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ABSTRACT

The global water demand is increasing alongside the growing world population. Adequate
access to clean drinking water is essential for the well-being of all living organisms, and the
scarcity of this resource is a significant worldwide issue. In addressing this challenge solar
desalination systems, particularly solar stills, have proven to be effective solutions, generating
fresh drinking water from saline or contaminated water. A solar still is a device used to produce
fresh water from contaminated water using heat from the sun. Solar stills mainly consist of a
water basin, a glass cover positioned at an angle facing the sun, a collecting tray, a collecting
tank and a feeding tank. The basic operation of the device is that the contaminated water
inside the water basin is heated and evaporated using the heat from the sun. This water vapor
then is condensed on the inner surfaces of the solar still cover and from there potable water
is accumulated.

This study comprises a design, fabrication and testing of a new design of a double slope
single-stage solar still (D5S). The system was constructed at the Mechanical Engineering
workshop at Cape Peninsula University of Technology (CPUT), Bellvile Campus. The tests
were conducted on the roof of the Mechanical Engineering workshop over twelve days during
October and November 2023 (spring season in South Africa). Out of the four seasons, spring
is the second warmest after summer, thus, testing during this season was deemed feasible,
given that sun irradiation is one of the most important elements influencing the productivity of
solar stills.

The D5S was incorporated with a 16-tube evacuated tube solar collector. The solar still was
tested during the day (7 am to 7 pm) and night (7 pm to 7 am). The system consisted of a
saline tank that was elevated and positioned to allow a gravitational flow of seawater to the
basin. A water circulation pump was used to hasten the flow from the basin to the solar
collector and back to the basin where the evaporation and condensation processes took place,
thus, leading to the production of the distillate.

During the experiment test, the highest production obtained per day was 513ml, being the total
production for day and night achieved on a day when the maximum outdoor temperature was
30°C. The minimum distillate produced was 140ml on a day that had a maximum temperature
of 22°C that was one of the coldest days during the testing period. The total distillate produced
by the solar still system during the testing cycle was 3821 ml.

The knowledge produced from this research will assist the industries dealing with water
distribution and management in enhancing the water resources. The knowledge will also serve
as the guide in cases where such systems are taken for commercialization. The knowledge
from this study can be useful in remote areas that are faced with the water crisis and all sectors
that are water depended for their operations and for remote areas.
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CLARIFICATION OF TERMS
Definitions:

Condensation — is the process by which gas/vapor changes to a liquid form. This generally
happens when vapor in warm air encounters a cool surface.

Desalination - is a process of removing minerals and salts from saline water to produce fresh
drinking water for humans.

Evaporation — is the process by which liquid changes to gas or vapor. This happens when a
liquid is heated.

Phase change materials (PCM) - organic or mineral compounds capable of absorbing and
storing large amounts of latent thermal energy.

PVIT collector - is a kind of heat exchanger that receives solar radiation and converts it into
electrical and thermal energies.

Solar Collector - is a device that collects solar radiation from the sun for future use.

Solar still - A solar still is a device that yields drinkable and potable water from contaminated
and saline water utilizing the energy from the sun.
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NOMENCLATURE

Abbreviations:

CSS — Conventional Solar Still

D5S — Double slope single-stage solar still

DC - Direct current

EC — Electrical conductivity

ED — Electrodialysis

ETSC — Evacuated tube solar collector

FPSC — Flat plate solar collector

MD - membrane distillation

MED - multi-effect distillation

MSF - multi-stage flash

MVC/TVC - mechanical/thermal vapor compression
PCM - Phase change material

PSU - Practical salinity unit

PVI/T — Photovoltaic thermal

RES — Renewable energy sources

RO — Reverse osmosis

SD - solar distillation

TDS - Total dissolved solids

TSS — Tray Solar Still

TSSIBM - Tray Solar Still with Internal and Bottom Mirrors
TSSIBTM - Tray Solar Still with Internal and Bottom & Top Mirror
TSSIM - Tray Solar Still with Internal Mirrors

Equation Symbols:

Symbol Description

a accuracy of the measuring instrument
U Standard uncertainty

i Annual interest rate

AC Annual cost

AMC Annual maintenance cost

Xiii



ASC
CPL
CRF
FAC

nw v =2 =

Annual salvage Cost

Cost per litre

Capital recovery factor

Fixed annual cost

Number of operational days per year
Number of operational years
Present capital cost

Salvage value
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CHAPTER 1- INTRODUCTION

1.1 RENEWABLE ENERGY SOURCES

Non-renewable energy sources are scarce and depreciating, facts that will lead to their
depletion in the next years. This situation entails that the world must look at alternative
sources of energy and, therefore, leads directly to the need for renewable energy which
complies with the present energy demand. Renewable energy sources are utilized to
address the energy challenges the world is experiencing since they are environmentally
beneficial and nearly inexhaustible. Solar photovoltaic and solar thermal collectors
transform solar radiation energy into usable heat and electrical energy. Solar energy is
one of the largest, most efficient and cleanest renewable energy sources utilized for
thermal heat and power generation [1] .

Wwind, solar thermal, photovoltaic and geothermal are examples of renewable energy that
can be used in desalination operations. The utilization of direct sunbeams to create fresh
water using solar stills is the most researched way of creating a linkage between
renewable energy sources (RES) and desalination processes [2]. Desalination systems
powered by renewable energy are often divided into two categories. The first group
includes distillation technologies powered by the heat supplied by RES. Meanwhile, the
second group includes membrane and distillation processes that use electrical or
mechanical energy generated by RES [3].

Solar power is the best type of renewable energy for integrating with desalination
technology since it can provide all the heat and electricity required for desalination[4]. The
most common sun harvesting methods include photovoltaic (PV), linear Fresnel, parabolic
trough and central receiver [4]. Several studies have been conducted on solar stills and
some of these studies are discussed in the literature review in Chapter two.

According to Abdelkareem et al. [5], desalination facilities that use wind power are widely
accepted as a type of renewable energy, particularly in coastal areas with substantial wind
energy supplies. These wind-driven desalination plants have been shown to have the
lowest environmental impact among RES, with a remarkable 75% decrease in
environmental consequences. Wind energy is primarily integrated with reverse osmosis
(RO) and electrodialysis (ED) desalination systems due to their reliance on electricity
rather than heat [6].

Geothermal energy harnesses the elevated temperature found beneath the Earth's
surface to generate steam or store heat energy. This energy source necessitates drilling
into the ground, with depths reaching up to 5000 meters. However, for the excavation
efforts to be cost-effective, the underground temperature must exceed 180°C [7]. Wave
and tidal energy are well-suited for coastal regions [8]. In 1990, it was proposed to use an
oscillating water column (OWC) to convert ocean wave energy into electricity, which would
then be used to power RO desalination processes [9],[10]. Figure 1.1 below shows the
different types of renewable energy sources and the desalination techniques for which
they are suitable.
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Figure 1.1: Renewable energy resources

1.1.1 Desalination Systems

With an ever-growing population and demand for freshwater, the need for desalination is
expanding. Worldwide desalination demands have risen steadily since the 1960s.
Countries such as the United Arab Emirates and Saudi Arabia have the most desalination
capacity compared to other countries. Saudi Arabia was reported to be using desalination
systems to fulfil 60% of its water demands and is the leading producer of desalinated water
[11]. According to Jones et al. [12]. Countries such as Kuwait and Qatar rely totally on
desalination plants for freshwater. The overall worldwide installed desalination capacity
was predicted to be 95.37 million m®/day[13].

Desalination systems have become essential to meet the growing demand for freshwater.
Two main solar desalination approaches are photovoltaic-reverse osmosis (PV-RO) and
solar-thermal desalination. Integrating desalination systems with solar energy
technologies is one of the solutions for eliminating the need for fossil fuel energy sources
[14]. Desalination technologies are used to produce fresh water from seawater utilizing
either membranes or thermal processes [15]. Thermal desalination, a phase change
process, entails elevating the temperature of the input (seawater, brackish water, or other
impaired water) to the "boiling point" at the operational pressure to generate "steam". The
steam is then condensed in a condenser unit to yield freshwater. Various methods fall
under the thermal desalination process, including multi-stage flash (MSF), multi-effect
distillation (MED), mechanical/thermal vapor compression (MVC/TVC), membrane
distillation (MD) and solar distillation (SD) [6]. These technologies require complex
supporting infrastructure and large installations and such processes become a challenge



for poor areas. Due to the high-energy consumption of these technologies, solar-driven
desalination systems are a promising approach to producing freshwater [16]. According to
Shatat et al. [17], solar energy is the most extensively utilized renewable source.

On the other hand, membrane desalination, characterized by a non-phase change
process, involves the separation of dissolved salts from the input waters through
mechanical or chemical/electrical means, using a membrane barrier between the feed
(seawater or brackish water) and the product (potable water). Commonly employed
technologies in membrane desalination include reverse osmosis (RO) and electro-dialysis
(ED) [6].

According to Alkaisi et al. [7] the solar still distillation (SD) system, operating as a natural
evaporation-condensation process, stands out as the most viable renewable desalination
method for application in isolated arid regions. Nevertheless, additional research is
necessary to improve the efficiency and freshwater yield of these systems. Figure 1.2
below shows the different types of desalination technologies available.

The focus of this research is mainly on solar distillation, a double slope single stage solar
still (D5S) incorporated with an evacuated tube solar collector was designed, constructed
and tested in Cape Town, South Africa.

Evaporation -
j Cinye satio
condensation rystallisation

: e Mechanical [ Membrane - -
Themmal processes PIOCESSRS Distillation (MD)

olar Still Distillation
(550)

Mechanical Vapor Forward Osmosis
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Figure 1.2: Desalination techniques
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1.2 PROBLEM STATEMENT

The availability of fresh drinking water has become a challenge all over the world with the
increase in population. This is even more serious in remote areas. All living creatures need
clean water to survive. Most of the Earth surface is covered by the oceans which covers
approximately 97% of the Earth’s water and less than 1% of this water is fresh water.
Oceans contain saltwater and this requires water purification to qualify as fresh drinking
water. Over the year's seawater desalination has been carried out using several
techniques such as membrane distillation, multiple effect distillation, multistage
desalination and reverse osmosis. However, recent studies report that existing systems
have worked well but with challenges such as the low production of potable water,
efficiency etc. These are affected by several factors.

This project is looking at redesigning the D5S that will be tested using real environmental
conditions. The proposed design will incorporate the mechanism that will be used to store
thermal energy for the night-time operation since there is no solar radiation during this
time. The performance of the newly designed solar still will be compared with those that
are available in the literature.

1.3 DETAILED BACKGROUND TO RESEARCH

Solar stills have become quite popular globally, due to the challenge of accessing
freshwater. There are different types of solar stills with different configurations and designs
[22]. Efficiency and freshwater yield play a huge role in these systems. Studies have been
conducted to improve the efficiency and freshwater yield of solar stills [23]. Solar stills are
categorized into active and passive solar stills. Active solar stills make use of additional
devices to convert energy from the sun into a more usable form. Passive solar stills only
use heat energy directly from the sun [19]. Previous studies have reported that active solar
stills are more expensive than passive solar stills [24].

Solar stills mainly consist of a water basin, a glass cover positioned at an angle facing the
sun, a collecting tray, a collecting tank and a feeding tank, as depicted in Figure 1.3 below.
The sun is directed onto the glass cover, the heat penetrates, and the evaporation process
takes place. The water vapour condenses to water droplets on the glass cover and, due
to gravity, the water droplets slide down to be collected as potable water. This process
does not mean that potable water is ready for consumption. The water quality must be
tested before use or consumption for health reasons.
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Figure 1.3: Single slope solar still [25]

Single slope solar stills have become more popular for producing freshwater globally.
However, the challenge with this design is the low production of distillate [26]. Previous
studies have reported that increasing the evaporation surface area of the solar still
increases the production of freshwater [27]. One of many ways to achieve this escalation
is to incorporate two covers on the system, as shown in Figure 1.4 below.

Recent studies have reported that integrating solar stills with solar collectors increases the
yield of fresh water by 36% [28]. This system has been incorporated with thermal storage
to increase the efficiency of the system mainly at night-time. This study focused on
redesigning a single-stage solar still and focusing mainly on improving the freshwater yield
of the existing designs. The system has been designed to be cost-effective to enable
people from the poorest backgrounds to access it.
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Figure 1.4: Double slope single-stage solar still [20]



1.4 RESEARCH AIMS AND OBJECTIVES

The main aim of this research was to enhance the production of freshwater on a double
slope single-stage solar still. This aim was achieved through the following activities:

¢ Designing and constructing a new design of a single-stage solar still.
e Testing the newly designed single-stage solar still.

o Performing the tests using real environmental conditions.

e Studying the daily output in reference to weather conditions.

e Testing the system during the day and at night.

1.5 ORGANIZATION OF THESIS

Chapter 1 — Introduction
This section consists of the problem statement, a detailed background to the study,
research aims and objectives and organization of the thesis respectively.

Chapter 2 — Literature Review

This chapter includes reference to all the literature that was consulted relating to this
research. It further discusses single-stage solar stills mainly focusing on double sloped
stills. The factors affecting the production and efficiency of solar stills have also been
discussed and lastly the summary of the literature.

Chapter 3 — Detailed Construction (Methodology) and Testing

This chapter discusses the components of the system and lists all the materials, tools, and
machinery used for construction. It details the construction process of the prototype and
all the methods used to achieve the final design. It further discusses the testing process
and measuring instruments used. It also briefly discusses challenges that were
encountered during the testing phase.

Chapter 4 — Experimental Results
This chapter deliberates the results obtained from the experiments and the data analysis.

Chapter 5 — Conclusions and Recommendations

This chapter discusses the conclusions drawn from the results obtained and further
suggests recommendations to resolve challenges encountered for the improvement of
future designs.



CHAPTER 2: LITERATURE REVIEW

This chapter presents findings from the reviewed related literature. It focuses on the
literature concerning single-stage solar stills. It also describes the factors influencing the
efficiency and freshwater yield of these solar stills.

The two main classes of solar stills are passive and active solar stills. In passive stills
evaporation and condensation occur naturally mainly utilizing energy from the sun [29].
There are various ways that can be implemented to increase the efficiency of passive stills
that will be mentioned in this section.

Active solar stills use extra devices to concert solar radiation into a functional form. The
two classes are dependent on meteorological, design and operational conditions to
function. Meteorological conditions are out of human control while design and operational
conditions can be regulated to a certain extent [30].

