increase productivity by 15%; or violet dye in the water, which 

resulted in a 27% increase in productivity due to higher solar absorptivity [28].  

 
 

Figure 7. Inclined solar still with multiple wicks [28]. 
 

Furthermore, adding energy storage units to the solar still leads to a significant increase in 

productivity. Thermodynamic and economic considerations in solar stills include a proposed solar 

still that includes a heat exchanger. Here, oil heated by solar energy circulates from a solar collector 

to a heat exchanger placed in the still in order to heat the saline water for higher productivity. 
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Increasing the solar radiation into the still through the use of a reflecting surface was also reported 

(Figure 7) [28]. 

 
 

Figure 8. Solar still with reflecting surface and separate condenser [28] 
 

In addition, a device that uses a “capillary film distiller” was implemented by Yuan and 

Lee. A solar still integrated in a greenhouse roof is another class of active solar stills that raises 

the distillation temperature by using flat-plate collectors connected to the stills [30]. The distance 

of the gap between the evaporator tray and the condensing glass (or plastic) surface has a 

considerable influence on the performance of a solar still, which increases with decreasing gap 

distance. Cascaded-type solar stills have been developed in which shallow pools of water are 

arranged in a cascade, covered by a sloping transparent enclosure. The evaporator tray is usually 

made of a piece of corrugated aluminum sheet painted flat black. 

Brinker and Scherer developed a semi-empirical equation to estimate glass cover 

temperatures to calculate the upward heat flux and evaporation [31]. They calculated the changes 

in the heat transfer coefficients over a complete day. Factors influencing the still productivity were 
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investigated by Moghiman et al. [23], who indicated the upper limit of solar still productivity both 

theoretically and experimentally. Asmatulu carried out measurements of performance parameters 

of both basin-type and tilted wick solar stills and compared the measured values with a theoretical 

analysis of heat and mass transfer processes indicating the superiority of the tilted wick still [29]. 

Yuan and Lee analytically investigated the transient behavior of a basin-type solar still and pointed 

out the effect of energy storage for continuous distillate production [30]. 

El-Zahaby et al. considered a solar still integrated with a tubular solar energy collector and 

performed a transient analysis for the still performance [32]. Recently, Phadatare and Verma 

showed the superiority of using a glass cover for a plastic solar still in comparison with a Plexiglas 

cover in terms of heat-transfer coefficients as well as water evaporation and distillate productivity 

[33]. Pimentel and Oturan investigated experimentally the correlations that were used to show how 

brine depth affects productivity by using a violet dye [34]. They studied the effect of property 

variation in the still performance and used more reliable and updated correlations to predict the 

heat transfer coefficients, considering the effect of buoyancy that is attributable to the fact that 

water vapor reduces the gas mixture density relative to air alone. They also listed the productivity 

of various designs of solar stills reported in the literature. 

2.3.1 Mathematical Formulation 

 Energy balance for the solar still is shown schematically in Figure 8. Here, various heat 

transfer components are shown, including solar irradiation falling on the solar still; heat transfer 

within the solar still, including thermal radiation transmitted through the glass cover to the water 

surface; heat transfer by convection, radiation, and evaporation from the water surface back to the 

glass cover; heat loss through the still opaque material; and heat loss to the ambient air through 

both convection and radiation heat-transfer modes. 
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Figure 9: Schematic diagram of single-slope solar still. 
 

It is assumed that the capacitance of the glazing is small compared to that of water and the 

basin; hence, it is neglected in the present work. The transient energy balance equations for the 

solar still based on the original analysis of Dunkley are summarized in this section [33]. 

Considering the thermal capacitance of saline water, the energy balance is 

 w
w ga b

dT
G q q mcp

dt
      (1) 

where energy losses from the water body to the glass cover and from the water body to the base of 

the still can be written, respectively,  

 ga r c eq q q q    (2) 

 (T T )b b w bq U   (3) 

Heat flux from the water to the cover by radiation can be estimated by using the relation 

  4 4(T T )r s w sq F   (4) 

where Fs is the radiation shape factor. This depends on the geometry of the still and the nature of 

the solar radiation. The geometry can be approximated by two parallel planes. The radiation 

involved is considered to be diffuse in long wavelengths, so that specular reflection between the 

transparent cover and water surface is negligible. As a result, the shape factor can be closely 
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approximated by the emissivity of the water surface, usually taken as 0.9 for conditions inside the 

still. Thus, Eq. (5) can be approximated as 

 4 40.9 (T T )r w sq    (5) 

The heat flux from the water to the cover by natural convection and evaporation can be 

written, respectively, as 

 (T T ) hc c w g cq h T     (6) 

 e d fgq m h  (7) 

The heat loss from the transparent cover to the surroundings depends on both the radiation 

to the sky and the convection loss coefficient due to the surrounding (ambient) air. Radiation to 

the sky depends on the effective sky temperature, which is sometimes taken as 11 ± 1°C less than 

the ambient temperature. The convective portion is a function of the wind speed. This heat transfer 

component (losses) can be expressed as  

 4 4[T (T 11) ] h (T T )ga g g a ga g aq        (8) 

These equations are the key equations for solar still analysis. In addition, the convection 

correlations that describe convection from the water surface to the glass cover as well as from the 

glass cover to the environment are described below. 

2.3.2 Solar Still Performance 

The productivity of the solar still follows the solar irradiation profile. It increases until 

midday and then decreases until sunset, as shown in Figure 9 [34]. The calculated magnitude of 

each heat transfer component results show that both higher solar intensity and effective glazing 

cooling (through high convection loss from the glazing to the atmosphere) increase the solar still 

productivity. If the still is well insulated, then the stored heat maintains evaporation after sunset. 
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The gained output ratio is expressed in terms of instantaneous as well as overall efficiency by 

Heschl and Sizmann [35], whereas the overall efficiency represents these variables integrated over 

a defined period of time (in the case of active solar stills, the denominator is extended to include 

the energy provided by the external heat source). 

 
 

Figure 10. Solar still performance, heat transfer rates, and productivity [34]. 
 

The gained output ratio (GOR) of a solar still is typically low (GOR>>0.5). This 

performance parameter depends on various operating factors, which were evaluated in detail. Solar 

irradiation, wind speed, depth of saline water, and ambient temperature are among the major 

parameters that influence the solar still productivity [35]. 

2.3.3 Comparison, Limitations, and New Trends 

Several investigators, such as Narayan et al. [36], reported on the humidification-

dehumidification (HDH) of desalination systems. Since then, considerable progress has been 

achieved, representing new trends for increasing the GOR. A solar still has a GOR of about 0.5, 

air-heated HDH cycles have a GOR that ranges from 1.7 to 3, whereas water-heated cycles have a 
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GOR that ranges between 0.3 and 4.5 [35-37]. Various studies indicate that the top water 

temperature is an important parameter that influences the GOR, as is the mass flow rate ratio of 

the air and water streams as indicated in several recent studies. Packing material quality plays a 

more important role in the system performance of air-heated cycles than for water-heated cycles. 

The multi-stage air-heated cycles have higher productivity but not necessarily high GOR. 

Comparing these GOR values with conventional desalination systems, such as RO (equivalent 

GOR = 35–45, based on an assumed efficiency of electrical generation), MSF (GOR of about 8), 

and MED (GOR up to 12), indicates that there is still room for improvement for HDH cycles to 

attain comparable gain output ratios. Other arrangements that have been considered for 

improvement of the HDH process include the use of direct contact dehumidifiers, referred to as 

diffusion-driven desalination (DDD), although the increase in GOR is not strong [37]. Another 

improvement in the solar air-heated cycle is achieved by placing the solar heater after the 

humidifier so that saturated air leaving the humidifier would be heated and then sent to the 

dehumidifier. This somewhat counterintuitive change results in a GOR of about 3.5. 

