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ABSTRACT

Water scarcity remains a critical global challenge, particularly in arid and
semi-arid regions where access to freshwater is limited. In such contexts, the
development of efficient and sustainable methods for freshwater production is of
paramount importance to ensure the well-being of communities and the preservation
of ecosystems. Concentrated solar stills offer a promising avenue for addressing this
challenge by harnessing solar energy to produce distilled water from saline or

brackish water sources.

The present study experimentally assessed a novel sun-tracking concentrated
solar still within Egyptian climatic conditions during the summer of 2022. The
proposed solar still system comprises a 1.2 m diameter parabolic reflector mirror
equipped with a dual-axis tracking mechanism, ensuring optimal solar energy
capture throughout the day. Coupled with a cylindrical solar still featuring a volume
of 0.0037 m® positioned at the focal point, the system has a concentration ratio of

12.5, maximizing the efficiency of water vaporization and condensation processes.

Two important parameters are explored in this investigation: the salinity of
the feed water and the filling ratio of saline water within the solar still. By evaluating
three samples of feed water with varying salinity levels (17, 27, and 37 ppt) and four
different filling ratios of saline water (26.5%, 39.8%, 53.1%, and 66.3%), insights

into the impact of these factors on the system's performance are sought.

While augmenting the salinity of the feed water exhibited negligible impact
on solar still productivity, variations in the saline water filling ratio yielded
noticeable effects. The study indicated that elevating the filling ratio from 26.5% to
53.1% led to notable enhancement in both daily cumulative productivity and system

efficiency by 22.69% and 26.34%, respectively. However, a further increase in the

1



filling ratio to 66.3% resulted in decreased daily cumulative productivity and system
efficiency by 7.06% and 6.87%, respectively. Additionally, augmenting the feed
water salinity from 17 ppt to 37 ppt led to a reduction in daily cumulative

productivity by approximately 5.61% and daily system efficiency by 5.1%.

The daily cumulative productivity of the system was determined to be 6
kg/m?, for an optimal filling ratio of 53.1%, achieving a daily efficiency rate of
42.88%. Additionally, the average cost associated with freshwater production was
estimated at 0.0489 $/kg. Notably, the proposed system attained the highest
instantaneous efficiency of 61.77% and the maximum distilled water productivity

rate of 0.941 kg/hr.m?.
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CHAPTER 1

INTRODUCTION
1.1 Background

The increasing demand for a reliable, uncontaminated, and uninterrupted
freshwater supply has prompted extensive research and inquiries into water
desalination and treatment methodologies. Despite the Earth's significant water
coverage, with oceans and ice glaciers accounting for two-thirds of its surface,
approximately 97% of this water is saline, leaving only a mere 3% as freshwater
resources. Moreover, within the freshwater category, a substantial portion about
79% 1s locked within ice caps and glaciers, while groundwater sources constitute
29%. Consequently, only a scant 1% of freshwater reserves are readily accessible

for consumption and utilization [ 1].

Water is a fundamental and indispensable resource vital for sustenance and
development, serving essential purposes such as drinking, sanitation, agricultural
irrigation, and industrial operations. However, the existing freshwater reservoirs are
insufficient to meet the escalating demands of the expanding global population.
Moreover, human activities have significantly contaminated many freshwater
sources, exacerbating the scarcity issue. Consequently, there is an escalating
necessity for water desalination technologies to bridge the gap between demand and
supply. Additionally, the lack of accessible freshwater in rural areas poses a

challenging obstacle to habitation and development in these regions.

Egypt heavily depends on the Nile River as its main source of freshwater, both
in terms of quantity and quality. However, the sustainability of this vital resource is
at risk due to the discharge of industrial waste into its water. The increasing demand

for freshwater, both to offset potential losses from the Nile and to provide for remote



regions not directly served by the river, has underscored the urgent necessity for

water desalination technologies in the country.

1.2 Water Desalination Technologies

Water desalination is a process designed to remove minerals, salts, and
impurities from saline water, thereby producing freshwater suitable for various

human applications.

Desalination methods can be classified based on the separation mechanism
employed, which typically falls into two categories: evaporation and condensation

(distillation), and membrane desalination. This classification is depicted in Fig. 1.1.

In distillation-based desalination, the principle involves supplying energy to
saline water to generate vapor, which is then condensed to yield freshwater,
effectively separating it from the salt. Common technologies in this category include
Multi-Stage Flash (MSF), Multi-Effect Distillation (MED), Humidification
Dehumidification (HDH), Vapor Compression, either Thermal (TVC) or
Mechanical (MVC), and Solar Still (SS).

On the other hand, membrane desalination relies on passing saline water
through a semi-permeable membrane, which selectively allows water molecules to
pass through while trapping salts and impurities behind. Major technologies in this
category include Reverse Osmosis (RO), Forward Osmosis (FO), Electro-Dialysis
(ED), and Ion Exchange (IX).
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Fig. 1.1 Desalination technologies [2].

The desalination process demands a significant energy input and relying on
fossil fuels as the primary energy source is no longer deemed optimal due to its

adverse environmental effects, coupled with limitations and associated costs [3].

Thus, an alternative solution is imperative.

Renewable energy sources, characterized by their abundant availability and
rapid replenishment rates, present a promising alternative [4].
geothermal, hydropower, and bioenergy are among the various forms of renewable
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Egypt's location within the Earth's Sun Belt ensures abundant sunlight, with
an average of 9-11 hours of sunlight per day. According to the solar atlas, daily direct
normal irradiance (DNI) in Egypt ranges from 5.6 to 7.6 kWh/m? [5]. Furthermore,
Egypt benefits from ample saline water sources from both the Mediterranean and

Red Seas.

Given these factors, water desalination utilizing solar energy emerges as the

most promising technology for further exploration and implementation in Egypt.

1.3 Solar Desalination

Utilizing solar energy as the primary heat source for the evaporation process
of saline water, followed by condensation, can be categorized into two main types:

direct and indirect solar desalination methods.

1.3.1 Direct Solar Desalination

In direct solar desalination systems, solar radiation is directly converted into
heat, which is then used to evaporate saline water within the same device. Examples

of such systems include solar stills and humidification-dehumidification systems [6],
[7].

Solar stills replicate a natural hydrologic cycle on a smaller scale. The basic
design resembles that of a greenhouse as seen in Fig. 1.2 [8]. Solar energy penetrates
the device through a sloping transparent panel made of glass or plastic, heating a
basin containing saline water. Typically, the basin is coated black to enhance energy
absorption. As the water heats up, it evaporates and subsequently condenses on the
cooler surface of the glass or plastic panels. The condensed droplets then run down

the panels and are collected as freshwater for use.
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Fig. 1.2 Solar still.

1.3.2 Indirect Solar Desalination

Indirect solar desalination systems comprise two distinct subsystems: a
conventional desalination unit and a solar collector. In these systems, solar radiation
is initially absorbed by the solar collector and then transferred to the saline water
undergoing desalination in the desalination unit, either as heat energy or converted

into electric energy.

For desalination units employing distillation techniques, coupling options
include flat collectors, evacuated tubes, or solar concentrating collectors.
Conversely, desalination units utilizing membrane techniques are typically coupled

with Photovoltaic (PV) technology [7], [8], [9].

1.3.2.1 Solar Concentrating Collector

Solar concentrating collectors are optical systems designed to concentrate
solar radiation falling on their aperture area onto a receiver positioned at their focal
point. This concentration enables higher temperatures to be achieved with a smaller
absorber surface area [10]. Concentration can be accomplished through either

reflection using mirrors or refraction using lenses.



Linear Fresnel reflectors, Parabolic trough collectors, and Parabolic dish
reflectors are all examples of solar concentrating technologies, the specifications for

each technology can be found in Table 1.1.

Table 1.1 Solar concentrating collectors [11].

Motion Collector Type Absorber | Concentration | Temperature
Type Ratio Range (°C)
Single axis | linear Fresnel reflector | Tubular 10-40 60-250
tracking Parabolic trough Tubular 15-45 60-300
collector
Dual axis Parabolic dish Point 100-1000 100-500
tracking reflector

The parabolic dish concentrator features a singular focal point and employs
mirrors or reflective foils for reflection. It is essential for the concentrator to have
dual-axis tracking, allowing adjustments to the azimuth and elevation angles to align
precisely with the sun for optimal DNI on the solar dish concentrator (SDC) [12].
Compared to other concentrators, the parabolic dish demonstrates superior
performance, capable of achieving elevated temperature ranges and high
concentration ratios [ 13]. Additionally, it exhibits low thermal losses, leading to high
thermal and optical efficiencies [14]. Furthermore, it can be integrated into hybrid

systems by combining it with other devices [15].



1.4 Thesis Outline

The thesis is organized into six main sections, systematically presenting the

research conducted from the background study to the final conclusions and

recommendations.