Researchers are continuously working on ways to improve the production of active and
passive skills. Siva and Sundaram [30] conducted a review of old methods used to improve
the performance of these stills. The techniques looked at were energy storage materials
that included different types of material, the angle of the glass cover, the vacuum
technique, incorporating wick material in the basin, using external reflectors on stills,
making use of solar tracking systems to ensure that maximum utilization of solar energy is
achieved throughout the day, using liner material in the basin for the maximum absorption
of solar radiation, incorporating a solar collector, humidification — dehumidification
principle, Multi-effect Distillation(MED)/Multi-stage flash distillation (MSF) desalination
systems. All the above-mentioned techniques greatly improved the production of both
active and passive solar stills based on all the literature reviewed for this investigation.

Mohsenzadeh et al. [31] studied and reviewed different designs for performance
enhancement on passive solar stills for isolated areas. The focus was on the design
enhancement and modifications, improving the collection and receiving of solar radiation
using mainly internal and external reflectors, enhancement of solar absorption focusing on
the modification of the basin design, surface area, inclination angle of the cover, etc.,
improvements to the heat storage and vapour condensation enhancement.

The literature revealed that the best design enhancement for isolated areas was adding
internal and external reflectors positioned near the passive solar still (PSS) in an ideal
position for the improvement of insolation collection. It was also established that a concave
basin covered by a wick cloth at a predetermined level of wetness can be used to improve
heat absorption. To enhance the water vapour condensation process, a hemispherical
cover made with recyclable plastic material placed on top of the PSS would be beneficial.
Lastly, for the improvement of heat storage, nano composite phase change material
placed under the basin and combined with fins greatly boosts the efficiency of the PSS.

2.1 Single Slope Solar Stills

In a study by Arunkumar et al. [32], seven different types of solar stills were constructed
and tested under the same weather conditions in Coimbatore, India. The units were a
spherical (SSS), pyramid (PSS), hemispherical (HSS), double basin glass (DGBSS),
concentrator coupled single slope (CCSSS), tubular and tubular solar still coupled with
pyramid solar still. All the stills’ internal basin walls were painted black to enhance the solar
absorption and insulated with sawdust to minimize heat losses. This material was used



due to its affordability. The stills were all tested at the same time between 01 January 2011
and 30 May 2011. The data was recorded at half hour intervals.

The saline water level on six basins was maintained at the same level. The distillate
produced by the SSS was 2300 ml/m?/d. The DGBSS produced an average of 2900
ml/m?/d. The PSS still produced 3300 ml/m?/d, the HSS produced 3659 ml/m?/d. The
production of the HSS was higher compared to that of the PSS due to the larger surface
area of the HSS. The CCSSS gave 2600 ml/m?/d and the tubular solar still produced 4500
ml/m?/d. The tubular solar still coupled with a PSS produced 6928 ml/m?/d .

The DBGSS produced an average of 2900 mil/m?/d. The condensation at the bottom glass
resulted in the evaporation of the top glass. Due to this, the top basin continued to produce
distillate during the nighttime. This practice proves that single basin solar stills are less
effective than double basin stills. The temperature difference is one of the key parameters
that affect the freshwater yield of solar stills. This study was undertaken to investigate the
different types of stills constructed. It was concluded that the tubular solar still coupled with
PSS produced more freshwater than the other units due to the concentrator effect.

Jamil and Akhtar [33] have investigated the effect of specific height on the solar still. The
basin-type solar still was used in conducting this study. The heat loss was prevented
through the incorporation of 1-inch-thick glass and the plain glass was kept at 28°. The
data that was collected included solar radiation, atmospheric temperature, wind velocity
and temperatures in the solar still and distillate. The experiment was performed from 8 am
to 5 pm from March to June and these months were assumed to be clear sky days. The
experiment was conducted on a constant feed water depth of 0.01m. Feedwater was
supplied hourly to the solar still basin and it was found to be equal to the amount of distillate
collected. It was discovered that daily the freshwater yield improved from 1.341 to 4.186
I/m? per day. The daily efficiency also increased from 11.25 to 39.59%. This increment was
found to be inversely proportional to the specific height. It was also observed that the
quality of water produced from the system improved and was suitable for drinking.

Alwan et al. [34] conducted a study to investigate the effect of modifying a solar still with a
solar collector and the focus was to improve the freshwater yield of a traditional solar still.
A rotating hollow cylinder made with a galvanized iron sheet was incorporated into the
system to increase the surface area of evaporation and reduce the boundary layer
thickness of untreated water film. A solar collector was incorporated to increase the
temperature of saltwater in the basin. The performance of the system was tested with three
rotational speeds (0.5, 1, and 3 rpm).

Two types of solar still were tested, the traditional solar still and the new modified solar still
(MSS). The water basin surface area of both systems was 0.5m?. The covers were made
of transparent Plexiglas with a single slope of 35° on the frame. A DC motor of 12 V and
0.1 A was used to rotate the cylinder. The motor drew power from the photocell panel in
the daytime and was connected to a battery at night. The solar collector incorporated on
MSS was made of the galvanized steel plate and coated with black colour to increase the
absorption of solar energy which was fixed at 35°. The water circulation between MSS and
solar collector was through a water pump with a power consumption of 10 W and a
maximum flow rate of approximately 1.2 |/min.

The experiment was performed between 8 am and 8 pm on different days from June to
September. The data collection included recording the temperatures of Plexiglas cover,
metal basin, brine water, relative humidity within solar stills, solar radiation intensity, wind
speed, temperature and relative humidity of ambient air. Data was collected every 30



minutes continuously throughout the day. It was observed that the freshwater yield of the
solar still was inversely proportional to the speed of the hollow cylinder. Furthermore, the
incorporation of the solar collector increased the freshwater yield of freshwater by 5.5 I/m?
for MSS compared to 1.4 I/m? from traditional solar still.

In a study conducted by Abdullah et al. [35] a new single basin solar still design was
studied theoretically and experimentally. Two systems were constructed, conventional
solar still (CSS) and tray solar still (TSS) to investigate the efficacy of adding trays on solar
still sides. The CSS was made of a galvanized steel sheet with a 3mm thick glass cover
at an angle of 24° and was painted black. The thermal loss was prevented through the
incorporation of thermal insulation.

The TSS was also designed the same way as CSS with three additional improvements.
Three trays with different colours were attached to the internal sidewalls of the system.
Internal mirrors (reflectors) were incorporated between the side trays and mirrors were
installed at the top and bottom of the glass cover. The top and bottom mirrors were
designed so that they can be inclined according to seasons. The two designs were tested
in May and June 2019. Solar radiation, temperature, airspeed and distillate quantity were
measured. The basin water depth for both CSS and TSS were kept at 1 cm. The water
depth on the trays varied between 0,5, 1, 1,5, and 2 cm. The level of saline water was kept
at the same level by the refill that was performed every half an hour.

The results of the experiment showed that TSS with no reflectors was 1.5 times more
productive at 1cm basin water level and 0.5cm tray height. TSS with internal mirrors
(TSSIM) showed a 58% increase in freshwater yield over that of CSS. The addition of
exterior bottom mirrors (TSSIBM) and top mirrors (TSSITM) increased TSSIM freshwater
yield by 84% and 75% respectively, as compared to CSS freshwater yield. The use of both
the exterior bottom and top mirrors (TSSIBTM) with TSSIM resulted in 95 percent greater
freshwater yield than CSS. CSS, TSS, TSSIM, TSSIBM, and TSSIBTM had thermal
efficiencies of 34, 41, 42, 44 and 50% respectively, at 1 cm basin water depth and 0.5 cm
tray height.

2.2 Double Slope Solar Stills

Gnanaraj and Velmurugan [36] conducted an experimental study to investigate the
effectiveness of a double slope single basin solar still with internal and external alterations.
The study was conducted to improve the production of distillate. Several solar stills were
fabricated and tested, one conventional solar still (CSS) with no modifications, three with
internal alterations (one still with finned corrugated basin, one with black granite, and a still
with wick), one with external alterations (reflectors), and a combination of the four designs.

Both the basin covers were made from 4 mm thick glass placed at an angle of 30°. The
internal surface of the basin was painted black to better absorb solar radiation. A
corrugated basin with fins was incorporated and structured in a wave-like manner using a
2 mm thick iron plate. The corrugated plate was placed at the base with 70 fins (made of
2 mm thick hollow square iron pipe and wrapped with black cotton cloth). A 10-15 mm
black granite gravel was laid out at the bottom and 100 fins were placed at the bottom to
make a still with a wick. Two external mirrors were incorporated on both sides of the CSS.
The angles of these reflectors were flexible according to season. Calibrated K —
thermocouples and a digital temperature indicator were used to record basin water and
glass cover temperatures. A mercury thermometer was used to measure ambient
temperature.

The experiment was performed between 7 am and 6 am from March to May 2018. The
basin water level was kept at 200 ml and it was filled every hour to compensate for the
distillate collected. Ambient temperature, basin water temperature, glass cover
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temperature, and distilled water collected were recorded every hour from 7 am to 6 pm.
The quantity of distillate collected was recorded for the night period (6 pm to 6 am). The
experiment in each modified still was repeated for 5 days. A rapid increase in water
temperature was observed in the still with a finned corrugated basin and the still with
external reflectors during the daytime. The still with black granite kept high water
temperature for a longer period during nighttime. Morning production of distillate was
observed to be more on the still with external reflectors. The distillate collected from the
CSS was 1880ml/m?. The distillate production of the still with finned corrugated basin, still
with black granite, still with wick, still with reflector and still with all internal and external
modifications was 2995, 3210, 2690, 3655 and 5130 ml/m? respectively and it was 58.47,
69.84, 42.33, 93.39 and 171.43% respectively higher than the production of the CSS.

Hedayati-Mehdiabadi et al. [37] conducted a study to investigate basin-type double slope
solar still equipped with phase change material (PCM) and PV/T collector. A PV/T collector
and PCM were incorporated on the still. Paraffin wax was used as the PCM for this study.
The production of potable water was studied at day and night times to determine the effect
of incorporating PCM on solar stills. The system was tested in winter and summer. The
results of the experiment showed that the production of freshwater increased by 10.6%
between 06 July and 23 December. Increasing the mass of saline water in the basin
reduced freshwater production during the daytime and increased production at night-time.

Rajamanickam et al. [38] conducted a study to compare the effect of water depth, single
slope and double slope, and charcoal as an energy storage material. The double slope
still had two 4 mm thick adjacent glass covers both positioned at an angle of 20 degrees
to the horizontal axis. The saline water tank was placed next to the still at a height of 0,5
m above ground level. The still had a single basin made from galvanized iron in the inner
wall. The bottom surface and outer wall of the basin were coated with black paint to better
absorb heat. The system was incorporated with thermocouples to measure temperature.

A digital temperature indicator was used to obtain all temperatures and an Eppley
Pyranometer was used to measure solar radiation. An anemometer was used to measure
the wind speed and a measuring jar was used to measure the condensate water. The
experiment was conducted from 9 am to 5 pm in April 2017 on the double solar still. The
water level was maintained throughout the experiment. The results showed that the
maximum amount of freshwater produced was 3025 ml/day at 0.01 m water depth. The
freshwater production increased by 30,57% on double slope solar compared with single
slope solar still with the same basin area.

2.3 Factors Influencing the Efficiency and Freshwater Yield of Solar Stills.

The performance of solar stills can be influenced by several factors. These factors can be
divided into two categories: ambient and operating conditions, and design conditions. The
ambient and operating conditions include factors such as the ambient temperature, wind
speed, basin water depth and inlet temperature of the water. On the other hand, design
conditions refer to controllable factors that are critical for the overall system performance.
These design conditions include the type of still, the slope of the cover, the material used
for construction and insulation, modifications and sun-tracking systems.

According to Selvaraj and Natarajan [39], there are four key characteristics that
significantly impact the performance of solar stills. These include the collector area, basin
water depth, solar radiation intensity and the temperature difference between the glass
cover plate and the water.

In a review by Manokar et al. [40], various factors that influence the evaporation and
condensation rate of passive solar stills were studied. Several factors influence the
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evaporation and condensation rates in stills, including, but not limited to, the construction
material used on the still, the level of saline water in the basin, the rate of absorption of the
saline water in the basin, the temperature of the water entering the basin, the temperature
of the basin cover and the wind speed.

2.3.1 Solar radiation intensity

Solar stills are solely dependent on the sun, hence, the solar radiation intensity is an
important parameter for the efficiency of the systems. In the year 2000, Boukar and
Harmim [41] conducted a study on a simple basin solar still with a solar collector and one
without it to investigate the influence of climatic conditions of Adran (a Saharan site in
Algeria) on solar stills. The systems were tested for three months between January and
March. The stills were tested at varying water depths from 2.5 cm to 3.5 cm.

The production on the still with no collector came at about 4.01 — 4.34 kg/m?/d and the
solar collector incorporated still produced between 8.02 to 8.07 kg/m?d that is
approximately double to that of the traditional solar still. It was then concluded that
incorporating a solar collector on a solar still enhances the production of the still. This study
also showed that as the solar radiation increased from January to March, the production
of the distillate on both stills increased — a fact that was to be expected since solar
irradiance is the main contributing factor to solar desalination systems. This increase,
therefore, indicated a direct proportionality relation between the irradiance and production
of solar stills.

Badran and Abu-Khader [42] conducted an investigation on a single slope solar still,
examining its freshwater yield and efficiency based on solar radiation intensity. The study
involved both practical and theoretical analysis, with the MATLAB software used for the
latter. The experiment was conducted from 8 am to 5 pm using a passive solar still. The
researchers concluded that the freshwater yield and efficiency of the solar still increased
with the intensity of solar radiation. They found that the highest efficiency was achieved
during the early afternoon, when the sun’s radiation intensity was at its highest.

In a study by Badran and Al-Tahaineh [43], the influence of solar radiation and the addition
of a flat plate collector on the performance of a solar still was investigated. The experiment
was conducted in two scenarios: one with a solar collector (active) and one without
(passive). It was carried out over the course of a few months, from October to December.
Initially, the still was tested without the solar collector in October to analyse the impact of
solar radiation. The researchers observed that decreasing the water level in the basin and
increasing solar radiation intensity both resulted in higher freshwater production.
Additionally, when the solar collector was combined with the still, the production rate
increased by 36%. Almuhanna [44] also designed and tested a single slope solar still,
exploring the effect of solar radiation intensity on freshwater production. The study found
that as the intensity of solar radiation increased, the rate of freshwater production also
increased.

In a study conducted by Subramanian et al. [45], a practical and theoretical analysis was
performed on a solar still with a single basin. The still was modified by replacing the glass
cover with a pyramid-shaped structure and incorporating a flat plate collector. Several
parameters, including solar radiation, wind velocity, ambient temperature, time, inlet
temperature (flat plate collector), inlet water temperature (still) and freshwater distillate,
were recorded during testing between 9 am and 5 pm. It was observed that solar radiation
was directly proportional to the production of freshwater on the solar still.
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Solar stills operate on two processes, condensation and evaporation. The processes are
an important part of the production of stills, hence, continuously improving these processes
is vital. Condensation plays a huge role in the freshwater yield of solar stills [20]. Sebaii
[46] investigated using computer simulation to determine the effect of wind speed on
certain designs on basin type and vertical solar stills in Tanta. Calculations were made on
typical summer and winter days to link the still production to wind speed for varying levels
of saline water. It was found that the production of distillate is directly proportional to the
wind speed on these stills. The average wind speed was also established to be 8 m/s and
10 m/s on winter and summer days, respectively.