Furthermore, extraction or injection of air or water between the dehumidifier and the 

humidifier can result in a decrease in the entropy generated within the system. (For water-heated 

cycles without extraction, the top GOR is about 2.5, whereas a value of 4.5 refers to Muller-Holst’s 

multi-extraction case.) The extraction process—either single or multiple extraction—brings the 

modified heat capacity ratio (HCR), which is max

max

H a

H w
 , closer to unity, as shown in Figure 10 

[38], resulting in a reduced entropy generation and, accordingly, a higher GOR.  
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Figure 11. Entropy generation in humidifier versus heat capacity ratio for various inlet relative 
humidities [38]. 

 
2.4 Solar-Driven Membrane Distillation 

Membrane distillation is a thermally driven separation process of aqueous solutions that 

involves the transport of vapor molecules through a hydrophobic microporous membrane. The 

membrane supports a vapor-liquid interface at the pores; the surface tension forces of the 

hydrophobic membrane prevent liquid molecules from entering the pores, while vapor passes, due 

to a difference in vapor pressure at both sides of the membrane [39]. The latter is established by a 

difference in temperature. 

2.4.1 Concentrating Solar Power Plants 

The first commercial application of concentrating solar power (CSP) technology occurred 

nearly 100 years ago in Meade (near Cairo, Egypt) in 1912, when the American inventor Joachim 

developed and installed a parabolic trough collector system (five rows, each 62 m in length by 4 

m in aperture) to produce steam and drive a 120-HP steam turbine [39, 40], in an effort to avoid 

the transportation of coal from England to Egypt. However, real commercial development of solar 
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power generation technology happened in the early 1980s in California (USA) with the 

construction of the first Solar Energy Generating Systems (SEGS). Here, five 30-MW hybrid 

parabolic trough power plants totaling 150 MW capacity, commissioned in 1986–1988 [41], were 

constructed in Kramer Junction, and another four (Daggett, 14 and 30 MW, and Harper Lake, two 

80 MW) totaled a combined installed solar power of 354 MW. The conceptual scheme of these 

plants, still in operation today, was the use of a large parabolic trough collector field (around 

2.2×105 m2 in the five 30-MW plants and 4.7×105 m2 in the two 80-MW plants) to heat thermal oil 

[42], circulating close to the absorber tube located at the focus of the collector parabola, from 

295°C to 395°C (SEGS VI and VII). This heat transfer fluid was used to produce steam at 100 bar 

and 371°C, which was expanded in a conventional steam turbine producing power.  

After the SEGS plants, a period of 16 years followed with no commercial CSP activity 

until 2010, when the PS10 (Seville, Spain) and the Nevada Solar One (Las Vegas, NV) solar plants 

started their activity [43]. After that, many solar commercial projects followed, with Spain the 

most active country during the period 2007–2015 (2340 MW in about 60 CSP plants will be 

operative in that country by the end of 2013) [44]. Among all the CSP technologies that are being 

developed (parabolic troughs, linear Fresnel, central tower, parabolic dishes), dominance in the 

present market is clearly held by parabolic troughs. A second generation is currently being 

implemented. This is based on a solar field of about 5 × 105 m2 and the introduction of thermal 

storage based on molten salts to achieve a nominal power production of 50 MW with 7.5 h of 

thermal storage from the molten salts [43, 44]. Thermal storage, which implies an important 

increase in the needed investment, provides power dispatch ability (guarantee of power supply to 

the grid), which is a unique advantage that does not exist with any other renewable energy 

technology to date. Thermal storage aims to provide the following additional advantages: 
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 Higher potential value for the produced electricity, because the power can adapt to 

the demand and be dispatched at the request of power grid operators. 

 Lower cost, because thermal storage in CSP power plants is cheaper than the turbine 

capacity increase and allows the use of all collected solar energy. 

 Grid stability, because the plant is not affected by abrupt changes in output power, 

as is very common in photovoltaic plants. 

 Higher plant capacity factor (ratio of the actual output of the plant over a period of 

time to its potential output if it had operated at full nominal capacity), which directly 

translates into lower electricity costs. 

The current-state-of-the-art thermal storage for CSP plants is based on a eutectic mixture 

formed by 60% sodium nitrate and 40% potassium nitrate. This mixture has a fusion temperature 

of 221◦C. In a typical 50-MW plant, 2.85 × 104 tons of these salts are used (nominal storage 

capacity of 1010 MWh/h) to obtain the equivalent of about 7.5 h of nominal power generation 

[42]. The indicated mixture is used because it has the advantages of high density of energy storage 

(per unit of mass and volume) with reduced thermal losses, good heat-transfer performance, and 

mechanical and chemical stability. In addition, it has chemically compatible with the conventional 

heat transfer fluid (synthetic oil) and the high number of heat charge–discharge cycles with low 

degradation velocity. Moreover, it has a good relationship between heat storage capacity and cost, 

and very low vapor pressure at working temperatures. Finally, it contains neither flammables nor 

contaminants (the salts are normally used as fertilizer), and it is easily managed. 

With regard to parabolic trough technology, current designs are based on either LS-3 or 

EuroTrough-type developments by using a parabola aperture of about 5.7 m and lengths between 

100 and 150 m per individual collector. Optical efficiency is around 80%, without considering any 
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ancillary zones such as expansion bellows, supports, glass-metal union items, etc [44]. Third-

generation parabolic trough power plants are currently under development with the start of 

construction in the U.S. of several CSP plants with nominal capacity in the range of 250 MW. This 

larger size plant is expected to significantly reduce the cost of electricity generation. 

2.4.2 Cost Estimates 

To estimate the power and water costs of the more efficient configurations from the 

previous case study described—preliminary thermoeconomic-concentrating solar power/low-

temperature-multi-effect distillation (PT-CSP/LT-MED) and preliminary thermoeconomic- 

concentrating solar power/reverse osmosis (PT-CSP/RO)—the following definition of leveled 

electricity cost (LEC) can be used: 
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where insurance is the annual insurance rate (typical value = 1%), Kinvest is the total investment of 

the plant, duel is the annual fuel cost (not applicable in the case of solar energy without backup), 

kd is the real debt interest rate (value used = 8%), n is the depreciation period in years (value used 

= 25 years), KO&M is the annual operation and maintenance costs, and Enet is the annual net 

electricity delivered to the grid [43, 44]. Additional data are needed to calculate the cost of the 

solar power; for example, from a practical point of view, a CSP plant is considered with 13 h of 

thermal storage, working 24 h per day from mid-spring to mid-autumn, and also at nominal turbine 

capacity the rest of the year. In addition, Table 2 shows the investment cost of the 50-MW PT-

CSP plant without thermal storage is 3300 e/kW nominal, and the investment cost of thermal 

storage is 40 e/kWh-stored. Moreover, about 200 hectares of flat land is needed, and the plant 
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availability should be 96%. Finally, consumption for the cleaning of the mirrors is 0.07 m3/MWhe, 

and land costs are not considered here. 

The same procedure will be used to estimate the leveled water cost (LWC). Additional 

data to calculate the cost of the desalination plant include the investment cost of the RO facility, 

which is 850 e/m3 day installed (availability: 92%), and the investment cost of the MED facility, 

which is 1050 e/m3 day installed (availability: 98%). Apart from this, the specific electricity 

consumption by the RO plant is 5.46 kWh/m3, and the specific electricity consumption by the 

MED plant is 2.11 kWh/m3. Finally, chemical consumption, manpower, membrane 

replacement, spare parts, and all other fixed and variable costs were also considered. 