Chapter 1: Introduction

This section introduces the global issue of water scarcity and the significance
of efficient freshwater production methods, highlighting the potential of solar
desalination. It articulates the specific problem addressed, outlining the
limitations of existing solar still technologies and the potential benefits of the
proposed system. The research objectives are presented, and an overview of

the thesis structure provides a roadmap for the reader.
Chapter 2: Literature Review

This section reviews existing solar still technologies, their operation
principles, and limitations, focusing on the advantages of concentrated solar
stills. It also discusses innovations explored in previous research, such as the
use of energy storage materials and nanoparticles to improve the performance

of conventional solar still.
Chapter 3: Experimental Setup

This section describes the design of the sun-tracking concentrated solar still,
including the parabolic dish, tracking mechanism, and solar still components.
It details the construction process, materials used, and instruments for

measuring key performance parameters.



e Chapter 4: Experimental Procedure and Analysis

This section explains the experimental scenarios, such as varying feed water
salinity and filling ratios. It outlines procedures for data collection during
experiments and methods for analyzing the collected data, including statistical

techniques and performance metrics calculation.
e Chapter 5: Results and Discussion

This section presents experimental results, including hourly production, daily
cumulative productivity, and system efficiency. It analyzes the effects of feed
water salinity and filling ratios on solar still performance and compares the
proposed system’s performance with conventional solar stills. It also

evaluates freshwater production cost.
e Chapter 6: Conclusion and Future Work Recommendation

This section summarizes key research findings, highlighting the study's
achievements and contributions. It draws conclusions based on results and
discussions, addresses the research objectives, and suggests further research
and development to build on this study's findings, including potential

improvements and new investigation areas.

The final part of the thesis includes a comprehensive list of references cited
throughout the work, followed by appendices that provide supplementary

information. Additionally, an Arabic abstract is provided.



CHAPTER 2
LITERATURE REVIEW

2.1 Introduction

In the ongoing pursuit of securing freshwater for essential daily needs such as
drinking and agriculture, extensive research has been conducted to enhance water
desalination systems and augment their efficiency. These investigations have
encompassed various desalination techniques, with particular emphasis on
advancements in solar still systems. Research efforts have focused on material and
structural modifications, as well as innovative enhancements aimed at increasing
evaporation rates (such as fins, wicks, phase change materials, etc....), and
optimizing solar radiation absorption through the utilization of solar concentrator

collectors.

This chapter presents a comprehensive review of previous research about
solar still system performance and modifications, organized into three distinct
sections. The first section examines traditional solar still configurations and explores
diverse enhancements designed to increase productivity. Subsequently, the second
section explores the utilization of solar parabolic troughs in conjunction with solar
still systems. Finally, the third section addresses the impact of implementing solar

dish concentrators on solar still efficiency.

2.2 Conventional Solar Still

El-Sebaey et al. [16] conducted a study to investigate the impact of water
depth on the performance of a single-slope solar still with a basin area of 1 m? and
23° slope for a glass cover during the summer season, utilizing both empirical and

analytical approaches. The findings revealed that as the water depth increased from



2 cm, the cumulative output decreased by 15.41%, 27.17%, and 33.33% for water

depths of 3 cm, 4 cm, and 5 cm, respectively.

Manokar et al. [17] investigated the impact of water depth on the productivity
of a pyramid solar still with a basin area of 0.25 m? made of galvanized iron sheet
through experimental means. The study revealed that compared to a water depth of
1 cm, the cumulative productivity decreased by 8.6%, 27.42%, and 44.09% for water

depths of 2 cm, 3 cm, and 3.5 cm, respectively.

Maridurai et al. [18] evaluated to assess the impact of water depth (10, 20, 30
mm) and the addition of 30 kg of PCM (paraffin wax) on a double slope solar still
with a basin area of 1.5 m? with a 17° tilt angle of the glass cover. In addition, a flat
plate solar collector was coupled to preheat the water before entering the solar still.
The findings indicated that as the water depth decreased, productivity increased.
Furthermore, the inclusion of PCM enhanced the distilled yield by 22% at an optimal
water depth of 10 mm.

Panchal et al. [19] experimentally demonstrated the impact of incorporating
black paint mixed with graphite powder on the absorber plate on the solar still
productivity. It was found that the addition of graphite powder resulted in increased
productivity compared to CSS by 10.5% and 17% for weight fraction concentrations
of 20% and 40%, respectively.

Rahmani et al. [20] conducted experimental investigations to examine the
impact of an external condenser on the performance of a solar still. The external
condenser, comprising a 0.29 m? galvanized sheet with 5 vertical aluminum tubes
attached to the rear wall of the solar still, was evaluated. The results revealed that
the addition of an external condenser does not consistently yield positive effects,

with the performance being dependent upon weather conditions. Specifically, in
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moderate weather conditions, the external condenser improved solar still
productivity by 29%. However, in excessively hot or cold weather, it led to a

decrease in productivity by 16.5%.

Thakur et al. [21] investigated the influence of CuO nanoparticles on the
performance of a single slope solar still with a basin area of 1 m?, which was tested
with a constant water depth of 4 cm. The study revealed that the incorporation of
CuO nanoparticles led to an increase in distilled yield by 32.67% and 68.9% during
winter (with a tilt angle of 41°) and summer (with a tilt angle of 11°), respectively,

compared to CSS.

Dhivagar et al. [22] experimentally assessed the performance of a solar still
utilizing energy storage biomaterial, specifically conch shells. The solar still,
constructed from a carbon steel plate with an area of 0.5 m? and a 15° glass cover
slope, incorporated 60 black-painted conch shells spread across the basin. The study
demonstrated that employing conch shells led to a cumulative productivity increase
of 10.8% compared to CSS. Additionally, it enhanced energy and exergy efficiencies
by 10.3% and 9%, respectively.

Alshqirate et al. [23] conducted experimental investigations to explore the
enhancement of solar still productivity through the utilization of energy storage
natural fibers, specifically palmately leaf. A pyramid solar still consisting of a
stainless steel basin with a 1 m? area, filled with 1.3 kg of palmately leaf material
was employed. The study revealed significant improvements, with the cumulative
productivity and thermal efficiency increased by 44.5% and 44.8%, respectively,
compared to CSS.

Shah et al. [24] utilized black gravel as an energy storage medium in a single

slope solar still, featuring a basin with dimensions of 1010 mm in length, 325 mm
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in width, and a tilt angle of 20°. The implementation of black gravel resulted in a
notable enhancement, with the distilled output increased by 10-17%, achieved at

minimal additional cost.

Tiwari et al. [25] employed OM 37, an organic chemical-based PCM with a
nominal melting temperature of 37 °C, in a single slope solar still. The solar still
featured a basin area of 0.4 x 0.3 m?, with a glass cover inclined at 26.84°. Two
structural configurations were tested: one with the PCM circulated through copper
pipes, and the other with the PCM placed beneath a copper sheet. Compared to CSS,
these modifications led to significant enhancements in cumulative productivity, with

improvements of 21.7% and 29.4%, respectively.

Jahanpanah et al. [26] conducted experimental investigations to examine the
impact of low-temperature PCM 28/315 (salt hydrate) on the performance of CSS.
The CSS featured a square stainless-steel basin with a glass slope inclined at 35°.
Utilizing 3 kg and 6 kg of PCM resulted in overall productivity enhancements of 8%
and 30.3%, respectively, compared to conventional setups. Furthermore, employing

6 kg of PCM led to an efficiency improvement of 8.29% relative to CSS.

Al-Harahsheh et al. [27] conducted experimental investigations to explore the
impact of connecting a solar collector and utilizing PCM on the performance of a
solar still. The solar still basin, constructed from black-painted stainless steel, had
an area of 0.83 m? and featured a glass cover with a tilt angle of 35°. Additionally,
26 stainless steel tubes, each with a diameter of 3.2 cm, were filled with PCM and
submerged in the water basin. A flat plate solar collector was connected to the solar
still via a copper coiled tube. The findings revealed that the addition of a solar
collector increased productivity by 340%. Furthermore, incorporating PCM into the
system resulted in an additional 50% enhancement in productivity compared to the

solar collector alone.
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Sharshir et al. [28] investigated the impact of incorporating reflectors on the
productivity of a pyramid solar still with a basin area of 0.64 m?. The solar still was
equipped with four external movable reflectors, which could be adjusted to optimize
the reflection of solar radiation into the solar still. The findings revealed a significant

enhancement in productivity, with a 52% increase attributed to the use of reflectors.

2.3 Solar Still Coupled with Parabolic Trough

Additionally, to further enhance the productivity of the solar still, integration
with solar concentrators has been explored. For instance, the parabolic trough
concentrator is employed to concentrate the incident radiation onto its aperture area,
directing it to the focal line where the receiver is positioned to absorb the

concentrated heat.

Abdel-Rehim and Lasheen [29] conducted a comparison between the effects
of coupling an 80 cm long stainless steel parabolic trough, utilizing oil as a thermal
fluid, to elevate the temperature of saline water in a solar still and a CSS, both with
a basin area of 1 m. The parabolic trough was covered with transparent plastic to
minimize heat loss, employing the greenhouse effect. The findings revealed that the
modified solar still exhibited an average increase of 18% in distilled water

productivity compared to CSS.

H. Amiri et al. [30] developed a theoretical model of a solar still with
dimensions of 60 cm x 10 cm x 38 cm, positioned at the focal point of both stationary
and tracked parabolic troughs. The model was tested with a constant 4 cm water
depth in the basin and evaluated under Iran's winter weather conditions. The model
was validated using experimental results and utilized to assess the impact of four
seasons and fixed or tracking troughs on productivity. The findings indicated that

the distilled water yield during summer was 0.961 L, which represents a 55%
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increase compared to winter, for a fixed parabolic trough with a slope of 60°.
Additionally, for a tracking trough, the yield during summer was 1.266 L, which

represents a 70% increase compared to winter conditions.