Omara et.al [47] reviewed the performance of conventional solar stills with different types
of reflectors. Reflectors are a useful and inexpensive way to boost the solar irradiation
delivered to the basin liner or water, as well as the distillation efficiency of the still. The
study looked at several stills that were incorporated with either internal (IR) or external
reflectors (ER) and some with a combination of both to enhance the output of solar stills.
According to the literature reviewed for this study, reflectors are only efficient/necessary in
areas where the atmospheric temperature and solar irradiance are very low, thus,
indicating that reflectors are more efficient in winter compared to summer. It was also noted
that the inclination angle of the ER must be changed according to climatic conditions to
achieve maximum results. Table 2.1 below shows the summarized works on the influence
of solar radiation intensity to freshwater yield discussed in this section.

Table 2.1: The summarized works on the influence of solar radiation intensity to freshwater yield

Still type Condensation Country conditions Results (per day) References
technique

Single Natural wind and flat Jordan 3510 ml/day [43]
slope plate collector

Single Natural winds Saudi Arabia 5941.4 ml/m?/d [44]

slope basin

Single Flat plate collector India 800 ml at 1180 [45]
basin W/m? (max

pyramid radiation)

Double Natural Winds India 5130 ml/m?/d [36]
slope
single
basin

2.3.2 Temperature difference

The air mass within the solar still circulates more vigorously as the temperature difference
between the glass cover and the water basin increases. This practice leads to a notable
improvement in the transfer of heat through evaporation and convection from the water in the
basin to the glass cover. The condensation process is primarily driven by the difference in
temperature between the glass cover and the water [48].

According Boukar and Harmim [41], at a maximum temperature difference, efficiency is
maximized; this variance may be accomplished by using a glass with a reduced thickness, a
cover tilt angle close to that of the area’s latitude where the solar still is tested, a thin solution
to be distilled and a high wind speed.
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Abu-Arabi et al. [49] conducted a study to model and assess the effectiveness of a single-
basin solar still with cooling water flowing through a double-glass cover. The area of the still
basin was 1m2 This design aimed to maintain low glass temperatures and increase the
temperature difference between the glass and water, thus, improving the condensation rate.
In the same weather conditions in Muscat, Oman, the DGBSS was compared to the traditional
single-glass solar still. The presence of water between the double-glass covers enhanced the
output of the still. The study revealed that the amount of insulation used had a significant
impact on the efficiency of the still. Properly insulated stills would result in a higher yield for
the conventional still, but the double-glass still showed higher output when considering heat
losses from the water basin to the environment in the simulation.

The irradiance from the sun is the main parameter affecting the rate of evaporation. It, thus,
is important to select or make use of material that has thermal conductivity for the construction
of solar stills [50]. The temperature difference between the saline water in the basin and the
basin cover greatly affects the evaporation and condensation processes. The higher the
temperature difference between the saline water in the basin and the basin cover, the higher
the evaporation and condensation rates and, therefore, an enhanced production rate [48].

Khan et al. [51] investigated the performance of a hemispherical solar still with and without
cooling on the top cover. The cooling mechanism was implemented to increase the
condensation rate by enhancing the temperature difference between the water in the basin
and the cover. The distillation unit efficiency was enhanced from 34% to 42% when water was
supplied at a flow rate of 0.166 ml/s. The findings indicated that the application of water cooling
increased the efficiency of the hemispherical solar still by 1.25 times. Table 2.2 below shows
the summarized works on the influence of temperature difference to freshwater yield
discussed in this section.

Table 2.2: The summarized works on the influence of temperature difference to freshwater yield

Still type Condensation Country Results (per References
technique conditions day)

Single basin Water film cooling Jordan 6% efficiency [52]
enhancement

Single basin Water film cooling Jordan 20% efficiency [53]
enhancement

Double-glass Natural Wind (water Oman 35% efficiency [49]
cover single basin cooling) enhancement

Hemispherical Natural Wind (water India 1.25 efficiency [51]

cooling) increase

2.3.3 Evaporation surface area

The performance of solar stills is significantly influenced by the surface area of the basin and
the water levels in it. The efficiency of the solar still is determined by the evaporation area, so
enlarging the surface area can enhance its effectiveness. This process can be achieved by
incorporating materials such as jute, wick, sponge or similar substances. Studies have shown
that the use of such materials can increase the output by 15-46% in solar stills [54].

Kwatra [55] conducted a computer simulation to investigate the relationship between
distillation yield and evaporation area in a solar still. The study used a solar still with multiple
effect, which included several basins to expand the evaporation area. The still was also
equipped with a solar collector and evaporator assembly. By multiplying the evaporation area
by four, the study found that the distillation yield increased by approximately 19.6%. This result
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suggests a strong correlation between the size of the evaporation area and the freshwater
yield of the solar still.

In a reviewed study by Chaurasiya et.al [56], passive, hybrid and other solar still designs were
assessed to determine the most efficient solar stills for residential and industrial applications.
Numerous researchers changed the single-basin single-slope solar still by incorporating
distinct design modifications. It was discovered that the solar still integrated with the Fresnel
lens was a better arrangement with a 638.02% increase in production for a single-basin single-
slope solar still. The double-basin single-slope solar still with reflectors and flat plate collector
was found to be a promising design with a freshwater yield boost of 127.31%. The solar still
with more than one basin integrated with photovoltaic thermal (PV/T) collectors proved to have
a greater enhancement in output. In a single basin solar still with a double slope, the external
reflector still seemed to perform better with finned, corrugated, black granite and wick. A semi-
circular trough with a black fabric and an external reflector enhanced the production by 676%.
It was concluded that wick paired with tube solar still is the most productive design for industrial
applications, whereas a passive single-basin single-slope solar still is more suitable for home
applications due to its greater efficiency and cost-effectiveness.

Alwan et al. [34] conducted a study to explore an improved version of a solar still by combining
it with a solar collector and a rotating hollow cylinder. The primary goal was to enhance the
performance of the traditional solar still. A rotating hollow cylinder made of galvanized iron
sheet was introduced into the system that increased the surface area of evaporation and
reduced the thickness of the boundary layer of untreated water. The experiment involved
testing the system at three different rotational speeds (0.5, 1, and 3 rpm). The solar still with
a solar collector and the rotating cylinder produced 5.5 I/m?2, while the traditional solar still only
produced 1.4 I/m2. It was then concluded that the system performed better at the lowest
rotational speed, attributed to the larger evaporation area. Table 2.3, shown below, provides
a summary of the studies discussed in this section that investigated the influence of
evaporation surface area on freshwater yield.

Table 2.3: The summarized works on the influence of evaporation surface area to freshwater yield

Still type Condensation Country Results (per day) References
technique conditions
Single basin Solar collector and India 19.6% increase in [55]
evaporator production
Single basin Solar collector Iraq 5.5 1/m? (25% increase) [34]
Single basin single Natural wind India 29.67% efficiency [57]
slope (with pond increase
fibres)
Single basin (with Natural wind Egypt 3100 ml/m?/d (1.5 times [35]
trays) increase in freshwater
water production)
Stepped double Natural Wind Egypt 80.57% increase in [58]
slope (with linen production
wicks and carbon
black

nanopatrticles)

2.3.4 Basin water depth

Manokar et al. [40] conducted an experimental study to determine how the water depth and
insulation in the basin effect the output of a pyramid still. The system was tested by varying
the water level from 1 to 3.5 cm with and without insulation. The yield from the still was found
to be larger at the lowest water level of 1 cm in both insulated and uninsulated circumstances.
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Elango and Murugavel [59] studied the influence of insulation and basin water depth on the
performance of a single and double basin still. The water level was adjusted from 1 to 5 cm in
both insulated and uninsulated conditions for these studies. During the heating phase, the
single basin produced more distillate than the double basin, whereas during the cooling phase,
the double basin produced more. Under both insulated and uninsulated conditions, the
efficiency of the double basin double slope still outperformed that of the single basin double
slope still. At the lowest water level of 1 centimetre, both stills were more effective, producing
5327 I/ m2 and 4.401 I/m2 per day on the double basin dual slope and single basin dual slope
solar stills, respectively. In both cases, the insulated stills outperformed the uninsulated stills.

Badran and Abu-Khader [42] investigated the thermal efficiency of a single-slope solar still
using both experimental and theoretical methods. The effect of exploring different water levels
in the basin was examined, ranging from 2 to 3.5 cm. These researchers found that as the
water level increased, the daily production of the still decreased. This decrease in output was
attributed to the higher heat capacity of the water as the depth increased, leading to a smaller
temperature difference between the basin and the water that resulted in a lower evaporation
rate.

Several experiments have been set up and tested to investigate the effect of saline water
depth on the production of solar stills. Khalifa and Hamood [60] conducted a study to
validate/verify the influence of saline water depth on the freshwater yield of solar stills. A basin-
type solar still was built from 0.8 mm thick galvanized steel and a 4 mm glass cover. Saline
water with a salinity level of 1100 — 1400 ppm was used for testing purposes. The system was
run during both day and night times; night production was measured at 7 am the following
morning and added to the total daily production.

The system was tested at a saline water depth of 1, 4, 6, 8 and 10cm in April and May at
Baghdad in Irag with a latitude angle of 33.3°N. The system was incorporated with calibrated
copper constantan thermocouples that were shaded with reflective shields, a thermometer via
a selecting switch to take temperatures of the glass cover, saline water and vapor. The glass
cover was positioned at an inclination angle of 35° and a 10cm polystyrene insulation was
used on the base to prevent heat loss.

The results obtained from the above experiment were compared to those of a similar nature
recorded in the existing literature. It was found that the lowest saline water depth produced
the highest amount of distillate during the daytime and had the highest temperature. However,
even though the highest saline water depth gave low production, during the day it gave a
higher nocturnal production (continuous production after sunshine due to the high temperature
absorbed and retained by the water).

Rajamanickam and Ragupathy [61] studied the influence of water level in the basin on internal
heat and mass transfer in a single basin dual slope still. The still was made of galvanized iron
sheets and a 3 mm thick transparent glass cover. After adjusting the orientation, single-
sloped and dual-sloping stills of the same basin size were produced and tested by maintaining
the depth of the water in the basin at 0.01 m, 0.025 m, 0.05 m and 0.075 m respectively. The
greatest freshwater output was 3.07 I/m2 per day in the dual slope still with a water level of
0.01 m in the still basin and only 0.69 I/m2m? per day with a water level of 0.075 m. These
findings revealed that when basin water levels fall, still output increases. Table 2.4 below
shows the summarized works on the influence of basin water depth to freshwater yield
discussed in this section.
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Table 2.4: The summarized works on the influence of basin water depth to freshwater yield

Still type Condensation Country conditions Results (per References
technique day)

Pyramid Flat plate collector Egypt [40]

Single slope Natural wind Jordan 25.7 % [42]
increase (2 to
3.5¢cm)
Double basin Natural wind India 5327 I/m?/d [59]
double slope
Double slope Natural wind India 3.07 I/'m?/d [61]
Inverted Absorber Natural wind Oman 3.41 l/m3/d [62]
Solar Still

2.3.5 Insulation

To increase efficiency, using insulation to reduce heat loss from the sidewalls and base of the
solar stills is another viable option. Various insulation materials including gypsum, sawdust,
styrofoam, polyurethane, thermocol and wood have been tested to prevent energy losses from
solar stills. The thermal conductivity of the insulation material is a critical factor in determining
the material thickness to achieve maximum efficiency [54].

To enhance a still's efficiency, heat losses must be kept to a minimum by using suitable
insulation to conserve thermal energy storage. Khalifa and Hamood [63] conducted a practical
evaluation of the effect of insulation thickness on a basin solar still. The experiments were
carried out on a still with no insulation and a still with insulation of 30, 60, and 100 mm, all with
a cover tilt angle of 35° and a saline water level of 40 mm throughout the testing. The
comparison of the stills demonstrated that increasing the thickness of the insulation improved
the still's efficiency.

Karaghouli and Alnaser [64] studied the influence of insulation on the performance of a single
and double basin still. During the period (February to June), single and dual slope solar stills
were tested with and without insulation under the same circumstances and with the same
basin area of 0.45 m?. The results demonstrated that the freshwater yield of insulation-
equipped stills increased for both single and dual slope stills.

Arunkumar et al. [65] studied the effect of insulation on solar stills. Four 50 m? single basin
solar stills were constructed and tested in the same weather circumstances of Chennai, India.
Three stills were tested: a single slope solar still (SSSS) with no insulation, one with bubble
wrap insulation and one with carbon impregnated foam (CIF - diameter 0.17 m, thickness
0.015 m) and bubble wrap insulation. The results of these tests on the three stills were
compared to the results of the traditional solar still with sawdust insulation. Wind speed,
ambient temperature, solar radiation and internal temperatures were all observed periodically.
The output of the SSSS without insulation, SSSS with bubble wrap insulation, SSSS-CIF with
bubble wrap insulation, and CSS with sawdust insulation were found to be 1.9, 2.3, 3.1, and
2.2 I/m?/d, respectively. The results confirmed that incorporating insulation material on a still
increases its level of production. The still with CIF had the maximum freshwater production
because the CIF in the basin increased the evaporation surface area and therefore more
production.

Hashim et al. [66] investigated several types of insulation to determine the optimum insulating
material for solar stills. Five double-slope basin-type solar stills were built and tested under
the same conditions. The stills all had the same dimensions and cover inclination angle of 15°,
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the basin area was 0.5 m? and they were all covered with a transparent glass of 4mm that was
fixed on an iron frame. One still had no insulation while the basins of the other four stills were
insulated from the following elements: (i) plywood, (ii) glass wool and plywood, (iii) 5 cm thick
hay and plywood and (iv) a still made of glass with a 5¢cm thick air gap between the basin and
the glass bottom. The experimental results were 1308.819, 2385.697, 3015.263, 2954.545
and 2283.187 ml/m? respectively. The still with no insulation produced less than the insulated
stills which proved that incorporating insulation on a solar still enhances its freshwater yield.
Glass wool and hay were deemed the best materials for insulation; however, hay was
recommended due to its low cost. Table 2.5 below shows the summarized works on the
influence of insulation to freshwater yield discussed in this section.