TABLE 2 
 

COMPARATIVE COSTS OF POWER (50 MWE NOMINAL NET PRODUCTION) AND 
WATER (40,520 M3/DAY NOMINAL NET PRODUCTION) COGENERATION WITH  

PT-CSP/RO AND PT-CSP/LT-MED CONFIGURATIONS [37] 
 

Cogeneration 

System 

Investment 

Solar Plant 

(M£) 

Investment 

Desalination 

Plant  

(M£) 

LEC 

(e/kWh) 
LWC 
(e/m 3) 

PT-CSP/RO 406.76 29.83 0.178 0.649 

PT-CSP/LT-MED 380.38 36.84 0.169 0.706 
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CHAPTER 3 

 
EXPERIMENTAL PROCEDURE 

 
 
3.1 Materials 

Various types of materials and equipment were chosen and used in this study because those 

materials have extensive properties and applications. In this study, the materials with high thermal 

conductivity and absorption like carbon felt, carbon fiber, and carbon composites were used. Here, 

the main reason for using carbon felt was to force the material to float on top of the water without 

the aid of a superhydrophobic coating. Here, carbon felt will become the medium of heat transfer 

between the water and heat radiation. Most of the materials in this study were used without any 

further purification alongside processing, and the equipment was pre-calibrated before use. 

3.1.1 Carbon Felt 

 Carbon felt can be described as a nanosize outstanding flecked, black-colored fiber that is 

extensively constructed from carbon. These nanoparticles play a vital role to make our daily life 

stronger, brighter, and sustainable, and they have unique textile, chemical, and thermal properties. 

Typically, carbon felt is manufactured by the carbonization of natural and synthetic fibers. Carbon 

felt has low thermal conductivity and low specific heat, both of which permit the rapid heating and 

cooling of a furnace. The handling process of carbon felt is very easy because it can be cut with a 

scissors or knife, and it has favorable surface properties. Figure 11 shows the small synthetic fibers 

of the carbon felt that help it withstand high temperature. Carbon felt can be used as porous 

electrodes for accumulators and fuel cells, but it is not good for use in a wet environment, and it 

can become a good catalyst support because it can recover the catalysts by heat treatment [4]. The 

main use of this carbon black is for thermal insulation as filters and as a catalyst support.  



25 

 
 

Figure 12. Available carbon felt from Alfa Aser [54] 
 

In this research, carbon felt was acquired from the Alfa Aser Company. Carbon felt has 

extensive uses because of its resistance to heat, for example, in induction-heated vacuum furnaces 

and inert gas furnaces such as degassing furnaces, brazing furnaces, soft and bright annealing 

furnaces, sintering furnaces for hard metals, carburizing furnaces, and laboratory graphitizing 

furnaces. It also has extensive characteristics of absorbing salt from saline water and aids in 

countering ultraviolet degradation.  

3.1.2 Carbon Fiber 

Carbon fiber-reinforced composites are extensively used in various applications due to 

their excellent plane stiffness and strength-to-weight ratio, although most carbon fibers have 

limitations due to their relatively poor out-of-plane performance. In a carbon fiber, the tow of it 

has a bundle of thousands of continuous single-carbon filaments held together and protected by an 

organic coating, such as polyethylene oxide or polyvinyl alcohol. It can be said that a single carbon 

filament in a bundle is a continuous cylinder that has a diameter of five to ten micrometers and 

each is comprised exclusively of carbon. The atomic structure of carbon felt is the same as 

graphene, and the atoms of this carbon fiber are arranged in a hexagonal pattern, but the graphene 
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is a crystalline material where the van der Waals forces are relatively weak, which gives the 

graphene its soft and brittle characteristics. The most important precursor for carbon fibers is 

polyacrylonitrile (PAN), rayon, and pitch, and here the filaments of carbon fibers can be used for 

filament winding, weaving, prepegging, pultrusion, etc. The precursor synthetic polymer such as 

polyacrylonitrile can be used in chemical and mechanical processes to align the polymer atoms to 

increase the physical properties of the completed carbon fiber. It has a high strength-to-weight 

ratio and is highly resistive to corrosion. It has fire-resistance capability, and its electrical 

conductivity is comparatively high [55, 56]. Figure 12 shows a microscopic image of carbon fiber 

fabric. For this research work, carbon fiber fabrics were collected from the National Institute for 

Aviation Research on the Wichita State University campus. 

 

Figure 13. Microscopic image of carbon fiber tow [48] 

3.1.3 Carbon Composites 

It has been shown that carbon composite structures are likely to exhibit a high strain rate 

loading at the time of impact or blast events. These composites are generally ductile at low strain 

rates but the stiffness and strength of these materials increase at high strain rates. Improvement in 
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the mechanical behavior matrix produces damping, which brings in impact energy dissipation. 

Carbon composites have mainly two parts: matrix and reinforcement. The reinforcement provides 

strength, providing rigidity because the epoxy binds together with the reinforcement. The fracture 

toughness of carbon composites depends on the debonding between the carbon fiber and the 

polymer matrix, fiber pull out, and delamination between these sheets. The environmental effects 

on carbon composites results in degradation; a wide range of temperature and humidity is not 

possible because moisture cannot defuse into the material. Carbon composites are very rigid, four 

times stiffer than glass-reinforced plastic and two and a half times stiffer than aluminum. They 

have very good corrosion and fatigue resistance. Typically, these composites can be produced from 

a precursor polymer such as polyacrylonitrile and with the help of spinning filament yarns, the 

final carbon fiber composites can be manufactured [47].  

 

Figure 14. Microscopic image of cross section of carbon nanofiber [50] 

3.1.4 Optical Microscope 

 The Zeiss Axio Imager is an upright optical research microscope that has the capability of 

observing and recording. This microscope has different magnification settings, providing 
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magnification from 5X to 100X to observe the finest details of a sample. These microscopes are 

primarily used in the organic sector to determine the structure of tissues and materials. In this 

research, the optical microscope was used to determine the microstructure of the carbon 

nanoparticles in the carbon felt, carbon fiber, and carbon composite. Figures 14 and 15 show the 

side and front views, respectively, of the optical microscope used in this research. 

   

 Figure 15. Side view of optical microscope Figure 16. Front view of optical microscope 

3.1.5 Infrared Heat Light 

Electric bulbs that emit heat along with infrared radiation is known as infrared heat light. 

This infrared light source can create incandescent light and generate heat with the radiant 

processes. In this study, 250-watt bulbs purchased from Home Depot were used to create a 

greenhouse condition or the sunlight simulation. This heat bulb is used to the incident the heat rays 
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on the surface of the water. The initial purpose of this light source is to generate the heat that is 

sufficient for evaporation of water in a greenhouse condition. The filament temperature of this 

light bulb rises up to 350°C, which is sufficient heat for this research study. Figure 16 shows the 

250-watt infrared heat light. 

 

Figure 17. 250-watt bulb of infrared heat light used as sunlight simulation 
 
3.1.6 Infrared Thermometer 

An infrared thermometer was used here to measure the temperature of the water radiating 

from the light source. This device can withstand the higher temperature and is able to measure the 

radiated temperature from a distance. Typically, the infrared thermometer works on the principle 

of infrared energy, and after obtaining the infrared energy, it tries to convert the total energy into 

temperature. This thermometer, also known as a temperature gun, was purchased from 

Amazon.com and is shown in Figure 17.  It has a lens that can focus infrared thermal radiation on 

the water, whereby it converts radiant power to an electrical signal and then displays in Celsius 

units of temperature. A laser pointer is used to measure the temperature of the exact point where 

the temperature is supposed to increase.  
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Figure 18. Infrared thermometer side view (left) and front view (right) 
 
3.1.7. Homogenizer  

Many materials such as plants, soils, liquids, and other tissues can be mixed or 

homogenized by using a laboratory device or industrial equipment called a homogenizer. This 

device functions similarly to a blender by applying shear force to obtain the proper mixing of 

materials. For preparing most of the samples, this device was used as the first step. With its help, 

the homogenization of various types of mixtures can be possible. Figure 18 shows the homogenizer 

used for mixing the salt concentration in water in this study.  