Elashmawy [31]-[34] conducted a study that involved integrating a tubular
solar still with an area of 0.059 m? with a parabolic trough solar tracking system
featuring a projected area of 0.87 m?. The findings indicated a significant
improvement in daily yield by 676%, accompanied by a reduction in the CPL by
45.5% due to the integration of the parabolic trough [31]. The study further explored
the impact of cooling methods on the system's performance. Two cooling strategies
were assessed: spraying over the tubular solar still and employing concentric tubes
for cooling. The results revealed that both approaches led to a decrease in
productivity by 10% and 43.8%, and a reduction in efficiency by 7.79% and 42.63%,
respectively [33]. Additionally, the study investigated the use of black gravel as a
sensible energy storage material, which resulted in an enhancement of productivity
and efficiency by 14.18% and 13.89%, respectively [32]. Lastly, the incorporation
of a parabolic trough to the tubular solar still, combined with Calcium Chloride
desiccant for water harvesting in low humid regions, yielded remarkable
improvements in productivity and efficiency by 292.4% and 82.3%, respectively,
while simultaneously reducing the CPL by 25% [34].

Essa et al. [35] conducted experimental research on a tubular solar still
featuring a rotating drum with dimensions of 100 cm in length and 50 cm in
diameter. The impact of incorporating nanoparticles (CuQO), a parabolic solar
concentrator with a rim angle of 40° and an aperture width of 150 cm, as well as
PCM (paraffin wax) on its performance, was investigated. The productivity
enhancements over CSS were found to be 137%, 185%, and 208% for the

cumulative addition of nanoparticles, parabolic solar concentrator, and PCM,
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respectively. The CPL of the modified tubular solar still and CSS were calculated to
be 0.024 $/L and 0.029 $/L, respectively, while the payback period was determined

to be 5 months and 3 months, respectively.

Algsair et al. [36] conducted an experimental study aimed at enhancing the
performance of drum solar still with a projected area of 0.5 m?, equivalent to a CSS.
The effects of incorporating nanoparticles (Ag), a parabolic solar concentrator with
a rim angle of 40° and an aperture width of 150 cm, as well as PCM (paraffin wax)
on the performance of the solar still was investigated. The study revealed significant
productivity enhancements over CSS, with improvements of 221%, 262%, and
294% observed for the cumulative addition of nanoparticles, parabolic solar
concentrator, and PCM, respectively. Furthermore, the CPL of the modified drum
solar still and CSS were calculated to be 0.023 $/L and 0.029 $/L, respectively, while
the payback period was determined to be 134 and 172 days, respectively.

2.4 Solar Still Coupled with Solar Dish Concentrator

Furthermore, the dish represents another category of solar concentrator, which
redirects incident radiation received on its aperture area into a focal point, thereby

achieving elevated temperature ranges and concentrator ratios.

Chaouchi et al. [37] designed and constructed a desalination unit utilizing an
SDC with a concentration ratio of 195. Also developed a theoretical model to assess
its performance. The comparison between experimental and theoretical outcomes
indicated minimal disparity in absorber average temperature. However,
theoretically, the unit was projected to produce 10.4 liters with an average relative

error of 42%, attributed to manual tracking and paraboloid geometry.

Prado et al. [38] conducted experimental and theoretical investigations into

the performance of an SDC for water desalination. A glass flask positioned at the
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focal point of the satellite dish, with mirrors serving as reflectors was utilized.
Various salinity concentrations (ranging from 0% to 4%) were tested, leading to the
deduction that productivity decreased with increasing salinity. The study revealed
maximum and minimum freshwater production rates of 4.95 kg/m?.day and 4.11

kg/m?.day, respectively, achieved at salinity concentrations of 0% and 4%.

Gorjian et al. [39] constructed a point-focus parabolic solar still coupled with
two plate heat exchangers, intended for preheating saline water and condensing
steam. The parabolic dish had a diameter of 2 m, featuring an absorber made of steel
alloy with an area of 0.031 m? and a geometrical concentration of 100, while the heat
exchangers had an area of 0.14 m? each. The tested device achieved a maximum
daily productivity of 5.12 kg/day and an efficiency of 36.7%. The cost of distilled
water produced by the device was determined to be 0.012 $/kg.

Omara and Eltawil [40] designed a novel system incorporating a boiler
positioned at the focal point of an SDC. They assessed the impact of adding water
preheating on system performance and compared it to CSS. The SDC demonstrated
significant enhancements in distillate water production compared to CSS, achieving
improvements of 244% and 347% without and with preheating, respectively.
Furthermore, the average daily efficiencies of SDC with preheating and CSS were
determined to be 68% and 34%, respectively. The average CPL of distilled water
produced by SDC with preheating was calculated to be 0.028 $/L, whereas for CSS,
it was 0.048 $/L.

Bahrami et al. [41] conducted experimental and theoretical investigations on
an SDC with a solar still mounted at its focal point and validated the proposed
mathematical model using experimental data. Various parameters were explored,
leading to the conclusion that the initial temperature of saline water, salinity, and the

mass of saline water in the evaporator had no significant effect on system
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performance. However, for a dish with an aperture diameter of 2 m, decreasing the
reflectivity of the absorber plate from 0.7 to 0.4 and increasing the optical efficiency
of the dish from 0.5 to 0.8 resulted in an increase in distilled water production by

120% and 80%, respectively.

Abubakkar et al. [42] constructed an SDC utilizing aluminum foil as a
reflector, with a diameter measuring 1.46 m. A solar still, measuring 33 cm in length
and 19 cm in width, was mounted at the focal point of the dish. Water properties
were tested before and after the desalination process. The experiment successfully
decreased the salinity from 23750 to 50 ppm and adjusted the pH from 7.55 to 7,
yielding only 65 mL of distilled water.

Al-Qasaab et al. [43] improved the efficiency of a solar still by integrating it
with an SDC and investigating the impact of employing a copper helical conical coil
on the condensation rate. Both the SDC and the solar still were constructed from
galvanized steel, with areas of 1.76 m? and 0.045 m?, respectively. The copper
conical coil comprised 6 coil loops, measuring 0.15 m in height and 3.5 m in length.
The productivity was enhanced from 8.2 to 11.45 L/day by incorporating the coil,
resulting in a 39.6% increase. The daily average freshwater output reached 10.5

L/day, leading to an average annual production of approximately 3360 L/year.

Tawfik et al. [44] conducted both experimental and numerical investigations
into the impact of saline water mass and water salinity on a novel solar dish
desalination system. This system involved utilizing a vessel as a boiler, which was
inserted into a glass box to minimize heat losses. In the numerical analysis, using a
saline water mass of 0.75 kg and varying salinity from 0 to 200 ppt, the daily distilled
water yield decreased from 500 to 320 mL/m?, and the efficiency dropped from
88.6% to 19%. Meanwhile, in the experimental study, under the optimal conditions

with a salt concentration of 15 ppt and 0.75 kg of saline water, the daily accumulated
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productivity and efficiency were 13.27 mL/m? and 36.04%, respectively, with a CPL
of 0.64 $.

Srithar et al. [45] conducted an experimental study to investigate the impact
of an SDC, cover cooling, and PCM on the productivity of a triple basin solar still.
The triple basin was constructed using 4 mm thick glass, with a basin area of 0.108
m?, positioned at the focal point of a 1.25 m dish made of aluminum. The utilization
of charcoal and river sand as PCM led to a productivity enhancement of 34.28% and
25.71%, respectively. Additionally, cover cooling increased productivity by 30%.
Integrating the triple basin solar still with an SDC, charcoal, and cover cooling
resulted in a productivity of 16.94 kg/m?.day, showcasing a remarkable 161%
enhancement compared to the triple basin solar still alone. The CPL of distilled water

produced by this combined system was 0.084 §.

Arunkumar et al. [46] conducted an experimental investigation to analyze the
impact of cover cooling at various flow rates (0, 40, 50, 60, 80, 100 mL/min) and
the use of paraffin wax PCM on the productivity of a solar still positioned at the
focal point of an SDC. The solar still featured six copper balls filled with 25 g of
PCM, situated within a hemispherical copper absorber with a diameter of 0.22 m and
a glass cover inclined at 11°. The findings demonstrated a direct relationship
between productivity and cooling water flow rate; however, this approach was
deemed less cost-effective. Conversely, the utilization of PCM was found to enhance
productivity cost-effectively. Specifically, at a cover cooling flow rate of 100

mL/min, the daily productivity reached 3.8 L when PCM was employed.
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2.5 Literature Review Summary

In the reviewed literature, various experimental and numerical studies have

been conducted, revealing several key findings and trends:

Solar stills utilizing solar concentrators are significantly more effective
compared to conventional solar stills. The concentrators' ability to provide
increased radiation and achieve higher temperatures contributes to enhanced

productivity, all while maintaining a relatively small absorber area.

The majority of research on concentrated solar stills has centered around
parabolic troughs. These studies have explored different configurations and
operating parameters to optimize performance. The findings indicate that
parabolic troughs can effectively increase the efficiency and productivity of

solar stills.

There is a noticeable gap in the literature regarding the use of concentrated
solar stills with solar dishes under various operating conditions. Additionally,
no studies have been conducted on the implementation of tracking solar
dishes, particularly those with automatic tracking systems. This represents a

significant area for potential future research.