Table 2.5: The summarized works on the influence of insulation to freshwater yield

Still type Condensation technique Country Results (per day) References
conditions
Single slope basin Natural wind India 80% increase in still [63]
freshwater yield
Double basin Natural wind Iraq 19.9% increase in [64]
still freshwater yield
Single basin Natural wind India 3.11/m3d [65]
production
Double slope Natural wind Iraq 3015.263 ml/m? [66]
basin-type
Double basin Natural wind India 5327 I/m?/d [59]
double slope (17.38% increase in
production)

2.3.6 Glass cover thickness and angle of inclination

Ghoneyeri and lleri [67] performed research into the effect of glass cover thickness on solar
stills by building and testing four basin solar stills. Three stills consisted of glass covers of
varied thicknesses of 3, 5 and 6 mm while one had a plastic cover. The still with a 3 mm glass
cover generated more distillate. Glass is the preferred material due to its better solar
transmittance at all angles of incidence and longer life span, however, plastic covers can be
used for short-term applications [48].

The yearly solar still production was maximum when the slope of the condensing glass cover
was equal to the geographical latitude, according to Sing and Tiwari [68]. In research
conducted by Akash et al. [69] in Jordan, a solar still with cover inclination angles ranging
from 15°, 25°, 35°, 45° and 55° was evaluated to determine the effect of cover inclination angle
on the still. The results showed that 35° was the optimal angle, and the latitude is 30.5852° N,
36.2384° E. As a result, the above-mentioned research findings were validated.

El-Samadony et al. [70] investigated the radiation heat transfer rate within a stepped solar still
(SSS) using a theoretical model. The radiation form factor was computed between hot sea
water and glass cover. The effect of incorporating the radiation shape component was
guantified and subjectively rated. The effect of glass cover tilt angle (from 10° to 70°) and solar
irradiation (from 200 to 1200 W/m?) on SSS generation was investigated, taking into account
the radiation shape factor. The radiation shape factor was shown to have a substantial effect
on thermal performance projections. Furthermore, the output of the solar still was determined
to be responsive to the radiation shape, particularly at low sun irradiation and when the glass
cover tilt angles are high (location's latitude angle) and vice versa. When the radiation form
factor was considered, the percentage improvement in still output was up to 18.8% with a low
solar irradiation of 200 W/m2 and a glass cover tilt angle of 70°.
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Ibrahim and Khalifa [71] investigated the development of a basin type still with internal and
exterior reflectors positioned at angles of 0°, 10°, 20° and 30° in winter for still cover angles of
20°, 30° and 40°. A basic still equipped with inner and exterior reflectors was tested in the
winter at a latitude angle of 33.3° N. It was observed that a still with a larger cover angle has
better daily freshwater yield at any reflector angle, and that the daily production of the still with
no reflectors remained essentially constant at any glass cover angle. Furthermore, during the
winter season at 33.3° N latitude, the most effective still was revealed to be one with a cover
inclined at 20° and an internal and external reflector oriented at 20°, with the output of this still
being 2.45 times the typical nominal simple still output. Table 2.6 below shows the summarized
works on the influence of the thickness of glass cover to freshwater yield discussed in this
section.

Table 2.6: The summarized works on the influence of the thickness of glass cover to freshwater yield

Still type Condensation Country conditions Results (per day) References
technique
Single basin Natural wind Turkey 15.5% freshwater [48]
yield
enhancement
Single basin Natural Wind Jordan 6.7 l/day [69]
Stepped solar Natural Wind Egypt 18.8% freshwater [70]
still yield
enhancement
Single slope Natural wind Iraq 2.45 times [71]
basin type freshwater yield
enhancement
Conical single  Flat plate collector New Delhi 6.79 kg/m?/d [72]
basin

2.3.7 Summary and future directions

Critical parameters influencing the production of solar stills were discussed during this
Literature Review. Below are some discoveries recorded:

e The wind speed, temperature difference of the water and glass cover, evaporation
surface area, solar radiation intensity and insulation are directly proportional to the
production of distillate.

¢ The basin water depth and the thickness of the glass cover are inversely proportional
to the production of freshwater on solar stills.

¢ A high solar radiation allows the still to continue operating after sunset, therefore, more
distillate is produced during a 24 hour period.

e The condensation process has a considerable influence on efficiency of solar stills and
this process depends highly on the temperature difference and wind speed.

e The evaporation surface area and basin water depth are linked factors in the still,
reducing the water depth results in an increase of the evaporation surface area and,
therefore, increases the still's production.

o Insulating the still improves the efficiency by minimizing the heat losses in the system.

e The angle of inclination of the cover plate however depends on the location of the
system, it has been proven through research that the system produces maximum
results when the inclination is equal to the latitude angle of that specific area.

2.4 Literature Review Summary

The development and improvement of existing solar stills has been an ongoing project for
researchers seeking to advance the existing systems and achieve higher distillate output from
solar stills. In the literature reviewed on single-stage solar stills both single and double-sloped
stills were built using glass covers for the basin covers. Glass is considered the best material
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for still basin covers because of its superior transmittance and lower reflectance properties
[73]. This system’s basin cover was built using steel that has been made into a cold-water
holder, this item improved the temperature difference of the system that eventually resulted in
an increase in the condensation rate.

2.4.1 Research Gap

It has been observed from the reviewed literature that most designs are modified to enhance
freshwater yield of solar stills during the day. Few works have focused on developing a system
that can operate continually. This study will consider the enhancement of freshwater yield
during night-time as well. The experiment will take place during both day and night times. The
system will be incorporated with thermal storage to store solar energy during daytime.

2.4.2 Novelty

Based on reviewed literature, the systems that were designed operate during daytime. It can
be observed that there is a variance in their performance. The performance depends on the
location where the system is operational, however, there is no work that analysed the
performance of these designs under the Cape Town weather in South Africa. This work
presents and analyse the performance of the D5S under the Cape Town weather conditions.
It further investigates the performance of the system when there is no sunshine.

Furthermore, a new setup is introduced to sufficiently increase the daily productivity of the
double slope solar still. In addition to incorporating an evacuated tube solar collector, the still
cover is made of a galvanized steel sheet instead of the usual glass. The design of the cover
has a hollow section that was used to keep room temperature water to speed up the
condensation process inside the basin.
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CHAPTER 3 - METHODOLOGY

The detailed construction of the double slope single-stage solar still (D5S) is covered in this
chapter. It comprehensively discusses the processes that were utilized to attain the final
product and documents the complete construction procedure. It further outlines the
experimental setup and testing procedures of the D5S. This chapter discusses all the testing
apparatus used, the testing procedure and all tests performed on both the seawater and
distillate produced by the system.

3.1 List of Tools and Materials:

1mm galvanized steel sheet
Evacuated tube solar collector

1-litre Duram metal silver paint

Cistern float valve inlet and a ball float.
40x40x1.6 mm square steel tubing
25x25x1.6 mm square steel tubing
15mm copper tubing

Mechanical copper fittings (T Piece, elbows, straight connectors, etc.)
Bending machine

Angle grinder

Hand drill machine

Copper crossover tubes (U-shaped tubes) — 15 mm OD
90° elbow with 15 mm external diameter.

e 22 mm ball valve
LPG gas soldering unit
e 2 mm 60T Resin core Lead wire.

3.2 Construction Process

3.2.1 Water basin

The basin is made up of two parts, the water basin and the water basin cover that are bolted
together. This section covers the detailed construction process of these parts.

The basin was made of 1 mm galvanized steel. The steel size purchased came as a
1 X 2450 X 1225 mm sheet. The size of the basin was 1250 mm X 840 mm X 500 mm,
however, the bending machine available could only accommodate a minimum of 1200 mm
length. The basin was divided into two parts, one part is shown in Figure 3.1 below, and pop
rivets were used to join the unit as shown in Figure 3.2 below.
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One-half of the water basin
(made of 1 mm galvanized
steel sheet).

4 mm pop rivet holes
drilled using a hand
drilling machine.

Grinding disc

Figure 3.1: Water basin

The material was cut using an angle grinder and tin snip for small cuts and bent using a
hydraulic bending machine. To minimize the chances of leaks in the unit, waterproof paint,
and silicone were used. Waterproof paint was used with a cloth (membrane). The cloth was
cut into strips and paint was applied on both sides of the cloth. The surface of the areas that
needed to be sealed was first painted, the painted cloth material was then placed on the
surface and another coat of paint was applied. The surface was cleaned and prepped with
thinners as shown in Figure 3.2 below before painting to achieve effective results. Silicone
was applied before riveting and waterproof paint with membrane was applied afterwards to

seal gaps further.
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5-litre bottle of lacquer
thinners that was used for
surface cleaning before

applying paint.

Pop rivet joint (joining
the water basin).

Figure 3.2: Water basin construction

The side panels of the basin with dimensions 840 mm X 500mm shown in Figure 3.3 were
also constructed following the same process. They were cut using an angle grinder, tin snip,
and bending machine, and pop rivets were used for joining followed by waterproof painting
after joining the entire basin unit. The upper section of the side panels was cut at an angle of
120° to accommodate the covers, and the top section was cut separately and joined using
brazing as shown in Figure 3.3 below. According to Xiaoging et al. [74], brazing is a process
of putting several metal pieces together by melting and flowing a filler metal into the joint, with
the filler metal having a melting point that is lower than the adjoining metal. The pop rivet holes
were drilled using a 4 mm drill bit and a drilling machine for 4,8 mm X 8 mm pop rivets.
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Side panel of the
water basin.

Material joined using
brazing.

i

ey
Figure 3.3: Basin side panels

The basin is the most important part of the system, the unit contains seawater that will be
received from the saline water tank and circulates between the basin and the solar collector.
The evaporation of steam and the condensation processes take place inside the basin
resulting in the final production of potable water. Inside the basin, there are collecting trays
placed at an angle of 20° delivering the water to the pipe that transports it to the collecting
tank outside the unit. The cold-water inlet on the basin is on the one side and the collection
tray is on the other side. The basin unit was joined using pop rivets and, therefore, precautions
were taken were during the construction process since taking the unit apart would not be an
easy task and, more importantly, would damage the unit structure.

3.2.2 Inside collection plates

The water vapour generated inside the basin emerged into condensate on the water basin
cover. Due to the slope on the cover, the water droplets slid down. The basin had collection
plates pop riveted on both sides to serve as collection plates. The plates were made of the
same 1mm galvanized steel sheet as the basin, cut using the angle grinder and bent using
the hydraulic bending machine. Silicone and pop rivets were used to attach the plates inside
the basin. A hand-drilling machine with a 4mm drill was used to drill holes in the basin and on
the plates. A pop rivet gun with 4,8 mm X 8 mm pop rivets was used to attach the plates.
Silicone was used as an extra measure to ensure that there were no leaks from the plates to
the basin.
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Collection trays

Waterproof painting
with membranes for
1 sealing leaks.

Pop rivet joint (attaching

the collection tray to the E y -~ Silicone used for
water basin) a5

Figure 3.4: Collection trays

3.2.3 Basin cover

The cover was made to align with the basin’s dimensions of 1250 mm X 840 mm X 500 mm
with 100 mm width overlap material that was bent at an angle of 90° using the hydraulic
bending machine and joined using brazing to enable the joining of the cover to the basin. The
cover consisted of two identical units made of 1 mm galvanized steel that were joined using
4,8 mm X 8 mm pop rivets and brazing to make a hollow cover that held cold water as shown
in Figures 3.5 and 3.6 below. The cold water catalysed the condensation process in the system
by increasing the temperature difference between the basin and cover.
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Figure 3.5: Brzing joint

The material was measured using a tape measure, marked using a scriber, cut using an angle
grinder with a cutting disk; the sharp edges were removed using a smooth file and the corners
were cut using a tin snip. Silicone was used to seal gaps between the two units. The complete
unit was then incorporated with 8mm steel bolts to fit the cover to the basin, bolts were used
instead of pop rivets and welding to allow ease of access to the basin.

Basin covers joint (silicone and
pop rivets), used to attach the
two sections of the cover.

Figure 3.6: Basin cover
3.2.4 Basin cover cooling water inlet

The cover of the basin had an inlet and outlet for the cooling water. Three holes were drilled
using a hand drilling machine with a 4mm drill bit as a pilot drill, followed by a 10mm drill bit.
A round file was used to achieve the required diameter, one hole was made for the inlet on
one side and two holes on the other side as draining ports.

The inlet was extended using a steel nipple, horizontal copper pipe, 90° copper elbow and
vertical copper pipe that were all joined using lead soldering as shown in Figure 3.7 below.
The outlet was extended using a steel nipple, horizontal copper pipe and 90° copper elbow on
both holes. Both inlets were extended using copper piping and joined with a T piece off-centre
to avoid obstruction, a Conex 22mm ball valve was added as an isolation and draining point
as shown in Figure 3.8 below. The lead soldering used for joining the copper piping was
achieved using an LPG gas cylinder, gas hose, welding nozzle and 2mm 60T resin core lead
wire and all the copper piping was cut using the 4-28mm copper pipe cutting tool depicted in
Figure 3.16 below.
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Basin cover cooling water
inlet, made of 15mm copper
piping and fittings.

v

Cooling water drain line.

s

Drain valve/point.

Figure 3.8: Cooling water drain line

3.2.5 Saline water tank

The saline water tank was a 20-litre cylindrical plastic bucket with a diameter of 300 mm and
450 mm in height. The plastic material was selected due to its corrosion resistance. The bucket
was placed on an elevated steel frame/stand made of a 25 mm X 25 mm X 2 mm square steel
tubing that was attached to the water basin stand using 8mm steel bolts. The frame was
elevated to allow saline water to be transported using the force of gravity. The bucket was cut

26



at the bottom with a knife to fit a %4” Cobra straight coupler and tied with two 20 mm back nuts
as shown in Figure 3.9 below, one inside and one outside the bucket. The outside back nut
was joined to the copper piping using lead soldering to ensure no leaks occurred and the
inside back nut was screwed in. This action was taken to create a connection for copper piping
that was linked to the float valve on the water basin (also serving as the saline water inlet to
the basin). The bucket had a lid to keep it closed to prevent foreign objects from entering the
tank.

Saline water tank
connection, brass back nut ‘
-

soldered on copper piping.

Figure 3.10: Primary tank outlet
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A 15mm to 2" female brass elbow was connected to the float valve facing the direction of the
saline tank to fit the 15 mm copper pipe coming from the saline water tank. The 15 mm copper
pipe was joined to the brass elbow using lead soldering. The connection from the saline water
tank delivered saline water to the basin using the gravitational force. This water was
transported to the evacuated solar collector for heating and returned to the basin. As the
evaporation and condensation processes took place the condensed droplets were collected
through the plates on the side walls and transported to the collecting tank. Figure 3.11 below
depicts the elbow-to-copper piping connection.