 
 

Figure 19. Homogenizer used to mix salt concentration in water 
 
3.2 Methods 

3.2.1 Evaporation Test for Different Concentrations of Salt Water  

This research was initially conducted using four different conditions of water with different 

percentages of saline concentration, i.e., clean water or 0% salt, 1.5% salt water, 3% salt water, 
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and 4% salt water at 28°C of room temperature, 15% humidity, with no atmospheric pressure and 

wind velocity. At the time of this experiment, the distance between the target and the light source 

was 10 cm.  After that, other tests were conducted by keeping the light source 20 cm away from 

the target. 

In the first test, 400 g of regular tap water with a temperature of 28°C was placed in a Pyrex 

beaker with dimensions 190 mm by 100 mm. The beaker with water was placed on a weighing 

scale to measure the amount of water evaporating with respect to time. The whole setup of beaker 

and weighing scale was kept under the 250-watt infrared light source. The light was switched on 

for ten minutes before placing the setup on the weighing scale to heat the source up to a similar 

condition of the burning sun in the atmosphere. The light source was kept a distance of 10 cm 

above the saline water. At that time, the reading on the weighing scale was recorded along with 

the temperature rise every five minutes for consecutive two hours. The temperature gun was used 

to check the temperature of the water.  

In the second test, the regular clean water was mixed with 1.5% of sea salt (not NaCl) in 

order to make the salt water similar to saline sea water. Here 394 g of regular clean water with a 

temperature of 28°C was mixed with 6 g of sea salt in a Pyrex beaker with dimensions 190 mm by 

100 mm and mixed well by the homogenizer. Once the sea salt was dissolved in water, the mixture 

was kept on a weighing scale under the light source, and then the experiment was redone as 

previously described.  

In the third test, 400 g of water with 3% salinity and a temperature of 28°C was placed in 

a Pyrex beaker with dimensions 190 mm by 100 mm. Here, 388 g of regular water was mixed with 

12 g of sea salt with the help of a homogenizer, and then the weight loss readings and temperature 
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increases were recorded as explained previously. Figure 19, shows the experimental setup of the 

infrared light focused on the water. 

 
 

Figure 20. Experimental setup 
 

Finally, 400 g of water with a 4% salinity and temperature of 28°C was placed in a Pyrex 

beaker with dimensions 190 mm by 100 mm. Here, 384 g of regular water was mixed with 16 g of 

sea salt with the help of a homogenizer, and the weight loss readings and temperature increases 

were recorded as done previously.  

3.2.2 Preparation of Carbon Felt, Carbon Fiber, and Carbon Composite 

It is very difficult for carbon felt to stand within a wet condition for a long time. Also, it is 

impossible to cut the composite in the desired shape with a typical saw. In this study, some steps 

were taken to prepare the carbon felt, carbon fiber, and carbon composite in a suitable condition 

for the evaporation test.  
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For this preparation, some adhesive was mixed with the carbon felt and then dried under 

the hot sun. Some tape and adhesive were used on one side of the carbon felt so that it would not 

tear during the extreme wet condition. Figure 20 shows the prepared carbon felt sample. 

   

Figure 21. Prepared carbon felt sample for study 

It is not very difficult to shape carbon fiber, so only a scissors was necessary to cut the 

fabric. But without a diamond saw blade, it is difficult to give the carbon composite its desired 

shape. The WSU Department of Industrial, Systems, and Manufacturing has a diamond saw blade 

for cutting carbon composite, and this was used to prepare the desired shape of the sample 

composite. The carbon composite was cut according to the size of the 190 mm by 100 mm Pyrex 

beaker so that it could completely fit into the beaker. The carbon fiber fabric and carbon composite 

are shown in Figure 21. 
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Figure 22. Carbon fiber fabric and carbon composite 
 
3.2.3 Evaporation Test Using Carbon Felt  

In the evaporation test using carbon felt, different concentrations of salt water were 

prepared by weighing the salt and mixing it with clean water. A homogenizer was carefully used 

for at least 5 minutes in order to properly mix the two.  Once the solution was prepared, the beaker 

containing the carbon felt sample and solution were placed on the weighing scale to measure the 

amount of water evaporating with respect to time. The light source was kept 10 cm above the saline 

water. The whole setup and weighing scale were kept under the light source, and the readings on 

the weighing scale along with the temperature increase were recorded every five minutes for two 

hours. One temperature gun was used to check the temperature of the water. The laboratory test 

setup with carbon felt under sunlight simulation is shown in Figure 22. 



35 

 

Figure 23. Laboratory test setup with carbon felt under sunlight simulation 
 

 The evaporation tests were conducted for different concentrations of saline water, i.e., 0%, 

1.5%, 3%, and 4% salt water with the carbon felt sample. Because the carbon felt sample was too 

light to draw in the water, it was unnecessary to prepare the sample with a super hydrophobic 

coating. The different concentrations of salt water along with the amount of sea salt is shown in 

Table 3. 

TABLE 3 
 

SEA SALT CONCENTRATION WITH WATER USING CARBON FELT 
 

Base Fluid (A) 
Sea Salt (B) 

(%) 

A + B 

(g) 

Solution (A + B = C)  

(g) 

Clean Water 

0 400 + 0 

400 
Saline Water 

1.5 394 + 6 

3 388 + 12 

4 384 + 16 
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3.2.4. Evaporation Test Using Carbon Fiber  

In the evaporation test using carbon fiber, different concentrations of salt water were 

prepared by weighing the salt and mixing it with clean water. Again, a homogenizer was carefully 

used for at least 5 minutes in order to properly mix the two. Once the solution was prepared, the 

beaker containing the carbon fiber sample and solution were placed on the weighing scale to 

measure the amount of water evaporating with respect to time. The light source was kept 10 cm 

above the saline water. The whole setup and weighing scale were kept under the light source, and 

the readings on the weighing scale along with the temperature increase were recorded every five 

minutes for two hours. As before, one temperature gun was used to check the temperature of the 

water.  The laboratory test setup with carbon fiber under sunlight simulation is shown in Figure 

23. 

 
 

Figure 24. Laboratory test setup with carbon fiber under sunlight simulation 
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 The evaporation tests were conducted for different concentration of saline water, i.e., 0%, 

1.5%, 3%, and 4% salt water with the carbon fiber sample. Carbon fiber does not absorb water like 

carbon felt, and its density is greater than water, in effect drowning in the water. The different 

concentrations of salt water along with the amount of sea salt are shown in Table 4 

TABLE 4  
 

SEA SALT CONCENTRATION WITH WATER USING CARBON FIBER 
 

Base Fluid (A) 
Sea Salt (B) 

(%) 

A + B 

(g) 

Solution (A + B = C)  

(g) 

Clean Water 

0 400 + 0 

400  
Saline Water 

1.5 394 + 6 

3 388 + 12 

4 384 + 16 
 

3.2.5 Evaporation Test Using Carbon Composite  

In the evaporation test using carbon composite, different concentration of salt water were 

prepared by weighing the salt and mixing it with the clean water. As in the other two tests, a 

homogenizer was carefully used for at least 5 minutes in order to properly mix the two. Once the 

solution was prepared, the beaker containing the carbon composite sample and solution were 

placed on the weighing scale to measure the amount of water evaporating with respect to time. The 

light source was kept 10 cm above the saline water. The whole setup and weighing scale were kept 

under the light source, and the readings on the weighing scale along with the temperature increase 

were recorded every five minutes for two hours. Like the other two experiments, one temperature 

gun was used to check the temperature of the water. 