Several modifications have been investigated to improve the performance of
conventional solar stills. For instance, the incorporation of energy storage
materials has been shown to extend the production duration of solar stills.
Furthermore, the addition of nanoparticles to black paint covering the
absorber plate or to the water in the basin has been found to enhance heat

transfer and improve evaporation rates.
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Overall, the literature indicates a strong potential for concentrated solar stills
to outperform conventional designs, particularly with further research and

development focused on solar dish applications and advanced tracking mechanisms.

2.6 Thesis Objectives

This research aims to address several critical objectives in the field of solar
desalination, with a focus on improving the efficiency and effectiveness of solar
stills through innovative design and operational strategies. The specific objectives

of this thesis are as follows:

e Development a novel Sun-Tracking Concentrated Solar Still system: To
design, construct, and experimentally evaluate its performance. This system
will utilize a dual-axis tracking mechanism to maximize solar energy capture

and enhance the overall performance of the solar still.

e Evaluation of Key Performance Parameters: To systematically investigate the
effects of varying key parameters on the performance of the concentrated solar
still. These parameters include the salinity of the feed water and the filling
ratio of saline water within the solar still. Also determine the optimal

conditions for maximizing distilled water productivity and system efficiency.

e Comparative Analysis with Conventional Solar Stills: To conduct a
comparative analysis between the proposed concentrated solar still and
conventional solar stills. This analysis will focus on metrics such as daily
cumulative productivity, system efficiency, and the cost of freshwater
production. The goal is to quantify the advantages and disadvantages of using

a concentrated solar still system over the conventional method.

e Assessment of Economic Feasibility: To assess the economic feasibility of the

proposed concentrated solar still by analyzing the cost of freshwater
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production and comparing it with other desalination technologies. To
demonstrate the potential for widespread adoption of this technology in

regions with limited access to freshwater.

By achieving these objectives, this research aims to contribute significantly to
the advancement of solar desalination technologies, providing a viable and

sustainable solution for addressing water scarcity in arid and semi-arid regions.
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CHAPTER 3
EXPERIMENTAL SETUP

3.1 Introduction

This chapter outlines the test rig, its components, and the experimental setup
objectives. The primary aim of this study is to examine the impact of salinity and the
quantity of saline water in the evaporator on the productivity of a solar still
positioned at the focal point of a solar dish concentrator. The experimental setup is
located on the rooftop of the Rod El-Farag building at the Shoubra Faculty of

Engineering, Benha University.

3.2 Experimental Setup

A water desalination experimental setup was conceived and constructed,
comprising two primary sections: the solar dish concentrator and the solar still. The
solar dish concentrator section incorporates the solar dish itself, a dual-axis tracking
controller, and two actuator motors. Meanwhile, the solar still section encompasses
the solar still apparatus, a saline water tank, a pump, flexible hoses for connection,
and a drain hose. Various measuring instruments were utilized in this study,
including K-type thermocouples, a data acquisition (DAQ) system, a thermal
imager, a thermometer, a solar power meter, a weather station, a salinity meter, a

graduated cylinder, and a weighing balance.

The layout of the experimental setup is depicted in the schematic diagram
presented in Fig. 3.1. Table 3.1 provides a list naming the main components of the
experimental test rig. Additionally, Fig. 3.2 offers a pictorial view of the

experimental setup, providing a real picture of the apparatus.
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Q5 |

Fig. 3.1 A layout of the experimental setup.

Table 3.1 The experimental test rig's main components.

Item No. | Component description Item No. | Component description
| Supporting Frame 12 Vapor Hose

2 Solar Dish Concentrator 13 Makeup Hose

3 Holding Arms 14 Drain Hose

4 Dual-Axis Tracking System | 15 0.3 HP Centrifugal Pump
5 Sun Tracking Sensor 16 Saline Water Tank

6 Sun Tracking Controller 17 Distilled Water Tank

7 Solar Still 18 Brine Tank

8 1 inch Glass Wool Insulation | 19 Digital Anemometer

9 1 inch Ball Valve 20 Digital Solar Power Meter
10 2 inch Ball Valve 21 Data Acquisition System
11 5 inch Check Valve 22 Laptop
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3.2.1 Solar Still

The solar still is constructed from stainless steel to prevent the deposition of
salts and impurities on its inner walls. It features a cylindrical shape with a diameter
of 0.2 m and a height of 0.12 m, while its flange diameter measures 0.34 m and is
affixed to the absorber plate as shown in Fig. 3.3. The absorber plate, crafted from
copper with a diameter of 0.34 m and a thickness of 0.003 m (3 mm), is coated with
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a black solar-selective coating (Krylon) to enhance absorption and minimize
reflection. To minimize heat loss to the surroundings, the solar still is enveloped in
0.025 m (25 mm) thick glass wool insulation. The detailed specifications of the

insulation material are provided in Table 3.2.

Table 3.2 Specifications of glass wool insulation.

Density 16 kg/m®
Thickness 25 mm

Heat conductivity 0.038 W/m.k
Highest usage temperature | 450 °C

Four ports are integrated into the solar still: two at the top—one serving as
the inlet for saline water makeup and the other as the outlet for vapor passage. A
third port is positioned in the side wall for thermocouple insertion, while the final

port, located in the absorber plate, facilitates the drainage of brine.
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Fig. 3.3 cylindrical solar still, (a) detailed schematic diagram, (b) actual photo.

3.2.2 Solar Dish Concentrator

The solar dish concentrator (SDC) is constructed from steel with a thickness
of 2 mm and features an aperture diameter of 1.2 m. Reflective mirrors, each

measuring 0.05 m x 0.05 m, are square segmented and affixed onto the SDC to
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redirect solar radiation toward its focal point shown in Fig. 3.4. The solar still is
mounted at this focal point using three steel holding rods, each with a length of 0.77

m, ensuring stability and proper alignment.

3.2.3 Sun Tracking System

A dual-axis tracking system was implemented to ensure precise alignment of
the SDC with the incident solar rays. This system operated in two stages: first, an
actuator positioned horizontally on the base, welded to a rack interlocked with a
pinion on the axis of the movable base of the SDC. This arrangement allowed the
SDC to rotate horizontally with a freedom of 225 degrees, facilitating adjustment of

the solar azimuth angle. Second, another actuator was attached to the SDC and a
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point on the movable base, enabling rotation on four vertical flange bearings to
control the elevation angle of the SDC as illustrated in Fig. 3.5a. This adjustment

aimed to optimize the angle for maximum DNI on the SDC.

These actuators were connected to a solar tracker controller (WSTO03-2),
powered by a 24 Volt AC/DC adaptor. The controller utilized dust and water-proof
sensor composed of four small photovoltaic (PV) panels, each directed towards a
different direction, with a sun-visor positioned on top to regulate radiation exposure
as depicted in Fig. 3.5b. These sensors generated varying voltage values
corresponding to the solar radiation received from different directions. The voltage
data was then transmitted to the main board via a five-core cable, where it was
analyzed to determine the optimal positioning of the SDC relative to the sun's
radiation. Based on this analysis, control commands were sent to the actuators to

ensure precise alignment with the sun's rays.

~ (b)

Solar Tracker Sensor

_

L%
mechanism, (b) Solar tracker controller.

) 3 4
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Fig. 3.5 Dual-axistrackm
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3.2.4 Pump

A 0.3 HP centrifugal water pump as presented in Fig. 3.6 is employed to
supply water from the saline water tank to the solar still whenever the mass of saline
water inside the solar still falls below the pre-set value for the specific test day.
Saline water is manually pumped into the solar still whenever the distilled water

produced reaches 25% of the initially charged saline water.

Fig. 3.6 entrifugal Wéiter pump.
3.2.5 Flexible Connections

Two types of flexible connections are utilized in the setup. The first type is
composed of rubber with a nickel shield as visualized in Fig. 3.7a, featuring a
diameter of 0.5 inches. This highly flexible setup includes a connection from the
saline water tank to the pump and another connection from the pump to the solar

still.

The second type of flexible connection is constructed from stainless steel
shown in Fig. 3.7b and comes in two sizes: 0.5 inches for drainage purposes and 1
inch for vapor transfer, which also serving as a condenser for the solar still due to its

unique finned shape.
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Fig. 3.7 Flexible connections (a) rubber with a nickel shield, (b) stainless steel.

3.2.6 Valves

Two types of valves are incorporated into the setup. The first is a horizontal
lift check valve, constructed from bronze Fig. 3.8a, which prevents backflow to

protect the pump.

The second type is a ball valve Fig. 3.8b, available in two sizes: a 0.5 inch
valve installed on the drain hose, typically closed except during drainage, and a 1

inch valve placed on the vapor hose, which remains open under normal operation.

(b) (\

Fig. 3.8 Valves (a) check valve (b) ball valve.
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3.3 Measurement Instruments
3.3.1 Temperature Measurement

3.3.1.1 Thermocouple

Temperature readings inside the solar still are obtained using K-Type
(MAX6675) thermocouples equipped with stainless steel probes as visualized in Fig.
3.9a. Three thermocouples are strategically placed within the solar still to measure
various parameters: the temperature of the absorber plate, the temperature of the
saline water in the evaporator, and the temperature of the vapor generated. These
thermocouples are connected to a multichannel recorder (MCR-4TC) data logger
depicted in Fig. 3.9b, which displays the instantaneous temperatures of the
connected thermocouples on its screen. Additionally, the data logger is equipped
with the capability to record the temperature data onto SD card. The recorded data
can later be downloaded to a computer and using the program that named (T&D
Graph) which a graphical software for viewing and analyzing data recorded by the
data logger.