Brass elbow to copper
piping connection

Figure 3.11: Primary tank to basin connection

3.2.6 Float valve

A float valve was installed on the water basin to control the water level inside the water basin.
A hand-drilling machine was used to drill a hole in the valve port. A 4 mm drill bit was used as
a pilot drill, followed by a 13 mm drill bit. To achieve a %4” (22 mm) port, a round file was used
to extend the diameter of the hole by filing in a circular motion ensuring that a circular shape
was achieved. Once the correct size was obtained, the float valve was installed from the inside
of the water basin and tightened using flat nuts. The float valve was positioned to limit/keep
the maximum water depth at 50 mm. This process entails that when the saline water enters
the basin and reaches a depth of 50 mm, the float valve will close to stop the flow. Once the
water depth decreases to a level lower than 50 mm, the valve will open and allow the saline
water to flow into the basin again. The float valve that was used for this system is a 110 mm
ball float valve (see Figure 3.12 below).
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Float valve
B
installation.

Figure 3.12: Float valve

3.2.7 Saline water tank frame

The saline water frame shown in Figure 3.13 below was used to hold the saline water tank at
an elevated position to allow gravity to take its course. The frame was made of 25 mm X 25
mm X 1.6 mm square steel tubing. The tubes were measured using a tape measure, cut using
a hacksaw, the sharp edges were removed using an angle grinder with a grinding disc and
joined using arc welding. The frame was bolted onto the water basin frame. This process was
achieved by drilling 8 mm holes in both frames using a hand-drilling machine. The excess
sharp material was removed using a smooth file. The frame was painted using the Duram
corrosion-resistant paint (smooth silver).
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Figure 3.13: Saline water tank frame (before painting)

3.2.8 Water basin frame

The water basin frame was used to place the seawater basin. The frame was made of 40 mm
X 40 mm X 1.6 mm square steel tubing. The tubes were measured using a tape measure,
steel ruler and engineering square then cut using a hacksaw. The sharp edges were removed
using an angle grinder with a grinding disc and joined using arc welding. All the arc welding
joints were cleaned using an angle grinder with a grinding disc. The basin had flat bars welded
on all four sides of the frame to support the basin during windy weather conditions. The frame
had two extra tubes welded at the top of the frame for the water basin to sit on. The dimensions
of the frame were 1200 mm X 850 mm X 500 mm. The frame was painted using Duram
corrosion-resistant paint (smooth silver) — Figures 3.14 & 3.15 below show the frame and arc
welding joint respectively.
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Figure 3.15: Clean arc welding joint

Welded Support
for basin.
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3.3 External Piping

The basin consists of five ports/holes that were used to connect piping for transporting water
to different sections of the system. The ports served as the inlet for the saline water from the
saline water tank, outlet from the basin to the solar collector, hot water inlet to basin from the
solar collector and two outlets for distillate collection. All the ports were drilled using a hand
drilling machine with a 4 mm drill bit as a pilot drill followed by a 10 mm drill bit and then a
round file was used to achieve the required diameters and round shape. To strengthen the
connection points since the basin material is thin, steel nipples were made and joined to the
copper piping using lead soldering. All the copper piping was cut using the copper pipe cutter
shown in Figure 3.16 below and the copper piping and steel nut connection is depicted in
Figure 3.17.

Figure 3.16: Copper Pipe cutter
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Brazing joint (joining galvanized
steel and mild steel).

Brazing joint (joining copper
and mild steel).

Figure 3.17: Basin pipe connection

3.3.1 Saline water tank to basin connection

The piping connection for delivering saline water from the external tank to the seawater basin
was made of 15 mm class 2 copper piping that was connected to mechanical fittings. A 34" to
15 mm brass straight coupler, copper elbow and brass 3.” to 15 mm threaded elbow was
connected to the float valve. The joints were achieved by using lead soldering. The pipe was
measured, marked and cut using a tape measure, a scriber and a 4 to 28 mm copper pipe
cutter, respectively. Figure 3.18 below shows the saline water tank to water basin connection.
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Figure 3.18: Saline water tank to basin connection

3.3.2 Water basin to the solar collector

The piping was extended to make a connection to the evacuated tube solar collector. The
connection was also made of 15 mm copper piping and the process described in section 3.3.1
above was used to cut and join the copper piping to the fittings. The still basin had two ports
on both far ends of the basin on the 1250 mm side.

The connection on the outlet of the water basin to the solar collector comprised a copper pipe
welded onto a steel nut/nipple, a 15mm copper straight connector, spool piece, elbow, copper
spool piece connected vertically and joined to 15 mm copper elbow that was connected to a
copper spool piece horizontally, followed by a T piece that was incorporated to add a drain
point as shown in Figure 3.20 below. The T piece connection was then linked to a copper pipe
parallel to the basin frame going towards the solar collector inlet, a water circulation pump was
later added to the line to increase the water circulation flow. The copper pipe was connected
to another elbow with the end connection facing upwards. A copper spool piece was
connected vertically that was then connected to a %” to 15 mm brass Conex elbow that was
screwed onto the solar collector. The STAG joining compound was applied on the threads,
followed by thread tape, before connecting it to the solar collector inlet. Figure 3.19 below
shows the basin to solar collector connections.
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Figure 3.19: Basin to ETSC connection

Support for basin
attached using arc
welding.

15mm copper fittings
joined using soldering.

15mm Conex stop end I

to close the drain point.
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Figure 3.20: Basin to ETSC connection (drain point)

The connection on the outlet of the solar collector back to the still basin comprised a %4” to 15
mm brass Conex elbow that was screwed onto the solar collector and tightened to a 15 mm X
310 mm spool piece. The spool piece was then connected to a copper elbow with the end
connection facing towards the basin, followed by a 15 mm X 400 mm spool piece, a straight
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connector and a spool piece with a steel nipple that was attached to the basin. The STAG
joining compound was applied to the threads of the solar collector outlet followed by thread
tape before connecting the Conex elbow. The cutting and joining procedure for copper piping
was the same as the process described in section 3.3.1 above. Figure 3.21 below shows the
line from the solar collector back to the basin.

Seawater line (15 mm
copper piping) from the
solar collector back to the

Hot water side/Outlet of
the solar collector.

=%
==

- —— -
. ot~ . N ™ -— s

Figure 3.21: ETSC bacAto basin connection

The piping with the seawater circulation between the water basin and the solar collector was
covered with a black form strip for insulation after installing the thermocouples. The foam was
tied with cable ties as shown in Figure 3.22 below, to ensure that it held firmly on the piping,
this process was undertaken to minimize heat losses, however, since it was only conducted
on this piping, heat losses incurred inside the basin.
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Figure 3.22: Insulation material

3.3.3 Distillate collection points

There were four collection trays inside the water basin — the construction process was
previously discussed in section 3.2.2 above. The collection trays were slightly tilted at an angle
of approximately 20° to allow for the collected distillate to flow to the collection ports. The basin
had two ports drilled for collection and each incorporated with a copper elbow that was
extended using 15mm copper pipe. A T piece was added to join the collection point to create
one point, off centre, to avoid obstruction to the system. The T piece was extended by a
580mm copper pipe facing the ground and an elbow was soldered onto it with one end parallel
to the ground. A spool piece was added next and an elbow with one end facing down was the
last fitting on the distillate collection line as is shown in Figure 3.23 below. The copper pipe
was measured, cut and joined using a measuring tape, copper pipe cutter and lead soldering,
respectively.
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used for soldering.

Distillate collection line,
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piping and fittings joined
using soldering.

Figure 3.23: Distillate collection point

3.4 Sealing

The water basin was made of 1mm galvanised steel with dimensions 1250 mm X 840 mm X
500 mm (the original steel sheet dimensions were 1 mm X 2450 mm X 1225 mm). The
hydraulic bending machine available at CPUT’s Mechanical Engineering workshop at its
Bellville Campus in Cape Town, could only accommodate a 1.2 m sheet. As a result, the basin
material had to be cut into two sections and joined using pop rivets. As the purpose of the
basin was to contain water, ensuring that there were no leaks within the system was a crucial
part of the construction. This process was achieved by applying silicone between the sheets
before riveting and applying waterproof paint with membranes inside the basin on all areas
with leaking potential to ensure proper sealing. Silicone was also used between the sheets
when joining the basin cover and on the collection plates inside the basin. Figure 3.24 below
shows some of the sealing materials that were used on the system.
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Figure 3.24: Sealing materials

3.5 Evacuated Tube Solar Collector (ETSC)

The technical specifications of the ETSC are listed in Table 3.1 below and the evacuated solar
collector that was used on the D5S to heat the saline water is shown in Figure 3.25 below.

There are mainly two types of solar collectors, a flat plate solar collector (FPSC) and an
evacuated tube solar collector (ETSC). The system was energized through an evacuated solar
collector, this type of collector was used due to its benefits. According to Zambolin et al. [75],
the morning and afternoon collector optical efficiency in FPSC drops due to higher reflecting
losses. These efficiency losses in the evacuated tube collector are decreased since the largest
portion of the absorbers are exposed to nearly normal radiation for a longer time period due
to the shape of the tube. Therefore, in daily testing, the evacuated collector outperforms the
flat plate collector across a broader spectrum of operating circumstances. Furthermore, it was
stated by Eltaweel et al. [76], that a comparison between FPSCs and ETSCs was conducted
and the data analysis indicated that ETSCs had a greater temperature rise than FPSCs. The
time required to reach the peak temperature differs between ETSC and FPSC because the
conversion factor is larger and the ETSC thermal loss factor is lower. The ESTC for the D5S
was positioned at an angle of 33.92° that is equal to the latitude of Cape Town, South Africa.
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Table 3.1: Solar collector technical specifications

Item Specifications
Aperture area 0.6 m?
Max. Operation pressure 0.6 MPa
Stagnation temperature 240°C
Net weight 62 kg
Fluid content of collector 0.78 L
Dimension 1977 X 1318 X 151 mm
Number of tubes 16

-fl el .l ' ] '
| Evacuated tube solar [
A8 collector l

1

Figure 3.25: Evacuated 16-tube solar collector

3.6 Water Circulation Pump

The system was designed to operate under natural convection, however, during the testing
phase, a challenge concerning the continuous flow was experienced. A 220 V water circulation
pump was then installed between the outlet of the basin to the solar collector as shown in

Figure 3.26 below. The pump speed was set at 1450 rpm. The technical specifications of the
pump are included in Appendix B-1.

40




seawater line coming from the basin to
'4 the solar collector to increase the flow.)

e

Flgure 3.26: Water circulation pump

3.7 Testing Apparatus

i. 1 xtemperature data logger 12 channel BTM-4208SD data logger with memory card
ii. 4 xsurface temperature probes
iii. ~ HP200 wireless weather station
iv. 1 x weather station display unit
v. 3 xgraduated cylinders — 1000 ml, 100 ml and 50 ml measuring capacity
vi. 1 x distillate collecting container
vii.  distillate sampling containers
viii. 1 x electrical multi-meter — T235H digital multimeter
ix. 1 x Bante DR900 multi-parameter.

3.7.1 Temperature data logger — 12 channel BTM-4208SD data logger

The temperatures of the inlet and outlet points of the system were monitored during the testing
process using a 12-channel BTM-4208SD data logger. The temperature data logger offered
multiple sensor types such as J, K, T, E, R and S; the tests were conducted using the K-type
sensor setting. The K-type sensor had temperature ranges of -100°C as the lowest limit and
1300°C as the highest limit. The temperature logger could be operated using either 8 X 1.5V
batteries or a direct current (DC) adapter for power. Four K-type thermocouples were used as
shown in Figure 3.27 below, the thermocouples were attached to the surfaces of the inlet and
outlet points using an insulation tape and then connected to the T1-T4 ports of the data logger.
A memory card was used on the temperature data logger to store the temperature data that
was then exported to a computer for processing via Excel. For the tests the battery option was
used, and this process led to challenges because the logger would switch off and stop
recording once the batteries died. Therefore, the process had to be continuously repeated
throughout the testing period due to these challenges.
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Figure 3.27: Temperature data logger

3.7.2 HP2000 Wireless Weather Station

The operation of a solar still is dependable on climatic conditions. Records of solar radiation,
wind speed, wind direction and ambient temperature were collected for the duration of the
tests. The HP2000 wireless internet weather station was used for this purpose and installed
on the roof of CPUT’s Mechanical Engineering Department at its Bellville Campus, as shown
in Figure 3.28 below. The weather station consisted of two sensors, the outdoor and indoor
sensors. Only the outdoor sensor was used for this experiment, the data was transmitted to
the console display unit that was placed indoors and data was collected through a memory
card for further processing. The outdoor sensor was solar-powered and transmitted data to
the console through a low-power radio, technical specifications of the outdoor sensor are listed
in Table 3.2 below.

Table 3.2: Technical specifications of the outdoor sensor

Parameters Specifications
Transmission distance in open field 100 m

Frequency 433 MHz / 868 MHz / 915 MHz
Temperature range -30°C--65°C

Accuracy: +/-1°C
Resolution: 0.1°C

Measuring range rel. humidity 1%~99%
Accuracy: +/- 5%
Rain volume display 0 —9999 mm (show --- if outside range)

Accuracy: +/-10%
Resolution: 0.3 mm (if rain volume < 1000 mm)
1 mm (if rain volume > 1000 mm)

Wind speed 0-50 m/s (0~100 mph) (show --- if outside range)
Accuracy: +/- 1m/s (wind speed< 5m/s)

+/-10% (wind speed > 5 m/s)

Measuring interval outdoor sensor 16 seconds
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Wind vane Wind speed
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Figure 3.28: HP2000 Weather sttion

3.7.3 The weather station’s display unit

Fri, 29 Nov 2024
15:11:22

Figure 3.29: Weather station display unit
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3.7.4 Graduated cylinders — 1000 ml, 100 ml, and 50 ml capacity

w |
| 1Y 1000 ml, 100 ml, and 50 ml
graduated cylinders that were

used for measuring the distillate
produced.

Figure 3.30: Graduated cylinders

3.7.5 Distillate collection

Distillate collection
container.

A/_;‘l "-', b R
Figure 3.31: Distillate collection container
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3.7.6 Sample collection jar

Figure 3.32: Sample collection jar

3.7.7 Distillate sample container

Figure 3.33: Distillate sample container
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3.8 Experimental Performance

The main aim of the experiment conducted for this research study was to maximize the
distillate production from the system while reducing the losses. The knowledge obtained in the
process of completing the literature review relating to factors that affect the production of solar
stills was implemented to achieve the best possible results. This experiment was conducted
in Cape Town, South Africa (latitude 33.9249° S, 18.4241° E respectively) at CPUT’s Bellville
Campus. The system design shown in Figure 3.34 below was tested during day and night
between 07:00 to 19:00 and 19:00 to 07:00 respectively. It was tested during October to
November 2023 (spring season in South Africa). Spring is the second warmest season
following summer among the four seasons. Consequently, it was deemed practical to conduct
the tests during this period, given the knowledge that solar irradiance significantly impacts the
efficiency of solar stills.