 The evaporation tests were conducted for different concentration of saline water i.e. 0%, 

1.5%, 3% and 4% slat water with carbon fiber sample. The carbon composite is a solid material 
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and it doesn’t float on the water and it can’t absorb water molecule. The different concentration 

salt water along with the amount of sea salt is given below is as shown in Table 5 

TABLE 5  
 

SEA SALT CONCENTRATION WITH WATER USING CARBON COMPOSITE 
 

Base Fluid (A) 
Sea Salt (B) 

(%) 

A + B 

(g) 

Solution (A + B = C)  

(g) 

Clean Water 

0 400 + 0 
400  

Saline Water 1.5 394 + 6 

3 388 + 12 

4 384 + 16  
 
3.2.6 Using White Felt Sheet 

After one set of experiments, it was noted that most of the results were the same because 

the metal plate of the weighing scale was helping the water to heat up. The heating of the metal 

plate was so high that there was no difference in the results when the different carbon felt, carbon 

fiber, and carbon composite materials were used. This problem was identified after 64 hours of 

experimentation, and to solve the problem, one piece of white felt sheet was used to cover the 

metal plate of the weighing scale. The entire set of experiments was then redone by using this new 

setup. Eventually, good and desirable results were obtained because of the white plastic sheet. 

Figures 24 and Figure 25 show the experimental setup using the white felt sheet. Results are found 

in the results and discussion section in Chapter 4. 
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Figure 25. White felt sheet used to cover metal of weighing scale 
 

 
 

Figure 26. Experimental setup using white felt sheet to cover metal plate of weighing scale 
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3.2.7. Redoing Experiment under Different Conditions 

The main concern in this study was to determine the best possible result that matches with 

the environmental condition. To reduce the light intensity on the saline water by keeping the same 

light source, i.e., the 250-watt infrared bulb, it was necessary to increase the distance between the 

target and the light source. Therefore, the light source was kept 20 cm above the saline water, and 

the entire set of experiments was redone under that condition. A total of 32 hours of the same 

experiments were redone by keeping the light source 20 cm above the target. 
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CHAPTER 4 

 
RESULTS AND DISCUSSION 

 
 

4.1 Evaporation Tests 

A total of 64 sets of experiments were done in this research. Thirty-two of them were 

considered to be invalid because of the metal heating of the weighing scale. Comparable results 

have been shown according to proof in the graphs. The relationship between the increase in water 

temperature and subsequent decrease in water weight, which indicates the evaporation rate, is 

shown in the graphical charts in this chapter.  

4.1.1 Evaporation Tests without White Felt Sheet Covering Metal Plate 

The first 64 experiments were conducted under normal conditions, and the experimental 

setups were conducted on the metal plate under the light source. During this time, the experiments 

involving carbon felt, carbon fiber, and carbon composite showed the same rate of decrease in 

water weight. Eventually, it was identified that the metal plate of the weighing scale was heating 

the water in the beaker by absorbing heat from the light source, in turn degrading the characteristics 

of the three materials. To resolve this problem and to determine the actual performance of the 

materials, a white felt sheet was used to cover the metal plate of the weighing scale. The plots 

shown in Figures 26 and 27 show the difference before and after using the white felt sheet on the 

metal plate, for 0% and 3% saline water, respectively.  

Figure 26 is a plot is showing the difference in decreasing water weight for only water (0% 

saline and not using any carbon material) when the beaker was kept at 10 cm below the light 

source. This time, after two hours of the experiment, the water weight decreased to 158 g from 400 

g before using the white felt sheet on the metal plate of the weighing scale, and the water weight 

decreased to 188 g from 400 g after using the white felt sheet on the metal plate. This is a 16% 
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variation in the results when the white felt sheet is not used on the metal plate during the 

experiment.  Figure 27 shows the difference in decreasing water weight for the 3% saline water 

(without using any carbon material) when the beaker was kept at 10 cm below the light source. As 

before, after two hours of the experiment, the water weight decreased to 126 g from 400 g before 

using the white felt sheet on the metal plate of the weighting scale, and the water weight decreased 

to 192 g from 400 g after using the white felt sheet on the metal plate. This is a 34% variation in 

the results when the white felt sheet is not used on the metal plate during the experiment.   

 
 

Figure 27. Difference for 0% salt water before and after using white felt sheet on metal plate and 
10-cm distance between target and light source  
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Figure 28. Difference for 3% salt water before and after using white felt sheet on metal plate and 
10-cm distance between target and light source 

 

Figures 26 and 27 show the importance of using a white felt sheet on the metal plate of the 

weighing scale at the time of the evaporation test, otherwise the metal plate will accelerate the 

evaporation rate and will distort the laboratory condition from the environmental condition.   

4.2 Comparable Evaporation Tests at 10-Cm Distance 

Comparable evaporation tests were done on different percentages of salt concentration with 
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4.2.1 Evaporation Test for 0% Salt Water at 10-Cm Distance 

Initially, the experiments were conducted with clean water, meaning that no salt was added 

to the tap water. Experiments were done with carbon felt, carbon fiber, and carbon composite, as 

well as without using any of these materials. Experimental setups were kept 10 cm below the light 

source. Figure 28 shows the weight and temperature change for the 0% salt water under the 

environmental condition. 

 
 

Figure 29. Graphical plot for 0% SW and 10-cm distance between target and light source 
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after two hours of heating. Comparing these four experiments shows that the mass decrease of 

water is as high as 78.5% if carbon felt nanoparticles are used in the evaporation process.  

For the same experiments, it can also be seen that after two hours of heating from room 

temperature, the temperature is 95.6°C by using carbon felt nanoparticles, while this temperature 

is only 75.2°C for clean water. By using carbon fiber, the temperature increases to 89.4°C, and by 

using carbon composite, the temperature rises to 84.2°C. Comparing these results shows that the 

highest rate of water temperature increase (71%) can be achieved by using carbon felt.  

For the same set of experiments, it can be seen from Figure 29 that for 0% saltwater, the 

evaporation rate of 5.53 
2

Kg

m hour
 can be achieved by using carbon felt nanoparticles, while an 

evaporation rate of 5.02 and 4.98 
2

Kg

m hour
can be achieved by using carbon fiber and carbon 

composite, respectively. And clean water (without any nanoparticles) gives an evaporation rate of 

3.74
2

Kg

m hour
, which is 33% smaller than the evaporation rate with carbon felt. 

 
 

Figure 30. Comparable evaporation rate for 0% SW and 10-cm distance between  
target and light source 

Clean Water, 3.74

Carbon Fiber, 4.98 Composite, 5.03
Carbon Felt, 5.53

0

1

2

3

4

5

6

Ev
ap

or
at

io
n 

R
at

e 
(k

g/
m

2 /h
r)

Evaporation rate for water without salt and 10-cm distance between 
target and light source



46 

Table 6 shows the comparable mass decrease and temperature increase rate for 0% salt 

water and a 10-cm distance between target and light source. 