Multichannel Recorder
MCR

(b)

Fig. 3.9 (a) Thermocouple, (b) multichannel recorder data logger.
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3.3.1.2 Thermal Imager

The external temperature of the absorber was measured using a (Fluke Ti32)
thermal imager shown in Fig. 3.10, known for its high-resolution imaging abilities.
With its 320x240 pixels sensor, this thermal imager captures clear images, allowing

it to identify even the smallest temperature differences with precision.

E
Fig. 3.10 Thermal imager.

3.3.1.3 Thermometer

Temperature readings for the saline water in the tank and the distilled water
product were obtained using a thermometer shown in Fig. 3.11. The specifications

of this thermometer are presented in Table 3.3.

Table 3.3 Specifications of thermometer.

Model Mercury glass thermometer
Range -10—120 °C
Accuracy +0.5°C
Display Analog
#
V 4
’

Fig. 3.11 Thermometer.
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3.3.2 Solar Power Meter

The direct normal irradiance at the experiment location was measured using a
(TES-1333R) data logging solar power meter depicted in Fig. 3.12. This meter was
installed and fixed on the surface of the solar dish concentrator. The specifications

of this meter are presented in Table 3.4.

Table 3.4 Specifications of the solar power meter.

Model TES-1333R

Range 0—2000 W/m?

Display 4 digits

Accuracy + 5% of reading or £10 W/m?
whichever is high in sunlight

Drift <=+ 2% per year

Angular accuracy Cosine corrected < 5% for angles < 60°

Over-input The display shows "OL"

Sampling rate 4 times/sec

Dimensions 110 x 64 x 34 mm

Operating temperature and humidity 0°C ~ 50°C, below 80% RH

Weight Approx. 158 g

Fig. 3.12 Solar power meter.
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3.3.3 Salinity Meter

Samples of the saline water were prepared, and their salinity was measured
using the (AD410) TDS-TEMP portable meter visualized in Fig. 3.13. The
instrument's auto-ranging feature automatically adjusts the TDS readings to the scale

with the highest resolution. The specifications of this meter are detailed in Table 3.5.

Table 3.5 Specifications of salinity meter.

Model ADA410

Range 0-99.9 ppt

TDS Resolution 0.01 ppm from 0 to 9.99 ppm, 0.1 ppm from 10 to 99.9
ppm, 1 ppm from 100-999 ppm, 0.01 ppt from 1 to 9.99
ppt, 0.1 ppt from 10 to 99.9 ppt

TDS Accuracy + 1%

Fig. 3.13 Salinity meter.
3.3.4 Anemometer
The ambient temperature and wind velocity were recorded utilizing a digital
anemometer (WT8907) featuring an auxiliary fan positioned on a retractable handle,
as depicted in Fig. 3.14. This fan was situated on the surface of the SDC. The

anemometer features a data logger and a reading screen for real-time measurements.

Data can be recorded and downloaded to a computer via a USB connection for
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further analysis using the accompanying Windows software. The specifications of

this meter are outlined in Table 3.6.

Table 3.6 Specifications of anemometer.

Model WT8907

Temperature range Range: 0-45 °C
Accuracy: + 1 °C
Resolution: 0.1 °C
Humidity range Range: 10-90% RH
Accuracy: = 5%
Resolution: 0.1% RH
Wind range Range: 0-45 m/s
Accuracy: + 3%
Resolution: 0.01 m/s
Air volume range Range: 0-999900 CFM
Resolution: 0.001-100
Operating temperature and humidity 0°C ~ 50°C, below 80% RH
Dimension 194 x 73 x 38 mm
Weight Approx. 395 g

Fig. 3.14 Digital anemometer.

3.3.5 Graduated Glass Flask and Weighing Balance

The distilled water productivity was measured using a graduated cylinder

shown in Fig. 3.15a. Additionally, the mass of Sodium Chloride salt added to
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freshwater to achieve the desired salinities for testing was adjusted using a weighing
balance (SF-400) depicted in Fig. 3.15b. The specifications of this balance are
detailed in Table 3.7.

Table 3.7 Specifications of weighing balance.

Model SF-400

Range 0—10000 g
Accuracy + 1 gm

Display LCD

Dimensions 245 x 170 x 35 mm
Weighting platform diameter 147 mm

Weight Approx. 282 g

(a) (b)

Fig. 3.15 (a) Graduated cylinder, (b) weighing balance.
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CHAPTER 4
EXPERIMENTAL PROCEDURE AND ANALYSIS

4.1 Introduction

This chapter outlines the methodology and analytical approaches employed to
conduct the experimental investigation in the present study. It encompasses the
equations utilized for data reduction and addresses the uncertainties associated with

the measuring devices.

4.2 Experimental Procedure

The experimental tests were conducted between June and August 2022,
spanning from 8:00 to 18:00, exclusively on sunny days with an average direct solar
irradiance ranging from 824.2 to 923.2 W/m?. In this study, the effectiveness of the
concentrated solar still was assessed across three distinct feed water salinities,
simulated by dissolving Sodium Chloride in freshwater to mimic Mediterranean
water (37 ppt) and Brackish water (27 ppt and 17 ppt). Additionally, each saline
water sample prepared was subjected to various filling ratios (@), denoting the
proportion of saline water within the solar still relative to its volume. Specifically,
the solar still was filled with 1, 1.5, 2, and 2.5 kg of saline water, corresponding to
filling ratios of 26.5%, 39.8%, 53.1%, and 66.3%, respectively. The experimental

configurations are detailed in Table 4.1.
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Table 4.1 Experimental test configurations.

No. Fillli\l/fzglsrsa(tli((;g)(% ) Feed water salinity (ppt) Date
1 17 26/7/2022
2 1 kg 2 26.5 27 25/6/2022
3 37 18/7/2022
4 17 27/7/2022
5 1.5kg = 39.8 27 27/6/2022
6 37 19/7/2022
7 17 28/7/2022
8 2kg > 53.1 27 28/6/2022
9 37 20/7/2022
10 17 1/8/2022
11 2.5kg 2> 66.3 27 29/6/2022
12 37 21/7/2022

Each experiment commenced with a meticulous cleaning of the reflecting
mirrors of the SDC using a dry microfiber cloth, followed by the application of glass
cleaner and thorough wiping. Subsequently, the solar still underwent flushing with
freshwater and circulated multiple times to ensure the removal of any residual brine
from prior experiments. Once this cleaning process was completed, the saline water
sample under examination was pumped into the solar still. All measuring devices
were then activated, and a final verification was conducted to ensure that everything

was properly set up and ready for the commencement of the experiment.

The experiment commences promptly at 8:00 in the morning, with data
collection intervals set at 15-minute intervals throughout the day. Whenever the
distilled water collected from the solar still reaches an amount equivalent to 25% of
the initially charged saline water volume, an equivalent quantity of saline water is
added as make-up. As the day progresses, data collection continues until 18:00,

coinciding with sunset. At this point, the tracking system is deactivated, signifying
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the conclusion of the experiment. The wastewater is then discharged through the
designated drain port, and the solar still undergoes a backwashing process. These

procedural steps are consistently repeated for each subsequent experiment.

Throughout the experiment, various parameters are monitored and recorded
at 15-minute intervals. These include the temperatures of the ambient air, as well as
the internal and external surfaces of the absorber plate. Additionally, measurements
are taken for the temperatures of the saline water within the evaporator and the vapor
produced, the wind velocity, the direct normal irradiance, and the mass of distilled

water yield.

4.3 Data Reduction

The temperatures recorded by multiple thermocouples are averaged to derive

the representative temperature readings utilized in subsequent calculations.

To interpret the performance of the concentrated solar still based on the

gathered data, a set of fundamental mathematical equations is indispensable.

Among these, the concentration ratio (CR), denoted as the ratio between the
dish aperture area (Agisn) and the absorber area (Aaps), holds paramount importance

in the design and construction of solar concentrators, as delineated by Equation (4.1):

CR = Zdish (4.1)

Agbs

The incident heat on the aperture area of the SDC is calculated using the

following Equation (4.2):

Qsotar = Agisn X DNI 4.2)
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The heat concentrated on the absorber plate of the solar still is calculated as

a function of the incident heat and is given by Equation (4.3):
Qconc = Ncone X Csotar (4.3)

The concentrator efficiency (Neonc), defined as the ratio of heat received by the
absorber to the heat incident on SDC, is influenced by the optical characteristics of

the materials utilized as well as the shape; it is computed by Equation (4.4) [47]:
Neone = P X T X fs (4.4)

Where p represents the reflectivity of SDC mirrors, I' the intercept factor, and

f; is the shading factor generated by the solar still on SDC mirrors.

The dissipation of heat from the absorber plate to the surroundings occurs via
two primary methods: radiation and convection. Radiation heat loss is further
categorized into two distinct types: reflected and emitted. The calculations for both
reflected and emitted radiation heat losses are determined using Equations (4.5) and

(4.6), respectively.