Seawater bucket

‘4‘ s T T

Basin inlet from the
seawater bucket (float
valve installed inside)

Copper piping is
connected to the
o collecting trays.

Dlstlllate collecting
contamer

Figure 3.34: Double Slope Single Stage Solar Still (D5S)

3.8.1 Testing procedure

After the D5S’s construction process was completed, the system was lifted to the roof of
CPUT’s Mechanical Engineering Department for testing. The assembly of the system was
completed on the top of the roof and then placed in position. Prior to placing the cover on the
basin, the basin was filled with tap water and monitored for leaks in the piping and water basin.
No leaks were detected on the piping, however, minor leaks were detected on the basin.
These leaks were sealed using silicone on the outside and waterproof paint with membranes
on the inside of the basin. Leak tests again were conducted until no further leaks were detected
in the system.

The seawater used for the experiment was collected from the shoreline of Sunset Beach in
Milnerton, Cape Town, South Africa. Owing to the saline water having been collected from a
sandy and polluted ocean, it was filtered before filling the system using a polyester cross-knit
cloth as shown in Figure 3.35 below. This process was completed to prevent sand and other
solid particles from causing build-up or blockages in the system. The saline water tank was
also cleaned to remove any foreign particles that might have blocked the system and affected
the production of the distillate.
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Dirty particles filtered
from the seawater.

Figure 3.35: Seawater filtering

The seawater was then poured into the seawater 20-litre bucket shown in Figure 3.19 above.
This bucket was placed at an elevated height to the basin and the seawater was transported
to the basin using the force of gravity through 15 mm copper piping. A float valve was installed
at the inlet of the basin from the seawater bucket and was positioned to close at a water depth
of 50 mm. The seawater was then transported to the solar collector through copper piping with
a water circulation pump installed on the line, as shown in Figure 3.19 above, in order to be
heated and allow the evaporation and condensation processes to take place inside the basin.

The water circulation occurred during the flow of water between the seawater bucket and the
basin, and again between the basin and the solar collector. Once the water heated up,
evaporation began and the vapor rose to the basin cover that was positioned at the latitude
angle of the testing area where the vapor changed to water droplets (condensation). The water
basin was incorporated with four collection trays on the sides as shown in Figure 3.4 above.
The water droplets ran down the cover and fell into the collecting trays that were placed at an
angle to allow free flow of the distillate water to the copper piping that delivered the distillate
to the collecting container as shown in Figure 3.34 above. The distillate produced was then
collected every morning and evening at 07:00 and 19:00 respectively to allow for the next
cycle to take place. The collection process was completed using the collection jar shown in
Figure 3.32 above and kept in sampling containers that were labelled with dates as shown in
Figure 3.33 below.

3.8.2 Distillate testing

The distillate produced from the newly designed D5S was taken to CPUT’s Chemical
Engineering Department for testing. Salinity and conductivity tests were conducted on raw
seawater and the distillate produced by the system for both daytime and nighttime samples.
The results will be discussed in Chapter 4 of this research report. The tests were carried out
using a Bante multi-parameter meter shown in Figure 3.36 below. The Bante DR900
multiparameter water quality meter had multiple measurement parameters, including pH
(potential of Hydrogen), mV, relative mV, ion concentration, conductivity, TDS (total dissolved
solid), salinity, resistivity, DO (dissolved oxygen) and temperature. This device was only used
for testing conductivity and salinity for this experiment.
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Water samples were collected and placed in three 40 ml vials to ensure precise measurement.
The Bante instrument meter's conductivity electrode underwent calibration using standards of
84 uS/cm, 1413 uS/cm and 12.88 mS/cm. The user manual suggests either conducting a
three-point calibration or opting for a standard solution with conductivity closest to the sample
for enhanced result accuracy. In this test, the three-point calibration was carried out as
recommended. Subsequently, following calibration, the electrode was placed into the distillate
samples to gauge their conductivity and salinity and the measurements accurately
documented. The specific electrode used for these tests was the CON-1 with a measurement
range of 10 y S/cm to 20 mS/cm and a cell constant (K) of 1. The technical specifications of
the unit can be found in Appendix B-2 and the operating manual and calibration settings can
be found in Appendix B-3. The results of the water tests were discussed in section 4.5.

Bante DR900 multi-
parameter water
quality meter.

Sampling containers

b .

Figure 3.36: Bante DR900 multi-parameter

The resistance tests were conducted in by CPUT’s Mechanical Engineering Department upon
the raw seawater and day and night distillate samples using an electrical multimeter shown in
Figure 3.37 below. The technical specifications of the digital multimeter can be found on
Appendix B-6.
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Figure 3.37: Electrical multimeter
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CHAPTER 4 — RESULTS AND DISCUSSION

This chapter discusses the results obtained from the experiment conducted on the developed
double slope single-stage solar still (D5S) that was constructed and tested at CPUT’s Bellville
Campus in Cape Town, South Africa. The experiment was conducted during the months of
October and November 2023 that fall within the spring season in South Africa. The spring
season is the second warmest season after summer out of the four seasons, hence testing
during this season was considered practical noting that solar irradiance is one of the most
important factors that influence the freshwater yield of solar stills. The results discussed in this
chapter were collected for 12 days during the previously specified day and night periods. The
distillate production, the quality of the distillate and the ambient conditions in which the system
was tested will be examined.

4.1 Daily Weather Conditions — Solar Irradiance and Wind Speed

Solar irradiance and windspeed fall are two of the most crucial factors that influence the
freshwater yield of solar stills [39]. These parameters were recorded during the experimental
process to track the weather for all the testing dates. This section discusses the weather
conditions for the testing period, graphs representing the hourly average solar irradiance
versus time and the hourly average wind speed versus time were plotted using the Origin
software for the twelve-day testing period. The graphs were plotted from 7 am on one day to
7 am the following day to fully represent the weather conditions during the testing period. The
discussion on weather conditions was divided into three parts i.e., days with the highest,
moderate and lowest solar irradiance. A table recording data pertaining to the distillate
produced for day and night times can be found in Appendix A-1 and one presenting data on
the average solar irradiance and wind speed for both day and night times can be found in
Appendix A-3.

4.1.1 Days with the highest solar irradiance

The first, third, eleventh and twelfth days were the four days with the highest irradiance during
the testing cycle with a daily average of 370 W/m?, 467 W/m?, 455 W/m? and 411 W/m?
respectively for daytime. The daily solar irradiance average during nighttime ranged between
0 — 9 W/m? for the entire testing cycle. The trends depicted in Figure 4.1 to Figure 4.4 below
show the average hourly solar irradiance and wind speed versus time (7 am to 7 am) on these
days respectively. It can be noted that in the morning the sunlight is still low, it then increases
as the day progresses and reaches its peak at noon and shortly afterwards decreases until
the sun sets. The highest solar irradiance reached on the testing cycle days was 549 W/m?,
546 W/m?, 558 W/m? and 578 W/m? respectively. The peak was reached between 11:00 and
12:00 for all the days during which tests were conducted. It can also be noted that after the
sun sets, the irradiance trend stays constant at approximately 0 W/m? and the windspeed
trend fluctuates during the entire day. The surface temperatures of all the inlets and outlets of
the seawater within the system were measured, however, no surface temperatures were
recorded for the days with the highest solar irradiance owing to a problem experienced with
the data logger batteries.
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Figure 4.1: Solar irradiance and wind speed vs time graph (day 1)
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Figure 4.2: Solar irradiance and wind speed vs time graph (day 3)
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Figure 4.3: Solar irradiance and wind speed vs time graph (day 11)
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Figure 4.4: Solar irradiance and wind speed vs time graph (day 12)

4.1.2 Days with moderate solar irradiance

The fifth, sixth, seventh and ninth days of the testing cycle were those with moderate solar
irradiance with an average of 327 W/m?, 384 W/m?, 318 W/m? and 335 W/m? respectively. The
trends in Figures 4.5 to 4.8 below show the average hourly solar irradiance and wind speed
versus time (7 am to 7 am) on these days. The irradiance is low in the morning, it increases
as the day progresses and reaches its peak at noon and, shortly afterwards decreases until
the sun sets. The highest solar irradiances reached on these four days were 489 W/m?, 544
W/m?, 501 W/m? and 528 W/m? respectively. The peak was reached between 11 am and 12
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pm on all the days the tests were conducted. The surface temperatures of all the inlets and
outlets of the seawater within the system were measured, however, not all the days could be
recorded due the already mentioned challenge experienced with the data logger batteries. On
day nine, the data logger was operational for the full duration of testing period i.e., 7 am to 7
am the following day. These thermocouple surface temperatures for day nine will be discussed
under section 4.1.2.1 below.
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Figure 4.5: Solar irradiance and wind speed vs time graph (day 5)
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Figure 4.6: Solar irradiance and wind speed vs time graph (day 6)
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Figure 4.7: Solar irradiance and wind speed vs time graph (day 7)
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Figure 4.8: Solar irradiance and wind speed vs time graph (day 9)

4.1.2.1 Surface thermocouple temperatures

The newly designed D5S was incorporated with surface thermocouples on the four seawater
inlets and outlets to monitor the temperatures in those areas. The thermocouples were used
with a 12-channel BTM-4208SD data logger that was discussed in section 3.8.1 above, to
read the surface temperatures. The data logger was powered using eight AA 24V batteries,
that resulted in multiple disturbances in the data logging process. On 25 October 2023, data
was obtained for both day and nighttime testing periods and Figure 4.9 below is a graphical
representation of that data. It can be noted that the temperatures increased and reached a
peak around noon due to the increase in solar radiation, and a decrease can be noted during
the late afternoon. Singh et al. [77] designed, manufactured and tested a hybrid photovoltaic
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thermal (PVT) double slope active solar still and noted that the temperatures of both the water
and cover reached a maximum at around noontime. It can also be noted from the trend in
Figure 4.9 below that temperatures started increasing after 5 am owing to the early sunrise.
The T1 (outlet from the basin) and T3 (outlet from the solar collector) temperatures were
slightly higher compared to that of T2 (inlet to the solar collector) and T4 (inlet to the basin
from the solar collector). Although, the piping from the basin to the solar collector and from the
solar collector to the basin were covered with insulation material, the graph in Figure 4.9 below
clearly shows that heat losses were incurred. Although insulation material minimizes heat
losses, the fact that it does not completely prevent them can be clearly noted in this case. The
data plotted on Figure 4.9 can be found on Appendix A-2.
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Figure 4.9: Thermocouple temperatures vs timestamp graph

4.1.3 Days with the lowest solar irradiance

The second, fourth, eighth and tenth days of the testing cycle were the days with the lowest
solar irradiance with an average of 299 W/m?, 187 W/m?, 196 W/m? and 308 W/m?
respectively. The trends depicted in Figure 4.10 to Figure 4.13 show the average hourly solar
irradiance and wind speed versus time (7 am to 07 am) on these days. The irradiance is low
in the morning, it then increases as the day progresses and reaches its peak at noon and
shortly afterwards decreases until the sun sets. The highest solar irradiance reached on these
days were 512 W/m?, 363 W/m?, 460 W/m? and 538 W/m? respectively. The peak was reached
between 11 am and 12 pm for all the days on which the tests were conducted. The surface
temperatures of all the inlets and outlets of the seawater within the system were measured,
however, no surface temperature data was recorded for the days with the lowest solar

irradiance owing to the previously indicated problem experienced with the data logger
batteries.
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Figure 4.10: Solar irradiance and wind speed vs time graph (day 2)
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Figure 4.11: Solar irradiance and wind speed vs time graph (day 4)
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Figure 4.12: Solar irradiance and wind speed vs time graph (day 8)
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Figure 4.13: Solar irradiance and wind speed vs time graph (day 10)

4.2 Day-Time Experimental Tests

The tests were conducted from 17 October 2023 at 7 am to 31 October 2023 at 7 pm, South
African time. Data was collected only for 12 days because from 27 to 29 October the system
was not operated due to rainy weather. Figure 4.14 below is a representation of the distillate
production collected during the daytime for these 12 days vs the average solar irradiance for
these days. The minimum and maximum distillate production for the daytime collection was
53 ml and 325 ml respectively. It can be noted that the maximum production was not achieved
on a day with the highest average solar irradiance, even though the minimum production was
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achieved on a day with the lowest average solar irradiance. The system was made with a steel
cover with a hollow area within that held water to cool the hot water in the basin; the cooling
water had to be changed by hand, however, the system was not monitored continuously
throughout day. It was observed that on extremely hot days, the water's temperature inside
the cover quickly increased, which slowed down the cooling effect that the cover was meant
to provide. Then, especially on extremely hot days, the condensation rate dropped and the
amount of distillate produced decreased. This observation clarifies why the day with the
maximum sun irradiation did not yield the most production — the intense heat hindered the
production process.

Daytime distillate production vs average solar irradiance
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Figure 4.14: Daytime distillate production vs average solar irradiance graph

Figure 4.15 below is a representation of the minimum and maximum temperatures for the 12
days during which tests were conducted. It can be noted from both Figures 4.14 and 4.15 that
on high-temperature days the production level was high and vice versa for the low-temperature
days, as is expected for solar stills.
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Figure 4.15: Outdoor temperatures vs Testing dates graph

4.3 Nighttime Experimental Tests

As already noted these tests were conducted from 17 October 2023 at 7 pm to 01 November
2023 at 7 am, South African time. Figure 4.16 below is a representation of the distillate
production collected during the nighttime periods for the 12 days vs the average solar
irradiance for those days. The three lowest production nights were experienced on 20 October
(69 ml), 26 October (94 ml) and 25 October (111 ml) respectively, the maximum temperatures
for those days were 22°C, 25°C, and 22°C respectively. The three highest production nights
were 19 October (219ml), 22 October (218ml) and 17 October (188ml) respectively, the
maximum temperatures for those days were 30°C, 27°C and 30°C respectively. It can be noted
that minimum and maximum production was achieved on nights that had the lowest
temperature and the highest days temperatures respectively. Even though during the night,
the temperatures were significantly low, the evacuated tube solar collector kept the water in
the system warm for a longer period and, therefore, extended the production hours. ETSC
tubes are made from material with a high-temperature resistance and excellent solar
irradiation transmittance. The vacuum created within the tubes works as an insulator, reducing
heat dissipation to the surroundings [78]. This process is the reason the system continued
operating with no solar irradiation available, thus, using ETSCs for nighttime production proved
to be a great benefit since heat losses are minimized but still occur at a slower pace after
sunset.
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Nightime distillate production vs average solar irradiance
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Figure 4.16: Nighttime distillate production vs average solar irradiance

4.4 Daytime vs Nighttime Production

The graph presented in Figure 4.17 below shows the comparison between day and nighttime
distillate production collected from the newly designed D5S incorporated with the evacuated
tube solar collector (ESTC). There are some differences between night and day time distillate
production, the highest and lowest percentage differences were 61.3% on the 24 October
2023 and 2.8% on 20 October 2023 respectively. It was noted that on some days, production
was higher during the nighttime compared to daytime. By leveraging ETSC technology, the
experiment demonstrated the feasibility and effectiveness of utilizing solar energy for
distillation processes, even during non-daylight hours. This finding emphasised the potential
of ETSCs to enhance overall freshwater yield and efficiency in solar-powered distillation
systems. Additionally, a comparative analysis carried out by Olczak et al. [79] revealed that
ETSCs offer distinct advantages, especially during colder seasons, ensuring a more
consistent output of thermal energy. This assertion was validated by the experiment's results,
wherein nighttime distillate production occasionally surpassed daytime production levels on
certain days.
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Figure 4.17: Distillate production at day vs night graph

4.5 Practical Salinity and Electrical Conductivity Test Results

Salinity and conductivity tests were conducted on raw seawater and the distillate produced
from the D5S. The tests were conducted to check and compare the quality of the water before
and after the experiment. These tests were conducted using the Bante DR900 multi-parameter
meter at CPUT’s Department of Chemistry, Bellvile Campus, Cape Town, South Africa. One
raw seawater sample, two samples from the distillate produced at nighttime and two samples
from the daytime production were tested. Conductivity was measured in mS/cm
(milliSiemens/cm) and salinity in psu (practical salinity unit).