TABLE 6 

COMPARABLE MASS DECREASE AND TEMPERATURE INCREASE FOR 0% SW  
AND 10-CM DISTANCE BETWEEN TARGET AND LIGHT SOURCE 

 

Condition Mass Decrease 
(%) 

Temperature Increase 
(%) 

Clean Water 53.0 62.7 

Using Carbon Felt 78.44 71.0 

Using Carbon Fiber 70.61 68.7 

Using Carbon Composite 71.25 66.75 
 
4.2.2. Evaporation Test for 1.5% Salt Water at 10-Cm Distance 

Then the experiments were conducted by using 1.5% salt water, where 6 g of sea salt was 

added to 394 g of water. Experiments were done by using carbon felt, carbon fiber, and carbon 

composite as well as without using any materials. Experimental setups were kept 10 cm below the 

light source. Figure 30 shows the weight and temperature change for the 1.5% salt water at the 

environmental condition. 

In this evaporation test, four sets of experiments were done for eight hours at a salt 

concentration of 1.5%. After two hours of heating, the weight of clean water without any 

nanoparticles decreased to 190 g from 400 g, while under the same conditions, carbon felt 

nanoparticle helped the water to decrease its weight to 92 g from 400 g. Moreover, with the same 

conditions and by using carbon fiber and carbon composite, 110 g and 117 g of water, respectively, 

can be found after two hours of heating. By comparing these four experiments, it can be said that 

the mass decrease of water is as high as 77% if carbon felt nanoparticles are used. It can also be 

seen that after two hours of heating from room temperature, the temperature reaches 92.8°C by 
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using carbon felt nanoparticles, while this temperature rises to only 76.9°C for clean water. By 

using carbon fiber, the temperature increases to 88.4°C, and for carbon composite, the temperature 

rises to 89.3°C. After comparing these results, it can be seen that the highest rate of water 

temperature increase (70%) can be achieved by using carbon felt.  

 
 

Figure 31. Graphical plot for 1.5% SW and 10-cm distance between target and light source  
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Figure 32. Comparable evaporation rate for 1.5% SW and 10-cm distance between  
target and light source 
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the light source. Figure 32 shows the weight and temperature change for the 3% salt water at the 

environmental condition of a 10-cm distance between the target and the light source. 

 
 

Figure 33. Graphical plot for 3% SW and 10-cm distance between target and light source 
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fiber, the temperature increases to 91.6°C, and for carbon composite, the temperature rises to 

87.6°C. After comparing these results, it can be seen that the highest rate of water temperature 

increase (71%) can be achieved by using carbon felt.  

For the same set of experiments, it can be seen from Figure 33 that for 3% salt water, the 

evaporation rate of 5.37 
2

Kg

m hour
 can be achieved by using carbon felt nanoparticle, while the 

evaporation rate of 5.07 and 4.89 
2

Kg

m hour
 can be achieved by using carbon fiber and carbon 

composite, respectively. Only water (without nanoparticles) gives the evaporation rate of 3.66 

2

Kg

m hour
, which is 32% smaller than that of carbon felt. 

 
 

Figure 34. Comparable evaporation rate for 3% SW 
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TABLE 8  
 

COMPARABLE MASS DECREASE AND TEMPERATURE INCREASE FOR 3% SW  
AND 10-CM DISTANCE BETWEEN TARGET AND LIGHT SOURCE 

 

Condition 
Mass Decrease 

(%) 

Temperature Increase 

(%) 

Clean Water 51.8 64.1 

Using Carbon Felt 76 71 

Using Carbon Fiber 72 69 

Using Carbon Composite 69.4 68 
 
 For this experiment, the standard errors for carbon felt, carbon composite, carbon fiber, 

and clean water were in the ranges of 0.3–0.27, 0.38–0.29, 0.43–0.27, and 0.29–0.25, respectively. 

4.2.4 Evaporation Test for 4% Salt Water at 10-Cm Distance 

Experiments were also conducted by using 4% salt water, where 16 g of sea salt was added 

to 384 g of water. Experiments were done by using carbon felt, carbon fiber, and carbon composite 

as well as without using any nanomaterials. Experimental setups were kept 10 cm below the light 

source. Figure 34 shows the weight and temperature change for the 4% salt water at the 

environmental condition. 

In this evaporation test, four sets of experiments were done for eight hours at a salt 

concentration of 4%. After two hours of heating, the weight of clean water without any 

nanoparticles decreased to 194 g from 400 g, while under the same conditions, using carbon felt 

helped the water to decrease its weight to 97 g from 400 g. Moreover, with the same conditions 

and by using carbon fiber and carbon composite, 113 g and 128 g of water, respectively, can be 

found after two hours of heating. By comparing these four experiments, it can be said that the mass 

decrease of water is as high as 75.6% if carbon felt can be used. It can also be seen that after two 

hours of heating from room temperature, the temperature reached 107.8°C by using carbon felt 
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nanoparticles, as shown in Figure 34, while this temperature rises to only 79.2°C for clean water. 

By using carbon fiber, the temperature increases to 93.8°C, and for carbon composite, the 

temperature rises to 91.6°C. After comparing these results, it can be seen that the highest rate of 

water temperature increase (74%) can be achieved by using carbon felt.  

 
 

Figure 35. Graphical plot for 4% SW and 10-cm distance between target and light source.  
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Figure 36. Setup showing boiling temperature reached during experiment 
 

 

Figure 37. Salt remaining after evaporation 

For the same set of experiments, it can be seen from Figure 37 that for 4% salt water, the 

evaporation rate of 5.34 
2

Kg

m hour
 can be achieved by using carbon felt, while the evaporation rate 

of 5.05 and 4.78 
2

Kg

m hour
 can be achieved by using carbon fiber and carbon composite, 
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respectively. Only water (without nanoparticles) gives an evaporation rate of 3.62
2

Kg

m hour
, which 

is 32% smaller than that of carbon felt. 

 
 

Figure 38. Comparable evaporation rate for 4% SW 
 

Table 9 shows the comparable mass decrease and temperature increase for 4% salt water 

and 10-cm distance between the target and the light source. 

TABLE 9 
 

COMPARABLE MASS DECREASE AND TEMPERATURE INCREASE FOR 4% SW  
AND 10-CM DISTANCE BETWEEN TARGET AND LIGHT SOURCE 

 

Condition 
Mass Decrease 

(%) 

Temperature Increase 

(%) 

Clean Water 51.3 64.6 

Using Carbon Felt 75.6 74.0 

Using Carbon Fiber 71.6 70.0 

Using Carbon Composite 67.8 69.4 
 

Clean Water, 3.62

Carbon Fiber, 5.05
Composite, 4.78

Carbon Fiber, 5.34

0

1

2

3

4

5

6

Ev
ap

or
at

io
n 

R
at

e 
(k

g/
m

2 /h
r)

Evaporation rate for 4% salt water and 10-cm distance between target 
and  light source



55 

4.3 Comparable Evaporation Tests at 20-Cm Distance  

Comparable evaporation tests were also done on different percentages of salt concentration 

with the help of carbon felt, carbon fiber, and carbon composite when the beaker containing water 

was kept 20 cm below the light source, since the light intensity was intended to be kept low. The 

recorded weight and temperature change of water during the experiments are shown here in the 

graphical analysis. 

4.3.1 Evaporation Test for 0% Salt Water at 20-Cm Distance 

Initially these experiments were conducted with clean water, meaning that no salt was 

added to the tap water. Experiments were done with carbon felt, carbon fiber, and carbon 

composite as well as without using any materials. Experimental setups were kept 20 cm below the 

light source. Figure 38 shows the weight and temperature change for the 0% salt water at the 

environmental condition. 