Qref = Pabs X Qconc (4.5)
Qemit = Eaps X 0 X Agps X (T;bs - T;mb) (4.6)

While the estimation of external convection heat loss from an inclined heated

flat plate is accomplished through Equations (4.7), (4.8), (4.9), and (4.10) [48], [49]:

Qconv = h X Agps X (Taps — Tamp) (4.7)
h =T (4.8)
Nu = 0.325 X Re%6255 x (1 + sin 0)%° (4.9)
Re = Lwind*te (4.10)

v
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The useful heat energy entering the absorber is determined by subtracting the

calculated heat losses from the concentrated heat, as expressed by Equation (4.11):
Quseful = Qconc — Quoss = Qconc — (QRef + Qemic + Qconv) (4.11)

Ultimately, the system efficiency is derived from Equation (4.12):

__ Mgistilled*Nrg
r’Sys - A (4.12)
Qsolar*4t

4.4 Thermocouple Calibration

Calibration 1is critical in ensuring measurement instruments' accuracy and
reliability. It involves comparing the measurements obtained from an instrument
with a known standard or reference to identify and correct any deviations. This
process typically includes adjusting the instrument to align with the standard,
ensuring that subsequent measurements are precise and accurate. Calibration is
essential for maintaining the integrity of data in scientific research. Regular
calibration of measurement instruments helps achieve consistent performance,
minimize errors, and ensure compliance with relevant standards and regulations

[501, [51].

All thermocouples were calibrated in the laboratory as a single unit against a
mercury-in-glass thermometer, which has an accuracy of + 0.5 °C. A well-insulated
2-liter flask was used as the calibrator. For each temperature setting, the
thermocouples and the mercury thermometer were placed together in the flask.
Readings were taken across the testing temperature range [25 °C—120 °C]. The
calibration data was then plotted to derive fitted curves. The calibration curves are

presented in Appendix A (Fig. A.1).
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4.5 Experimental Uncertainty Analysis

All measurements inherently contain errors stemming from factors like
experimental setup, laboratory procedures, instrument inaccuracies, and
environmental influences. Errors, in this context, refer to the disparities between the
measurements taken and the actual values, which are seldom precisely known.
Therefore, the goal is to derive the most precise approximation of the true value and
simultaneously estimate the associated errors. This analytical process is commonly
referred to as uncertainty analysis, which aims to assess the accuracy and precision
of data, recognizing the inherent complexities involved in determining precise or

absolute values in practical scenarios [52], [53].

Table 4.2 outlines the uncertainties linked with different experimental
measuring instruments, including the solar power meter, thermocouples, and
anemometer, as indicated by the device datasheets. The Holman’s method [54] is
employed to assess the overall uncertainty in the experimental data. The total
uncertainty in the daily distilled productivity and the daily system efficiency of the

experimental findings is determined using Equation (4.13):

— |92 2 4 (N2 5 2 4.1
w—\](ax) xwx+(ay) X wy (4.13)
Where o and oy are the independent variables uncertainties.

As per the uncertainty equation, the maximum total uncertainty in computing
the daily distilled productivity and the daily system efficiency is approximately
0.37% and 1.12%, respectively as calculated in Appendix B.
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Table 4.2 Uncertainties and errors for various experimental measurement devices.

Device Uncertainty Range
Solar power meter +10 W/m? 0-2000 W/m?
Anemometer = 3% 0-45 m/s

+ 1°C 0-45 °C
Thermocouples +2°C 0-1024 °C
Salinity meter + 1% 0-99.9 ppt
Weighing balance +1gm 0-10000 gm
Calibrated flask +25 mL 0-2000 mL
Solar tracker controller <I°
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CHAPTER 5
RESULTS AND DISCUSSION

5.1 Introduction

The thermal performance of the concentrated solar still is significantly
influenced by both operational parameters and prevailing weather conditions. As
mentioned earlier, this study examines operational parameters such as the mass of
saline water used to fill the solar still, which remains consistent at 1, 1.5, 2, and 2.5
kg, corresponding to filling ratios of 26.5%, 39.8%, 53.1%, and 66.3%, respectively,
as well as varying feed water salinities of 17, 27, and 37 ppt.

In this chapter, the study aims to achieve its objectives by analyzing the impact
of these parameters on both the productivity and thermal efficiency of the

concentrated solar still system.

The experimental work was carried out during the summer months, from June
to August 2022, between 8:00 and 18:00 hr, exclusively on sunny days. The daily
average Direct Normal Irradiance (DNI) recorded throughout the 12 experiments
ranged from a minimum of 824.2 W/m?, observed on one day, to a maximum of
923.2 W/m? on another. Similarly, the daily average ambient temperature varied
between 35.3 °C and 38.4 °C, while the daily average wind velocity ranged from
1.14 m/s to 1.49 m/s. These values represent the averaged conditions over the course
of each experiment day. The hourly distributions of DNI, ambient temperature, and

wind velocity for the experimental period are presented in Fig. 5.1.
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Fig. 5.1 Ambient conditions (a) Direct normal irradiance, (b) ambient temperature,
(c) wind velocity.

5.2 Performance Evaluation and Weather Data

The weather data for a typical test day, Wednesday, July 28th, 2022, with
specified parameters (filling ratio 53.1%, salinity 17 ppt), is depicted in Fig. 5.2. The
ambient air temperature reached its minimum of 33.2 °C at 8:15 and progressively
rose throughout the experiment, reaching a peak of 42.2 °C in the afternoon at 15:15.
Wind velocity exhibited notable fluctuations during the experimental period,
attaining a maximum of 3.43 m/s at 15:15 and a minimum of 0.18 m/s at 8:30. The
highest direct normal irradiance (DNI) recorded was 992.4 W/m? at 9:00, while the
lowest was 443.6 W/m? at sunset (18:00). The average DNI throughout the day was
876.9 W/m?, with a slight reduction observed between 10:00 and 10:15 due to

transient cloud cover.
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Fig. 5.2 Ambient temperature and wind speed during a typical test (July 28th, 2022).

The hourly fluctuations in the outside and inside temperatures of the absorber
plate, as well as the temperatures of the saline water inside the evaporator and the
generated vapor, on Wednesday, July 28th, 2022, are illustrated in Fig. 5.3. These

measurements were taken with a filling ratio of 53.1% and a feed water salinity of

17 ppt.

At 8:00, the temperatures of the absorber plate outside and inside, the saline
water inside the evaporator, and the vapor were recorded as 46.2 °C, 43.9 °C, 40.3
°C, and 38.4 °C, respectively, as depicted in Fig. 5.3. As observed in the figure, all
temperatures exhibit an upward trend during the buildup period until reaching the
boiling point at 9:00. At this time, the outside and inside temperatures of the absorber

plate were 110.4 °C and 107.9 °C, respectively, while the temperature of the saline

46



water in the evaporator and the generated vapor were 102.9 °C and 100.3 °C,
respectively. The slightly elevated boiling temperature of water can be attributed to

the salinity of the water under examination, as evidenced by recent studies.

The system's temperatures exhibit a clear relationship with the DNI, as
evidenced by the rapid response observed between 10:00 and 10:15. Notably, this
response is primarily governed by DNI and not ambient temperature, given the
system's complete insulation except for the small area of the absorber. At 17:30, a
slight decline in the outside and inside temperatures of the absorber plate is observed,
falling below the temperatures of the saline water and vapor in the solar still. This
decline can be attributed to the reduction in DNI. Consequently, the system's

productivity during this period is reliant on the stored heat in the solar still.
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Fig. 5.3 Hourly temperature variation in solar still at a filling ratio of 53.1%, and
feed water salinity of 17 ppt (July 28th, 2022).
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The solar still's half-hourly distilled water productivity is depicted in Fig. 5.4.
Throughout the test period from 8:00 to 18:00, approximately 6 kg/m? of distilled
water was produced, with the cumulative productivity gradually increasing over
time. Initially, the distilled water rate was zero during the first hour due to energy
buildup inside the solar still. Subsequently, it reached a peak of 0.941 kg/hr.m? at
12:00, coinciding with high ambient temperature and low wind velocity, which
minimized thermal losses, as shown in Fig. 5.4. Notably, the effect of the DNI drop
on productivity occurred at 10:30, with a slight delay observed between the
productivity and the DNI.
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Fig. 5.4 Solar still hourly distilled water productivity fluctuation at a filling ratio of
53.1%, and feed water salinity of 17 ppt (July 28th, 2022).
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The incident heat (Qsolar), concentrated heat (Qconc), and useful heat (Quseful)
are derived from Equations (4.2), (4.3), and (4.11), respectively. The incident heat
is influenced by DNI, and mirrors the same trend observed in Fig. 5.5. Additionally,
the disparity between the incident heat and concentrated heat curves stems from
collector efficiency, impacted by optical properties and geometry, although both
curves display similar variations. Lastly, the discrepancy between the concentrated
heat and useful heat curves arises from heat losses via radiation (reflection and
emission) and convection, computed using Equations (4.5), (4.6), and (4.7),
respectively. These losses exhibit continuous fluctuations due to various
uncontrollable factors, resulting in significant variability in the useful heat, as

depicted in Fig. 5.5.
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Fig. 5.5 Hourly fluctuation in heat transfer rates in solar still at a filling ratio of
53.1%, and feed water salinity of 17 ppt (July 28th, 2022).
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5.3 Effect of Filling Ratio on Solar Still Performance

The solar still filling ratio plays a pivotal role in determining the daily distilled
productivity, system efficiency, and overall performance. Increasing the filling ratio
of the solar still, from 26.5% to 53.1%, notably enhanced its performance. However,
further increasing the filling ratio beyond 53.1% to 66.3% resulted in a decrease in

the performance of the solar still.