Electrical conductivity (EC) is a quick and useful replacement test for TDS concentration in
fluids with minimal organic content. It includes determining the electrical conductance of water,
itis measured in microsiemens per centimeter (uS/cm) on a scale from 0 to 50,000. This metric
indicates the salt concentration in water, with freshwater typically falling between 0 and 1,500
uS/cm, while seawater registers around 50,000 uS/cm [80][81][82]. It is nhoted in Table 4.1
below that the seawater electrical conductivity measured was 27,14 mS/cm which is
equivalent to 27140 uS/cm and the distillate produced by the system ranges between 53.4 —
77.2 uS/cm. According to the World Health Organization 2022 [83], the water produced by the
system, thus, can be considered as freshwater

Salinity refers to the total quantity of dissolved salts in water. As these salts dissolve, they
break down into ionic particles with positive and negative charges, resulting in improved
conductivity. According to the World Health Organization (WHO), drinking water is deemed
safe when the total dissolved solids (TDS) level is less than 600 mg/L, or 0.6 psu. However,
once TDS levels approach 1000 mg/L (equivalent to 1 psu), water becomes less
safe[84][83][54]. The salinity test results obtained from the distillate produced by the newly
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designed D5S range between 0.03 — 0.05 psu, this result is clear evidence that the water
produced by this D5S can be deemed to be within safe limits of salinity for drinking water.
Additionally, the resistance of seawater and distilled water were measured and found to be

1.06Mohms and 3.22Mohms (Mega ohms), respectively.

Table 4.1: Conductivity and salinity test results

Sample Production date Conductivity Salinity (psu)

(mS/cm)
Raw seawater - 27,14 13,05
Day sample 1 17 October 2023 0,0772 0,03
Day sample 2 23 October 2023 0,0534 0,03
Night sample 1 17-18 October 2023 0,0607 0,05
Night sample 2 18-19 October 2023 0,0616 0,04

4.6 Uncertainty analysis

Table 4.2 below contains the standard uncertainty of the measuring instruments used for the

_a

experiment, calculated according to[85], U = =
instrument and U is the standard uncertainty.

Table 4.2: Standard uncertainty

where a is the accuracy of the measuring

Range Accuracy Standard uncertainty
Graduated measuring 1000 ml: 10 to 1000 ml | 1000 ml: £5 ml 1000 ml: 2,889 mi
cylinders (1000 ml, 100
ml and 50 ml)

100 ml: 1 to 100 ml 100 ml: £0.5 ml 100 ml: 0,289 mi

50 ml: 1 to 50 ml 50 ml: 0.5 ml 50 ml: 0,289 ml
HP200 weather station 0 to 2000 W/mz +1 W/m? Solar radiation: 0.577

(solar radiation and wind
speed)

W/m?2

0to 50 m/s + 1 m/s (wind speed <5 | Wind speed (<5 m/s):
m/s) 0,577 m/s
+ 10% (wind speed> 5 Wind speed (>5 m/s):
m/s) 577%
12 channel BTM-4208SD | -30°C to 65°C +1°C 0,577 °C
temperature data logger
(K type thermocouples)
Bante DR900 multi- Conductivity: 0 to Conductivity: Conductivity: 0,288%
parameter 20.00, 200.0, 2000 +0.5% F.S.

puS/cm, 20.00, 200.0
mS/cm

Salinity: 0.00 to 42.00
psu

Salinity: 1% F.S.

Salinity: 0,577%

T235H digital multimeter
(Resistance)

2000/ 2kQ/ 20kQ/
200kQ/ 2MQ/ 20MQ

0.8% + 5 Digit

0,462%

62




4.7 Cost analysis

The analysis was done based on the experiment conducted over the 12 days testing period,
the freshwater distillate yield used was the average produced over the testing period. It should
be noted that this is not entirely accurate as 12 days data is not sufficient to estimate annual
operation costs. Number of operational days per year was considered as 350 to accommodate
maintenance standing time. The cost analysis was done according to [86].

Annual interest rate (i) = 12%

No. of operational years (N) = 15

Present capital cost (P) = R15 000 (SA Rands)

No. of operational days per year (n) = 350

Freshwater yield/day from the D5S stages (M) = 0.318 (Litres)
Annual freshwater yield = 0.318 x 350 = 111.3 L

Capital Recovery Factor:

CRF = i+
(i+1)"-1

_0.12(0.12+1)*5
T (0.12+1)15-1

=0.147
Fixed Annual Cost:
FAC =P X CRF
= R15000 x 0.147
= R2202.36

Sinking Fund Factor:

i

SFF = (i+1)"-1

_ 0,12
T (0.12+1)15-1

=0.027
Salvage Cost:
S=0.2pP
= 0.2 x R15000
= R3000
Annual Salvage Cost:
ASV =SFF x §
=0.027 x R3000
=R81
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Annual Maintenance Cost:
AMC = 0.15% FAC
=0.15 x R2202.36
= R330.35
Annual Cost:
AC = FAC + AMC - ASV
= R2202.36 + R330.35 - R81
= R2451.71
Cost per Litre:
cPL=1C

_ 245171
111.30

= R22.08 per litre
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CHAPTER 5: CONCLUSION AND RECOMMENDATIONS

5.1 Conclusions

This thesis was based on a study of a new design for a D5S incorporated with the evacuated
tube solar collector tested in Cape Town, South Africa. Researchers have conducted multiple
experiments on the D5S, however, this proposed design provides a unique approach to
improve the production of single-stage solar stills. The system used the force of gravity to
transport water from the seawater tank to the basin and a 220 V circulation pump to maintain
a continuous flow between the basin and the solar collector. The D5S was incorporated with
a cover that contained cooling water to increase the condensation rate of the system.

The above-described experiment on the D5S was run for 12 days from 17 October to 1
November 2023. The system was tested both during the day and nighttime. The total distillate
produced during the experiment period was 3821 ml, of which 2142 ml was produced during
the daytime and 1679 ml during the nighttime.

The cooling water on the basin cover proved to be more effective in the mornings and
evenings. During the day when the outdoor temperature was high, the water within the cover
became warmer and, since the D5S was not monitored continuously throughout the day, when
the water temperature increased it stopped serving its purpose of cooling, or rather, increasing
the temperature difference of the water inside the basin and the cover to speed up the
condensation process. However, in the morning when the water was still cold, it served its
purpose. In the evenings the water in the cover was still warm after sunset, thus, the heat from
the basin cover and the solar collector kept the distillate production going for longer during the
night.

From the reviewed literature discussed in Chapter Two of this dissertation, it was noted that
the depth of water inside the basin was one of the factors that influenced the production of
solar stills. A float valve was installed in the newly designed D5S to ensure that a constant
water level was maintained in the system for the duration of the experiment. The float valve
was positioned to maintain a water depth of 50 mm.

Incorporating a solar collector (evacuated tube type) proved to be very effective for the D5S,
especially during nighttime because it was noted that the system continued to produce
distillate even after sunset. It was noted that on 19, 20, 22 and 30 October 2023 the nighttime
production almost equaled the day distillate production. The difference was 9,1%, 2,8%, 9.9%
and 6.7% respectively. On these days, the system performed at almost the same capacity
during daytime and nighttime under completely different weather conditions. This, finding,
therefore proved the effectiveness of the role played by the evacuated tube solar collector that
was installed on the system for nighttime. The newly designed D5S manufactured and tested
for the purpose of this research study performed quite effectively during the day and
exceptionally well at night, considering that there was no solar radiation during the nighttime
period.

The produced distillate was taken through conductivity and salinity tests, samples of both night
and day production were taken and compared. The electrical conductivity and practical salinity
measured were between 53.4 — 77.2 uS/cm and 0.03 — 0.05 psu respectively. The safe range
of electrical conductivity for freshwater is 0 and 1,500 uS/cm and a practical salinity of less
than 0.6 psu [80][82][84]. It can then be concluded that the water produced by the newly
designed D5S was within the safe limits of electrical conductivity and practical salinity of
drinking water.
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5.2 Recommendations for Future Work

The newly designed D5S, however, experienced some challenges and areas for improvement
were noted during the testing period. These challenges, together with possible solutions. will
be discussed in this section.

This proposed new version of the D5S would greatly benefit from further improvements in
common with most, if not all, engineering concepts. Some of the challenges encountered
included issues with the cooling design on the basin cover and the low seawater flow rate
between the basin and the solar collector. Initially, the system was operated by natural
convection; however, the flow was slow. The other challenge was that the surface temperature
data logger would switch off while the data logging process was in progress. This practice
resulted in some data not being recorded.

The basin cover was filled with cooling water, however, the cooling water became hot during
the day, thus, defeating its intended purpose. A possible solution to this problem would be to
incorporate insulation material on the cover to minimize heat dissipation into the cover. It would
also be beneficial to install a pumping system to keep the cooling water circulating on order to
maintain it at room temperature. Another solution would be to install a pump system and a
thermostat to detect the water temperature and to start pumping out warm water and pumping
in cold water when the water inside the cover reaches a certain temperature. The second and
third options, however, would be more expensive because they would require more electrical
components being installed within the proposed D5S. Incorporating insulation material would
work best for this design and, thus, result in an easy and cheap-to-manufacture system.

The second challenge experienced with the new D5S was with the circulation flow, the solution
to which was installing a water circulation pump. To achieve natural convection for future D5S
designs, it would be beneficial to design a piping system to allow the gravitational flow of the
water. The use of a circulation flow pump is another good but more expensive option.

Another challenge that was experienced during this research study was logging surface
temperatures owing to the data logger’s batteries running out of power. It would be useful to
utilize a rechargeable data logger and keeping the logger plugged in during the experiment
would result in complete data collection. Frequent monitoring of the data logging process
would also be advantageous in detecting errors early and minimizing data loss.

To further expand this research study, it would be useful to extend the testing period. This
specific experiment was carried out between months with the same season. Therefore, the
results obtained are limiting, hence testing during all four seasons would greatly benefit the
research and give an overview of the system's efficiency throughout the year.
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APPENDIX A

APPENDIX A-1: Daily Distillate Production Volumes

Date Time range Volume (ml)
17/10/2023 07:00 — 19:00 325
19:00 — 07:00 188
18/10/2023 07:00 — 19:00 95
19:00 — 07:00 136
19/10/2023 07:00 — 19:00 199
19:00 — 07:00 219
20/10/2023 07:00 —19:00 71
19:00 — 07:00 69
21/10/2023 07:00 — 19:00 180
19:00 — 07:00 114
22/10/2023 07:00 —19:00 242
19:00 — 07:00 218
23/10/2023 07:00 — 19:00 193
19:00 — 07:00 128
24/10/2023 07:00 — 19:00 53
19:00 — 07:00 137
25/10/2023 07:00 — 19:00 180
19:00 — 07:00 111
26/10/2023 07:00 — 19:00 230
19:00 — 07:00 94
30/10/2023 07:00 - 19:00 150
19:00 — 07:00 140
31/10/2023 07:00 — 19:00 224
19:00 — 07:00 125




APPENDIX A-2: Thermocouple temperatures (25/10/2023-26/10/2023)

Timestamp Average of T4 | Average of Average of T2 Average of T1
T3

25/10/2023 07:00 24,43 15,98 26,57 16,42
25/10/2023 08:00 29,25 19,82 31,10 20,35
25/10/2023 09:00 31,15 25,07 31,42 25,72
25/10/2023 10:00 33,80 32,78 33,97 31,07
25/10/2023 11:00 35,63 40,45 35,68 37,83
25/10/2023 12:00 34,00 43,53 33,97 42,92
25/10/2023 13:00 31,57 43,05 31,52 38,52
25/10/2023 14:00 28,57 42,03 28,62 37,62
25/10/2023 15:00 26,82 38,60 26,92 36,20
25/10/2023 16:00 24,55 35,35 24,67 34,33
25/10/2023 17:00 24,05 31,62 23,92 31,90
25/10/2023 18:00 22,25 28,28 22,12 28,80
25/10/2023 19:00 18,93 23,82 19,00 25,57
25/10/2023 20:00 17,50 21,58 17,43 21,97
25/10/2023 21:00 16,87 20,20 16,83 20,58
25/10/2023 22:00 16,33 19,33 16,32 19,65
25/10/2023 23:00 16,12 18,72 16,02 19,08
26/10/2023 00:00 15,88 18,28 15,80 18,63
26/10/2023 01:00 15,52 17,88 15,48 18,22
26/10/2023 02:00 15,17 17,63 15,13 17,97
26/10/2023 03:00 14,97 17,27 14,95 17,65
26/10/2023 04:00 14,90 17,05 14,88 17,37
26/10/2023 05:00 14,60 16,82 14,53 17,15
26/10/2023 06:00 16,35 16,70 16,92 17,00
26/10/2023 07:00 18,40 17,50 19,30 18,10

e T4 Inlet to the basin from the solar collector

e T3 Outlet from the solar collector

e T2 Inlet to the solar collector

e T1 Outlet from basin




APPENDIX A-3: Average Solar irradiance and Wind speed

Date Timeframe Average solar irradiance (W/m?) | Average wind speed(m/s)
17/10/2023 | Day 1 370,3254107 2,006365741
Night 1 9,133076389 2,591049383
18/10/2023 | Day 2 299,2478796 3,424189815
Night 2 9,100826389 1,120563272
19/10/2023 | Day 3 466,919596 0,167824074
Night 3 0 0
20/10/2023 | Day 4 187,0553878 0,54533179
Night 4 8,195939394 3,218557099
21/10/2023 | Day 5 325,7091919 5,165509259
Night 5 0 0
22/10/2023 | Day 6 383,8300253 1,272183642
Night 6 46,287 0,038966049
23/10/2023 | Day 7 318,4546515 2,56558642
Night 7 2,060194444 1,313464506
24/10/2023 | Day 8 195,8730556 0,334490741
Night 8 0 0,133101852
25/10/2023 | Day 9 334,6940071 1,223274411
Night 9 8,747251894 0,830439815
26/10/2023 | Day 10 308,2515972 0,871527778
Night 1 0 2,233791667 0,194058642
30/10/2023 | Day 11 455,23625 1,611496914
Night 11 0 1,668595679
31/10/2023 | Day 12 411,1335859 1,012731481
Night 12 0 0




APPENDIX A-4: Conductivity and Salinity test results
Raw seawater sample:

Conductivity: 27,14 mS/cm
Salinity: 13,05 psu

Night Sample 1:

Collection date: 17 October — 18 October 2023
Volume produced: 188 ml.