In this evaporation test, four sets of experiments were done for eight hours, and no salt was 

added to the water. After two hours of heating, the weight of the clean water without any 

nanoparticles decreased to 266 g from 400 g, while at the same conditions, using carbon felt helped 

the water to decrease its weight to 196 g from 400 g. Moreover, under the same conditions and 

using carbon fiber and carbon composite, 210 g and 212 g of water, respectively, was found after 

two hours of heating. Comparing these four experiments shows that the mass decrease of water is 

as high as 51% if carbon felt is used in the evaporation process. For the same experiments, it can 

also be seen that after two hours of heating from room temperature, the temperature is 79.1°C by 

using carbon felt, while this temperature is only 64.2°C for clean water. Using carbon fiber, 

temperature increases to 65.3°C, and using carbon composite, the temperature rises to 75.2°C. 
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Comparing these results shows that the highest rate of water temperature increase (64%) can be 

achieved by using carbon felt.  

 
 

Figure 39. Graphical plot for 0% SW and 20-cm distance between target and light source 
 
For the same set of experiments, it can be seen from Figure 39 that for 0% salt water, the 

evaporation rate of 3.59 
2

Kg

m hour
 can be achieved by using carbon felt, while an evaporation rate 

of 3.34 and 3.3 
2

Kg

m hour
 can be achieved by using carbon fiber and carbon composite, respectively. 
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Figure 40. Comparable evaporation rate for 0% SW and 20-cm distance between  
target and light source 

 
Table 10 shows the comparable mass decrease and temperature increase for 0% salt water 

and 20-cm distance between the target and the light source. 

 
TABLE 10  

 
COMPARABLE MASS DECREASE AND TEMPERATURE INCREASE FOR 0% SW  

AND 20-CM DISTANCE BETWEEN TARGET AND LIGHT SOURCE 
 

Condition 
Mass Decrease 

(%) 

Temperature Increase 

(%) 

Clean Water 33.4 56.4 

Using Carbon Felt 50.9 64.6 

Using Carbon Fiber 47.4 57.1 

Using Carbon Composite 47.0 62.7 
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4.3.2. Evaporation Test for 1.5% Salt Water at 20-Cm Distance 

Then experiments were conducted by using 1.5% salt water, where 6 g of sea salt was 

added to 394 g water. Experiments were done by using carbon felt, carbon fiber, and carbon 

composite as well as without using any materials. Experimental setups were kept 20 cm below the 

light source. Figure 40 shows the weight and temperature change for the 1.5% salt water at the 

environmental condition. 

 
 

Figure 41. Graphical plot for 1.5% SW and 20-cm distance between target and light source 
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respectively, can be found after two hours of heating. By comparing these four experiments, it can 

be said that mass decrease of water is as high as 50% if carbon felt is used. It can be also seen that 

after two hours of heating from room temperature, the temperature reached 77.6°C by using carbon 

felt, while this temperature rises to only 63.8°C for clean water. By using carbon fiber, the 

temperature increases to 65.7°C, and for carbon composite, the temperature rises to 74.8°C. After 

comparing these results, it can be seen that the highest rate of water temperature increase (64%) 

can be achieved by using carbon felt.  

For the same set of experiments, it can be seen from Figure 41 that the evaporation rate of 

3.5 
2

Kg

m hour
 can be achieved by using carbon felt, while the evaporation rate 3.2 and 3.185 

2

Kg

m hour
can be archived using carbon fiber and carbon composite, respectively. Only water 

(without nanoparticles) gives an evaporation rate 2.32
2

Kg

m hour
, which is 33.7% smaller than that 

of carbon felt. 

 
Figure 42. Comparable evaporation rate for 1.5% SW 
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Table 11 shows the comparable mass decrease and temperature increase for 1.5% salt water 

and 20-cm distance between the target and the light source. 

TABLE 11 
 

COMPARABLE MASS DECREASE AND TEMPERATURE INCREASE FOR 1.5% SW  
AND 20-CM DISTANCE BETWEEN TARGET AND LIGHT SOURCE 

 

Condition 
Mass Decrease 

(%) 

Temperature Increase 

(%) 

Clean Water 33.0 56.0 

Using Carbon Felt 50.0 64.0 

Using Carbon Fiber 45.4 57.4 

Using Carbon Composite 45.16 62.5 
 
4.3.3. Evaporation Test for 3% Salt Water at 20-Cm Distance 

Experiments were also conducted using 3% salt water, where 12 g of sea salt was added to 

388 g water. Experiments were done by using carbon felt, carbon fiber, and carbon composite as 

well as without using any materials. Experimental setups were kept 20 cm below the light source. 

Figure 42 shows the weight and temperature change for the 3% salt water at the environmental 

condition. 

In this evaporation test, four sets of experiments were done for eight hours at a salt 

concentration of 3%. After two hours of heating, the weight of clean water without any 

nanoparticles decreased to 269.36 g from 400 g, while under the same conditions, using carbon 

felt helped the water to decrease its weight to 199.27 g from 400 g. Moreover, with the same 

conditions and by using carbon fiber and carbon composite, 220.16 g and 215.83 g of water, 

respectively, can be found after two hours of heating. By comparing these four experiments, it can 

be said that mass decrease of water is as high as 50.2% if carbon felt is used. It can also be seen 

that after two hours of heating from room temperature, the temperature reached 77.7°C by using 
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carbon felt, while this temperature rises to only 67.3°C for the clean water. By using carbon fiber, 

the temperature increases to 66.5°C, and for carbon composite, the temperature rises to 75.3°C. 

After comparing these results, it can be seen that the highest rate of water temperature increase 

(64%) can be achieved by using carbon felt.  

For the same set of experiments, Figure 43 shows that the evaporation rate of 3.54 
2

Kg

m hour
 

can be achieved by using carbon felt, the evaporation rate of 3.17 and 3.25 
2

Kg

m hour
 can be 

achieved by using carbon fiber and carbon composite, respectively. Only water (without 

nanoparticles) gives an evaporation rate 2.3
2

Kg

m hour
, which is 35% smaller than that of carbon 

felt. 

 
 

Figure 43. Graphical plot for 3% SW and 20-cm distance between target and light source 

0

10

20

30

40

50

60

70

80

90

0

50

100

150

200

250

300

350

400

0 20 40 60 80 100 120

Te
m

p 
(C

)

W
ei

gh
t (

g)

Time (min)

Weight and temperature change for 3% salt water and 20-cm distance 
between target and light source

Clean water weight Carbon felt weight Carbon fiber weight

Carbon fiber plastic weight Clean water temp Carbon felt temp

Carbon fiber temp Carbon fiber plastic temp



62 

 
 

Figure 44. Comparable evaporation rate for 3% SW and 20-cm distance between  
target and light source 

 

Table 12 shows the comparable mass decrease and temperature increase for 3% salt water 

and 20-cm distance between the target and the light source. 
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(%) 

Temperature Increase 
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Clean Water 32.6 58.4 
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4.3.4. Evaporation Test for 4% Salt Water at 20-Cm Distance 

Finally, experiments were conducted using 4% salt water, where 16 g of sea salt was added 

to 384 g water. Experiments were done by using carbon felt, carbon fiber, and carbon composite 

as well as without using any materials. Experimental setups were kept 20 cm below the light 

source. Figure 44 shows the weight and temperature change for the 4% salt water at the 

environmental condition. 

 
 

Figure 45. Graphical plot for 4% SW and distance of 20 cm between target and light source.  
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be said that mass decrease of water is as high as 49% if carbon felt is used. It can also be seen that 

after two hours of heating from room temperature, the temperature reached 73.5°C by using carbon 

felt, while this temperature rises to only 64.3°C for the clean water. By using carbon fiber, the 

temperature increases to 68.2°C, and for carbon composite, the temperature rises to 69.7°C. After 

comparing these results, it can be seen that the highest rate of water temperature increase (62%) 

can be achieved by using carbon felt.  