Initially, the performance enhancement is attributed to two key factors.
Firstly, with the increase in the filling ratio, the frequency of the makeup cycle (as
described in the experimental procedures section) decreases. This reduction in
frequency leads to less energy absorption required for the added water to attain the
evaporation temperature. Secondly, the higher filling ratio results in a larger surface
area of contact with the absorber plate compared to lower filling ratios. This
increased surface area facilitates a more efficient heat transfer coefficient for the

system, as illustrated in Fig. 5.6.

Throughout the day, the contact area between water and the absorber plate
changes due to sun tracking and frequent variations in elevation angle, as depicted
in Fig. 5.7. Additionally, the area of the free water surface, serving as the evaporation
surface, remains constant at different filling ratios under the same elevation angle,
as shown in Fig. 5.6. Bubbles form on the heating surface of the absorber plate and
subsequently rise to the evaporation surface. The longer the distance these bubbles
travel, the higher the resistance to the rate of evaporation. This phenomenon
becomes more pronounced when the filling ratio reaches 66.3%, which explains the

observed drop in the performance of the solar still.
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(@) (b) () (d)
Fig. 5.6 Schematic diagram of solar still at an average elevation angle of 50° with
different filling ratios (a) 26.5%, (b) 39.8%, (c) 53.1%, (d) 66.3%.

® b
(a) (b) ,
Fig. 5.7 Schematic diagram of solar still at filling ratio 66.3% at various elevation
angles (a) 20°, (b) 10°, (¢) 0°.

The rate of distilled water for various filling ratios (26.5%, 39.8%, 53.1%, and
66.3%) under different water salinities (17, 27, and 37 ppt) is depicted in Fig. 5.8.
The distilled water rate increases with the filling ratio up to 53.1%, before declining
at 66.3% for all three salinities. These curves can be segmented into three periods:
the first period, from 9:00 to 11:00, exhibits the steepest curves, representing the
period of energy buildup; the second period, from 11:30 to 13:30, shows almost flat
curves, indicating the utilization of incoming heat energy for evaporation; and the
third period, from 14:00 to 18:00, displays less steep downward curves as the DNI
gradually decreases while latent heat is retained within the solar still. For a feed
water salinity of 17 ppt, the distilled water rates reach their maximum values at
12:00, amounting to 0.829, 0.854, 0.941, and 0.898 kg/hr.m? for filling ratios of
26.5%, 39.8%, 53.1%, and 66.3%, respectively.
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Fig. 5.8 Effect of filling ratio on solar still distilled water rate for different feed

water salinities of (a) 17 ppt, (b) 27 ppt, and (c) 37 ppt.

The impact of changing the filling ratio on the system's cumulative
productivity is illustrated in Fig. 5.9. Increasing the filling ratio of the still from
26.5% to 53.1% raised the daily cumulative productivity, but it fell at a filling ratio
of 66.3%. For a feed water salinity of 17 ppt, the daily cumulative productivity
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amounted to 5, 5.23, 6, and 5.63 kg/m? for filling ratios of 26.5%, 39.8%, 53.1%,
and 66.3%, respectively.
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Fig. 5.9 Effect of filling ratio on solar still daily cumulative productivity for
different feed water salinities of (a) 17 ppt, (b) 27 ppt, and (c) 37 ppt.
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The instantaneous efficiency for different filling ratios, calculated from the
hourly distilled water and solar energy using Equation (4.12) is shown in Fig. 5.10.
It is evident from the figures that increasing the filling ratio from 26.5% to 53.1%
improved the instantaneous efficiency, while further increasing it to 66.3% reduced
it. The instantaneous efficiency gradually rises until it peaks between 12:00 and
13:00, coinciding with the maximum distilled water production, after which it

gradually declines for the remainder of the test hours.
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Fig. 5.10 Effect of filling ratio on instantaneous efficiency for different feed water

salinities of (a) 17 ppt, (b) 27 ppt, and (c) 37 ppt.
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However, during the final period from 17:00 to 18:00, the instantaneous
efficiency either remains constant or slightly increases, as the DNI decreases, and
the production of vapor and distilled water continues based on the stored heat energy
inside the solar still. At 12:00, for a feed water salinity of 17 ppt, the instantaneous
efficiencies were 53.11%, 54.31%, 61.77%, and 57.59% for filling ratios of 26.5%,
39.8%, 53.1%, and 66.3%, respectively.

5.4 Effect of Varying Feed Water Salinity

The effect of salinity, within the range of 17 to 37 ppt with increment of 10
ppt, was comprehensively analyzed to assess its influence on the performance of the
desalination system. The results indicated that both distilled water productivity and
overall system efficiency exhibited only slight reductions as salinity levels
increased. This minimal impact is a favorable outcome for the proposed desalination
system, as it confirms its ability to effectively desalinate a wide range of water
sources, from brackish and saline water to highly saline and even brine water.
However, it is important to note that higher salinity levels result in an increase in the
boiling point, thereby requiring more energy to evaporate the saline water.
Moreover, as the feed water's salinity rises, there is a gradual accumulation of
precipitated salts on the wall of the absorber plate. Over time, this salt buildup acts
as an insulating layer, reducing heat transfer efficiency and subsequently limiting

the performance of the solar still.

A comprehensive comparison of the distilled water production rates for
different feed water salinity levels, specifically ranging from 17 to 37 ppt is depicted
in Fig. 5.11. The analysis shows that the maximum rate of distilled water was
obtained at the lowest salinity of 17 ppt. In contrast, the distilled water production

rates for salinities of 27 and 37 ppt were remarkably close to one another. This
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similarity can be attributed to variations in solar irradiance, particularly the lower
average solar irradiance encountered during the experiments conducted with the 27

ppt sample, which likely influenced the overall water production.

As discussed earlier, the pattern of distilled water generation can be distinctly
categorized into three key phases throughout the day. The first phase, identified as
the energy buildup phase, extends from 9:00 to 11:00, during which the system
accumulates energy and begins heating the saline water. Following this is the second
phase, which occurs between 11:30 and 13:30, representing the period of peak
evaporation. During this interval, the most significant quantity of water is evaporated
due to the high solar irradiance and optimized energy absorption. The final phase,
from 14:00 to 18:00, marks a decline in distilled water production as the available

solar energy decreases and evaporation rates slow down.

At 12:30, when the filling ratio was set at 26.5%, the system's performance
was observed to vary across different salinity levels. For feed water salinities of 17,
27, and 37 ppt, the corresponding distilled water production rates were 0.838, 0.777,
and 0.81 kg/hr.m?, respectively. This finding underscores the system's ability to
maintain relatively consistent performance, even at higher salinity levels, and

highlights the influence of solar irradiance and salinity on the desalination process.
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Fig. 5.11 Effect of feed water salinity on solar still distilled water rate for different
filling ratios of (a) 26.5%, (b) 39.8%, (c) 53.1%, (d) 66.3%.

The impact of feed water salinity on the cumulative productivity of the system

is illustrated in Fig. 5.12. It is observed that increasing the feed water salinity results

in a reduction in cumulative productivity. Specifically, elevating the feed water

salinity from 17 ppt to 27 and 37 ppt resulted in a decrease in cumulative productivity

from 6 kg/m? to 5.72 and 5.68 kg/m?, respectively, at a filling ratio of 53.1%.
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Fig. 5.12 Effect of feed water salinity on solar still daily cumulative productivity
for different filling ratios of (a) 26.5%, (b) 39.8%, (c) 53.1%, (d) 66.3%.

The instantaneous efficiency calculated from Equation (4.12) for various feed

water salinities is depicted in Fig. 5.13. It is observed that the instantaneous

efficiency remains relatively similar with minor differences, but it decreases

insignificantly with increasing feed water salinity. Notably, the efficiency exhibits a
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consistent or slightly increasing trend during the period of 17:00 to 18:00, attributed
to the decrease in DNI and vapor generation, which relies on stored energy (as
discussed in the previous section). At 12:00, the maximum instantaneous efficiency

values for a filling ratio of 53.1% are 61.77%, 62.03%, and 59.77% for feed water

salinities of 17, 27, and 37 ppt, respectively.
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Fig. 5.13 Effect of feed water salinity on instantaneous efficiency for different
filling ratios of (a) 26.5%, (b) 39.8%, (c) 53.1%, (d) 66.3%.
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A comprehensive overview of the daily cumulative productivity and system
efficiency of the proposed system across various investigated operating parameters
is provided in Fig. 5.14. It is evident that increasing the filling ratio from 26.5% to
53.1% results in an average enhancement of daily productivity and system efficiency
by 22.7% and 26.3%, respectively. However, a further increase in the filling ratio
from 53.1% to 66.3% leads to an average decrease in daily productivity and system

efficiency by 7.1% and 6.9%, respectively.