For the same set of experiments, it can be seen from Figure 45 that the evaporation rate of 

3.5 
2

Kg

m hour
 can be achieved by using carbon felt, while the evaporation rate of 2.98 and 3.06 

2

Kg

m hour
 ca be achieved by using carbon fiber and carbon composite, respectively. Only water 

(without nanoparticles) gives an evaporation rate of 2.3
2

Kg

m hour
, which is 34% smaller than that 

of carbon felt. 

 
 

Figure 46. Comparable evaporation rate for 4% SW and 20-cm distance between  
target and light source 
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Table 13 shows the comparable mass decrease and temperature increase for 4% salt water 

and 20-cm distance between the target and the light source. 

TABLE 13  
 

COMPARABLE MASS DECREASE AND TEMPERATURE INCREASE RATE FOR 4% SW 
AND 20-CM DISTANCE BETWEEN TARGET AND LIGHT SOURCE 

 

Condition 
Mass Decrease 

(%) 

Temperature Increase 

(%) 

Clean Water 32.5 56.5 

Using Carbon Felt 49.4 62.0 

Using Carbon Fiber 42.3 58.9 

Using Carbon Composite 43.4 60.0 
 
4.4. Cost Analysis 

 One estimated cost analysis was done for the desalination plant, which is applicable for 

similar environmental conditions as in this research where the sunlight intensity needs to be very 

high. This type of environmental condition can easily be achieved by creating a greenhouse in the 

Middle East and African regions where the surface temperature is extremely high. Near these 

regions, the ocean salinity is 3.5%, and according to this research, an evaporation rate of 5.37 

2

Kg

m hour
 or 1.34 

2

gallon

m hour
can be achieved. The cost analysis of collecting pure drinking water per 

square meter using carbon felt is shown in Table 14. 

This cost analysis was done according to real environmental conditions where the high 

intensity of sunlight can be found for only six months of the summer and eight hours a day. The 

price of one gallon of pure drinking water was based on the Walmart price [53], and the price of 

one square meter of carbon felt was based on the Alfa Aesar company rate [54]. It is possible that 

carbon felt might need to be changed at least three times in the six-month period. Finally, was 
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determined that a profit of $1076.64 is possible from a one square meter desalination plant by 

using carbon felt within six months.  

TABLE 14 
 

COST ANALYSIS OF DESALINATION PLANT FOR COLLECTING PURE DRINKING 
WATER USING CARBON FELT 

 
 Expense Revenue 

1 gallon of pure drinking water $0.90 (Walmart price)  

Evaporation rate 1.34/hour 

Operation 8 hours a day 

6 month total production 1929.6 gallon  $1929.6 x $0.9 = 
$1736.64 

 Operating Expense 

Plant setup cost for 1 square meter $150 

Material cost (1 square meter carbon felt) $170 (Alfa Aser) 

Material change 3 times in 6 months $170 x 3 = $510 

Total expense $660 

Profit per square meter per 6 month $1076.64 
 
4.5. Comparison with Other Studies 

 As compared to other studies and work, the materials here were selected and prepared in a 

careful and cost-effective manner and using a fluid medium whose thermos-physical properties 

play a significant role in the heat transfer. Zhang and Shen used calcium titanate in silicon oil to 

enhance the evaporation rate which was 1.33 mg/h.cm2 [18], and Choi and Eastman used metallic 

nanoparticles in heat transfer [13]. Bhuiyan and Saidur used a similar method to determine the 

effect of nanoparticles on surface tension [25], but in this research, carbon felt and carbon fiber 

yielded evaporation rates of 5.42
2

Kg

m hour
and 5.1

2

Kg

m hour
, respectively, at a very low cost and in 

a conventional manner. Liu et al. used polydimethylsiloxane carbon black and a hexane solution 
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along with sonication and 80ºC curing to obtain a floatable nanoparticle gauze [51], and Patil 

prepared floatable nanoparticle gauze composed of ultra-ever dry superhydrophobic liquid with 

carbon black, graphene, and carbon nanotubes to make nanoparticles that are floatable on water 

[52]. By its nature and due to its low density, carbon felt is floatable on water due to the low density 

and no additional purification does not need to be considered here. 

According to the above results, it can be said that carbon felt in 3% salt water under sunlight 

simulation provides a better evaporation rate that is very cost-effective. Here, no further 

purification of the materials is needed, and a good amount of profit can be collected using this 

method.  
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CHAPTER 5 

 
CONCLUSION 

 
 

At the conclusion of this research study, it can be said that it is possible to enhance the 

evaporation rate and temperature of water by using carbon nanoparticles such as carbon felt and 

carbon fiber. These types of materials have the ability of transmitting heat absorbed from radiation 

and can greatly assist in increasing the temperature of saline water. Different concentrations of 

saline with different materials also showed the variation in results. Experiments indicated that 

carbon felt gives a better evaporation rate of 3% of saline-concentrated water than either carbon 

fiber or carbon composite, which is the average saline concentration in the Middle East and African 

regions.  

When different types of materials were tested under infrared light to determine a better 

evaporation rate and temperature increase, carbon felt showed better results than either carbon 

fiber or carbon composite. The rate of evaporation was achieved as high as 5.37 
2

Kg

m hour
 in a 3% 

saline water and the temperature was raised up to 107°C, which is 32% higher than under normal 

conditions. The carbon felt yielded a better evaporation rate for the salt water, which shows that 

this process can be used for desalination and that carbon felt is more effective when used with salt 

water. Another advantage of using carbon felt is that it floats naturally on water without a 

hydrophobic coating.  

The estimated cost analysis for one desalination plant has shown that it is possible to make 

a considerable profit from this process, or $1076 can be made from a one square meter plant within 

six months.  
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The use of carbon felt with water showed a significant change in temperature whereby 

enhancement in the rate of evaporation was observed. This research showed that the method of 

phase transition of water from liquid to vapor can be effectively used to separate the salt from sea 

water.  More studies could be done to increase the properties of carbon felt so that it can remain in 

the salt water for a longer period of time so that the cost of the process can be reduced. 

  



70 

CHAPTER 6 

 
FUTURE WORK 

 

 

Various  materials, such as carbon felt and carbon fiber, were used in this research to 

enhance the evaporation rate of water. To keep pace with the current technology and ongoing need, 

future studies will enhance the evaporation rate in a more economical and faster way. Scarcity of 

pure drinking watre can be solved with the help of these methods. Furthermore, this research could 

be extended by considering the following aspects: 

 Since, the evaporation rate mainly depends on the surface area of water, this method needs 

to be applied on a large scale in order to achieve a higher evaporation rate. 

 Different materials made out of carbon, such as carbon graphene, carbon naotubes, and 

carbon nanoparticles, could can be used in this process to enhance the evaporation rate. 

 The main limitation of this research is the vulnerability of carbon felt, because this material 

cannot stay in water for a long period of time and it is very costly. Therefore, future 

research could be done to process this material in such a way that it it is more economical 

and can stay in water for a longer period of time.   

 The quantity of water plays an important role in desalination because deeper bodies of 

water can store more heat, which results in a longer evaporation rate, as compared to 

shallow bodies of water. More research on this is necessary. 

 This research has been done in a laboratory where a similar environmental condition was 

attempted. Future research could be done under direct sunlight as the source of radiation. 

 A convienient method to collect the evaporated water using the condensation process needs 

to be determined. The problem of the scarcity of pure drinking water could be solved if 

70% of the evaporated water could be colleted with the help of the condensation process.  
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