Conversely, elevating the feed water salinity causes a reduction in both daily
cumulative productivity and system efficiency. Specifically, when the feed water
salinity is raised from 17 ppt to 27 ppt, the values of daily productivity and system
efficiency decrease by 7.1% and 2.2%, respectively. Similarly, increasing the feed
water salinity from 17 ppt to 37 ppt results in reductions of 5.6% and 5.1% in daily
productivity and system efficiency, respectively. These trends should be considered

alongside the lower average solar irradiance during the experiments conducted using

the 27 ppt sample.
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5.5 Economic Analysis

In addition to considerations such as design simplicity, ease of
implementation, and component availability, the foremost objective behind the
development of a novel solar desalination unit is to provide access to clean
freshwater at an affordable cost, thereby addressing the needs of rural and isolated

communities.

For a thorough assessment of the system's economic feasibility over a year,
the annual productivity is determined by multiplying the average production during
the summer months by the average number of sunny days in the region where testing
occurs. Sunny days annually typically range from 250 to 340 in different countries
[22], [31]-[36],[39], [40], [44], [55]-[58], with Egypt falling within this range at 300
to 340 days [40], [44], [57]. For this study, the average value within Egypt's specified
range is utilized. This daily average distilled productivity serves as a crucial
benchmark for evaluating the overall performance and efficiency of the system.
Additionally, it highlights the importance of extending the analysis beyond the
summer season to capture variations in climatic conditions throughout the year.
While the current data reflects operational outcomes during hot summer conditions,
it is essential to examine the system's performance during contrasting winter

conditions.

Table 5.1 displays the cost estimation for the main components of the
proposed system. The total fixed cost of the system amounts to approximately

231.68. The average cost of distilled water is determined using the Equation (5.1):

C=F+V=F+(03XFXn) (5.1)
Where n is the expected solar still lifespan, V is the variable cost, and C is

the total cost.
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Table 5.1 Cost estimation of the solar still component.

Item Price (%)
Iron sheet 29.7
SDC 44.7
Mirror 6.4
Tracking system 75.6
Pump 29.4
Connections and Fittings 45.8
Total 231.6

For a projected lifespan of 10 years for this proposed unit and an estimated
variable cost of 30% of the fixed cost per year, as employed in previous studies [40],
[57], the total cost (C) is calculated as follows:

C =231.6+(0.3x231.6 x10) =926.4 %

Based on the experimental findings, the daily average distilled productivity of
the system is determined to be 5.92 kg/day. Assuming the distillation system
operates for approximately 320 days per year, considering the consistent sunlight
throughout the year in Egypt, the total distilled yield over the system's lifespan is
5.92 x 10 x 320 = 18944 kg.

Therefore, the cost of producing one kilogram of freshwater is calculated as:

CPL =926.4/18944 = 0.0489 $

Table 5.2 provides a detailed comparison between the findings of the current
study and those from prior investigations involving both conventional solar stills and
solar stills integrated with solar dish concentrators. In the present study, the daily
cumulative productivity was recorded at 6 kg/m?, placing it within the productivity
range reported in previous studies on concentrated solar stills, which have been
shown to produce between 4.44 and 6.5 kg/m?. This performance not only falls
within the upper limits of what has been achieved with concentrated solar stills but

also significantly surpasses the productivity of conventional solar stills, which have
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demonstrated lower daily outputs ranging from 1.19 to 4.235 kg/m?. The findings
highlight the enhanced efficiency and productivity of systems employing solar dish
concentrators over traditional solar stills, reinforcing the benefits of incorporating
concentrators in solar desalination processes. This improvement is clearly illustrated

in Fig. 5.15.

The increased efficiency of the solar still system can be attributed to the
concentration of solar radiation on the absorber plate, resulting in elevated water
temperatures and reaching the boiling point, thereby enhancing the generation of
vapor. The system efficiency of the proposed system exceeded that of conventional
solar stills (ranging from 11% to 31.46%). Moreover, when compared to
concentrated solar stills, the efficiency of the proposed system was higher than that

reported by Tawfik [44].

The influence of the concentration ratio (CR) on the cost of distilled water
becomes evident through a comparative analysis of various systems. For instance,
Tawfik's system [44], which operates with a lower concentration ratio than the
system proposed in this study, resulted in a comparatively higher CPL, indicating
less cost-effectiveness. On the other hand, Omara's system [40], with a concentration
ratio exceeding that of the proposed system, demonstrated a notably lower CPL,
underscoring the advantages of a higher CR in reducing water production costs. This
contrast highlights the critical role that the concentration ratio plays in enhancing
water production efficiency and lowering operational costs. Additionally, when
comparing these systems to the global average CPL for water production, which
stands at $0.474 [59], the results of the current study are particularly notable,
showcasing a significantly competitive and efficient CPL. This reinforces the

effectiveness of the proposed system in producing distilled water at a lower cost,
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making it a promising alternative for large-scale applications in regions facing water

scarcity.
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CHAPTER 6

CONCLUSION AND FUTURE WORK
RECOMMENDATION

6.1 Introduction

The present study investigates the experimental performance of an innovative
sun-tracking concentrated solar still under Egyptian weather conditions. The solar
still comprises a cylindrical stainless steel structure with a copper absorber plate,
strategically positioned at the focal point of an SDC covered with reflective mirrors

to concentrate solar radiations, resulting in a solar concentration ratio of 12.5.

The primary objective is to explore novel approaches for supplying freshwater
to rural areas in a manner that is both straightforward and cost-effective. Throughout
the summer of 2022, the system's performance was evaluated by varying two key
parameters. At first the salinity of the feed water 17 ppt, 27 ppt, 37 ppt, mimicking
the conditions of seawater in the Mediterranean Sea and two types of brackish water
in Egypt. Secondly the filling ratio of the solar still. Four filling ratios were examined
26.5%, 39.8%, 53.1%, and 66.3%, corresponding to saline water masses of 1 kg, 1.5
kg, 2 kg, and 2.5 kg, respectively.

6.2 Conclusion

The key conclusions drawn from the current study are summarized as follows:

e Increasing the filling ratio from 26.5% to 53.1% enhanced daily
cumulative productivity by 22.69% and system efficiency by 26.34%.

However, when the filling ratio was further increased from 53.1% to
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66.3%, productivity and efficiency decreased by approximately 7.06%
and 6.87%, respectively.

The rise of feed water salinity from 17 ppt to 37 ppt resulted in a
reduction of approximately 5.61% in daily cumulative productivity and

a decrease of 5.1% in daily system efficiency.

The optimal operational parameters for the solar still system are a filling
ratio of 53.1% and a salinity level of 17 ppt, which result in a daily

cumulative productivity of 6 kg/m? and a system efficiency of 42.88%.

The economic analysis indicated favorable feasibility, with the cost of
desalinated water estimated at $0.0489 per liter, demonstrating

competitive pricing relative to other solar desalination technologies.

6.3 Future Work Recommendation

The current study identifies several areas for potential improvement, and

suggests the following avenues for further research:

Assess the system's performance under varying climatic conditions
throughout the year, especially in cloudy weather, to better understand

its capabilities.

Explore the integration of photovoltaic cells to power the system,
enhancing its sustainability and enabling its use in rural areas lacking

grid connectivity or access to external energy sources.
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Appendix A Thermocouple Calibration

All temperature sensors were calibrated in the laboratory against a mercury-

in-glass thermometer, which has an accuracy of £ 0.5 °C. A representation of the

obtained calibration curves alongside the associated fitted equations is presented in

Fig. A.
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Appendix B Uncertainty Analysis

This appendix presents a comprehensive assessment of the uncertainty
associated with the solar desalination system parameters, which were determined in
CHAPTER 4. This assessment relies on the measurement uncertainties inherent in
the measurement devices utilized to collect experimental data. The uncertainty
calculation method follows the root sum square combination, which effectively
accounts for the cumulative effects of each input. This approach, as outlined by
Kline, Stern, and Holman [50]-[52], ensures a careful examination of uncertainty,

offering a strong framework for analysis and interpretation.

The maximum total uncertainty associated with the daily distilled productivity

and daily system efficiency can be computed from the case depicted in Table B.1.

Table B.1 Uncertainties of main parameters within the case.

Parameter Uncertainty

Density (p) 1 kg/L+ 0kg/L

Volume (V) 6.783 L £0.025L
Latent heat of vaporization (h) 2257000 J/kg + 0 J/kg
Area of dish (A) 1.131 m? + 0 m?

Time (t) 36000s +0s

DNI 876.92 W/m? + 10 W/m?

B.1 Uncertainty in The Daily Distilled Productivity

The daily distilled productivity is computed according to the Equation (B.1).
Hence, the maximum uncertainty in the daily distilled productivity can be

determined from Equation (B.2):

m=pxV=1x6.783=6.783 kg (B.1)
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o () (B2 (574 (222) - 00037 = m2)

B.2 Uncertainty in The Daily System Efficiency

The daily system efficiency can be determined by Equation (4.12).
Consequently, the maximum uncertainty in the daily system efficiency can be

obtained by Equation (B.3):

ﬁ +\/(1xwm)2 + (1x“’hfg>2 + (—1waN,)2 + (—1><wA)2 n (—1xa)t)2 _
- m hfg DNI A t

2 2 2 2
1><0025 1x0 —-1X%X10 —-1X0 —-1x0
+ ) ' ( ) i ( ) ' ( ) -
6.783 2257000 876.92 1.131 36000
+0

012 = +1 12%

(B.3)
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