Conductivity: 0,0607 mS/cm

Salinity: 0,05 psu

Night Sample 2:

Collection date: 18 October — 19 October 2023
Volume produced: 136 ml.

Conductivity: 0,06156 mS/cm

Salinity: 0,04 psu

Day Sample 1:
Collection date: 23 October 2023

Volume produced: 192,5 ml.
Conductivity: 0,05343 mS/cm

Salinity: 0,03 psu

Day Sample 2:
Collection date: 17 October 2023

Volume produced: 325 ml.
Conductivity: 0,07716 mS/cm

Salinity: 0,03 psu

Units:
Salinity: psu: practical salinity unit
Conductivity: mS/cm: milliSiemens/cm

Instrument used: Bante DR900 multi-parameter meter.



APPENDIX B
APPENDIX B-1: Pump technical specifications

220V Hot Water Circulation Pump

Abaout the 220V Hot Water Circulation Pump

Application

Geyserwise 2200 Hat Water Circulation Pumip is suitable for installation in balanced pressured salar
systems or for hot water circulation.

When installing the pump be sure to follow the appropriate instructions of each particular manufacturer
for all other compeonents as well:
: nstallation of geyser.
. nstallation of solar collectars.
nstallation of contrallers.
Follow rules according to SAMS10106.

Installation

Installation, maintenance and dismantling may only be perfarmed by trained persannel in accordance
with this instruction manual and safety instructions,

Use the pump only after first thoroughly reading and understanding this instruction manual and the
safety instructions. In the event of any ambiguities regarding the installation and operation, consult
trained personnel or contact our offices.

Technical information

) Speed Head Max Speed
Maximum Fower 10000 capacity | (r/min)
. Rated Power S0W L/min
. Minimum Fower 46\
' Diameter 25mm | 6 40 2200
' Violtage 220 I 5 35 1900
Frequency 50Hz
Maximum water temperature 1 10°C ] ! 20 1o

Maxirmum ambilent tem perature 40°0C
Maximum working pressure 10 bar

Parformance curve
Head {a)

—
]
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e
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APPENDIX B-2: Bante DR900 multi-parameter meter technical specifications

| Gosaispre | 00 [Awsoviy | Sy [ s | Gedeny | e | OR

Massutemint Units

-2000-20.000H

0007, 0.07, 0.1 pi, selactabla

0,002 pH

1 o 5 points

USA, NIST, DIN, 2 cestom bufiers
180wy

01, 1 m¥, selectabie

o) 7

1 point

0.007-196633 |dapending on the ringe of ISE)
0007, 0.07, 04, 1

#0.5% FS. (monovalent), «1% ES. idovalent)
pem, mg/L, mal A, mmelL

2w 5 points (2000, .07, 0L1, 1, 10, 100, 1000, H0000)
0L071-20.00, 2000, 20005/cm, 2000, 200.0mSfom
0007, 0.01, 09,1

5% FS

1 to 5 paints

10 S, B4 pSom, 1413 pS/om, 12 BBmS/om, 111 BmS/em
Linear {0.0-10.0%/C), pure water

ST

K=0.1, 1. 10 or custom

0-10.00, 100.0. 1000 pprm. 10.00, 200.0pet
0m, a1

11%ES

0.1-1.0 |defastt 0.5

00042 00 sy, 0008000 ppt

on

H1%ES

0.00-20.00M0

0. 01

11%ES

0.00-20 00mgyL, 0.0~200.0% saturation
00Imgl, 01%

0. 2mgil, +20%

1 er 2 points

60.0-112 5kPa/450-BS0 mmiHy, masual
10.0-50.0pgt. manual

0-100"C/32-212°F, marwal or sutomatic

5 DC power adapter
Z101L)= 18E (W) « EDH)mm, 1 Sk



APPENDIX B-3: Bante DR900 multi-parameter meter operating manual and

calibration settings

Conductivity/ TDS/Salinity/
Resistivity
Calibration and Measurement

Thiz section iz applicable to model

= 930
= 900/901/902/904

Prior to Use

1. Connect the conductivity elsctrode to the meter (refer to the
Connectron section on page 6|

2. Gogk the electrode for about 10 minutes in tap water to remove
dirt and oil stains on the sencor surface.

7

— |
] 7 f"r

Selecting the Measurement Mode
Presz the Mede key, the meter will show the conductrvity [COND],
TDS, salinity [SAL) and resistivity (RES) iconz. Select & decired mode.

TN,
( {—@@/ )
=

Mode | C

Conductivity/TDS/Salinity Settings

The meter contains 7 conductivity/TDS settings and 7 general settings
in the cetup menu.

Menu ltem Option and Dezcription

Cell Gonstant
Set the cell conztant to mateh connected conductivity
electrode.

CELL 1] k=01

K =1 (default]

o K=10
USEr  Custom

Temperature Coefflclent
Set the temperature coefficient for linear tempersture
compencation.

i
cJ
m

g0 0,00 to 10.00%/°C (default 2.10)




Callbratlon Polnts
CRL Set the number of calibration points.

.5 1 to 5 peints [default 1 peint)

Pure Water Compensatlon

f enabled, the pure water compenzation cosfficient
will be applied automatically for ultra-pure water
Measurements.

HES Enabls
ng Dizable (default)

Reference Temperature

Set the normalization temperature for measurement,

the readings will sutomatically compensate to the
Std zelected temperature during measurement.

25T 25°C (default)

oc 20°C

TDS Factor
EdS Set the default TDS conversion factor.

050 0.40 to 1.00 (default 0.50)

Measurement Unilt
Set the default temperature unit.
un ik

‘L Degrees Celsiuz (default)

F Degrees Fahrenhait

f you want to change the current settingz, press and hold the B key
to enter the setup menw. Frecs the & / W key to select an option and
press the Enter key to confirm.

Aefer to the Sefting a Defanlt Option section for detailed
instructions on page 7.

Temperature Compensation

The temperature companzcation has a large effect on the conductivity
measurement. If enabled, the meter will use the measured
conductivity and temperature readings to calculate the result and
automatically compenzste to the selected reference temperature. If
the temperature coefficient iz set to 0, the temperature compenzation
will be disabled, the meter only shows the actual conductivity at the
meszured temperaturs.

Automatic Temperature Compensation

Connect the temperaturs probs to meter, the ATC icon appesars on the
dizplay, the meter iz now switched to the sutomatic tempersture
compenzation mode.

Manual Temperature Compensation
If the meter does not detect a temperature probe, the degrees Celsius
ioon {°C) will chow on the display indicating the meter iz switched to
the manusl temperature compenzation mode. To set the temperature
value follow the cteps below.

Presz and hold the °C key to enter the temperature setting.
2. Prezcthe & / W key to modify the temperature value.
3. Press the Enter key w cave.

0

Prezs and hold the & /' key will make the valus changs faster.

Selecting a Conductivity Electrode
The 9 zeries meter ic capable of uzing three types of the conductivity
electrodes. Before the calibration and measurement, ensure that you
have selected a suitsble electrode acoording to the anticipated sample
conductivity. The following table lists the selectable electrode and its
gffective measurement ranges.

Electrode Measurement Range Cell Constant
CON-0.1 0.5 10 100 pS/om K=01
CON-1 10 pS/om te 20 mS/om k=1
CON-10 100 pS/om to 200 mS/om K=10




k-1 Conductivity

Conductivity Calibration

Automatic Calibration

The 8 zeriez meter allows 1 to 5 points calibration in the conductivity
made. Before calibration, encure that selected cell constant (K=0.1,
1, 10) matches connected electrode. f you have selected the manua
calibration (WS E ), the meter will wait to enter & cell constant.

For better acouracy, we recommend to perform 3 points calibration or
zelect & standard solution clozest to the sample conductivity you are
measuring. The meter will automatically detect the standand solution
and prompt the uzer 1o perform the calibration. The following table
shows the default standard solution for each measurement range.

Meazurement Range Default Standard Solution

010 20 pSiom 10 pS/cm
20 1o 200 pSiem B84 pS/cm
700 to 2000 pS,cm 1413 pS/om
2 to 20 m3/em 12.28 m3/cm

20 to 200 mS/cm 111.8 mS/cm

f you have changad the conductivity electrode, the mater must be
recalibrated. Every electrode has a different osll constant.

Single Point Calibration

1.1 Press the Mode ksy to enter the conductivity measurement mode
and zelect 1 point calibration in the sstup manu.

1.2 Precs the Cal key, the dizplay chows —-CAL1, the meter waits
for recognizing the standeard colution.

1.3 Rince the conductivity electrode with distilled water, then rinze
with & smell amount of standsrd solution.

1.4 Place the electrode (and temperature probe) into the standard
solution, stir gently to remove air bubbles trapped in the clot of
the zenzor.

The meter will automatically show the calibration standerd (2.0,
1413 pSom).

— =
ny ot
IL‘ 1
CAL I

= P A

1.5 Hnecessary, prese the A /W key to modify the calibration valus.
Frecz the Enter key, the Calibration icon beging flazhing.

=  ate

iH
CH

L

1.6 When the reading has stabilized, the meter will chow End and
retum to the meazurement mods.

= Zatenes

End




APPENDIX B-4: 12 Channel BTM-4208SD Temperature Data Logger
Specifications

2-1 General Specifications

Circuit Custom one-chip of microprocessor LSI
circuit.

Display LCD size : 82 mm x 61 mm.

* with green color backlight.

Channels 12 channels :
T1, T2, T3, T4, 75, T6, T7, T8, T9,
T10, T11 and T12.

Sensor type Type K thermocouple probe.
Type J/T/E/R/S thermocouple probe.
Resolution  0.1C/1C, 0.1°F/1 F.
Datalogger Auto 1 second to 3600 seconds
Sampling Time @ Sampling time can set to 1 second,
Setting range | but memory data may loss.
Manual Push the data logger button
once will save data one time.

@ Set the sampling time to
| 0 second.
Data error no.  0.1% of total saved data max.
Loop The record time can set for the duration

Datalogger every day.
For example the user intend set the
record time from the 2:00 to 8:15
every day or record time 8:15 to 14:15.

Memory Card  SD memory card. 1 GB to 16 GB.
Advanced * Set clock time ( Year/Month/Date,
setting Hour/Minute/ Second )

* Set loop time of recorder

* Decimal point of SD card setting

* Auto power OFF management

* Set beep Sound ON/OFF

* Set temperature unitto C or F

* Set sampling time

- * SD memory card Format



Temperature

'Automatic temp. compensation for the

Compensation type K/J/T/E/R/S thermometer.

Linear Linear Compensation for the full range.
Compensation

Offset To adjust the zero temperature deviation
Adjustment  value.

Probe Input 2 pin thermocouple socket.

Socket 12 sockets for T1 to T12.

Over Indication Show " ----",

Data Hold Freeze the display reading.

Memory Recall Maximum & Minimum value.

Sampling Time Approx. 1 second.

of Display

Data Output

RS 232/USB PC computer interface.

* Connect the optional RS232 cable
UPCB-02 will get the RS232 plug.

* Connect the optional USB cable
USB-01 will get the USB plug.

Power off

Auto shut off saves battery life or
manual off by push button, it can select

in the inner function.

Operating
Temperature
Operating
‘Humidity
Power Supply

0to 50 C.

Less than 85% R.H.

* Alkaline or heavy duty DC 1.5 V battery

( UM3, AA ) x 8 PCs, or equivalent.
* DC 9V adapter input. ( AC/DC power
adapter is optional ).




Power Current Normal operation ( w/o SD card save

data and LCD Backlight is OFF) :
Approx. DC 7.5 mA.

‘When SD card save the data but and

LCD Backlight is OFF) :
Approx. DC 25 mA.

¥ _If LCD backlight on, the power

consumption will increase approx.
11 mA.

Weight Meter : 944 g/2.1 LB.

Dimension 225 X 125 X 64 mm

| (8.86 X4.92 X 2.52 inch)

Accessories * Instruction manual........ccoeeevenevnnnns 1 PC

Included * Type K Temp. probe, TP-01........... 2 PC
* Hard carrying case, CA-08............ 1 PC
* SD memory card (2 GB ).............. 1 PC

Optional * Type K thermocouple probe.

Accessories TP-01, TP-02A. TP-03, TP-04

*

USB cable, USB-01.
RS232 cable, UPCB-02.
Data Acquisition software,
SW-U801-WIN.

AC to DC 9V adapter.

* ¥

*



2-2 Electrical Specifications (23+ 5 T)

Sensor Resolution Range Accuracy
Type
Type K 0.17T -50.1 to -100.0 'C £ (04%+17)
-50.0t0 999.9 C '+ (04%+057T)
1T 1000 to 1300 C + (04%+1°C)
0.1°F -58.1t0-148.0°F % (04% +1.8°F)
-58.0t0999.9°F % (04%+1°F)
1°F 11000 to 2372 °F '+ (04%+2°F)
Typel 0.1 7T -50.1t0-100.0°C £ (04% +1°C)
-50.0t0 999.9 C £ (04%+057)
17 11000 to 1150 C '+ (04%+17T)
0.1°F 58.1t0-148.0°F + (04%+1.8°F)
-58.0t0999.9°F £ (04%+1°F)
1°F 1000 to 2102 °F + (04%+2°F)
Type T 0.17T -50.1t0-100.0°C £ (04%+1°C)
-50.0 to 400.0 °C + (04%+057C)
0.1°F 58.1t0-148.0°F # (0.4% + 1.8°F)
_ 580t07520°F  + (04%+1°F)
Type E 0.1 7T -50.1 to -100.0 'C £ (04%+17T)
-50.0 to 900.0 C £ (04%+057)
0.1°F -58.1t0-148.0°F |+ (0.4% + 1.8°F)
-580t099.9°F £ (04%+1°F)
1°F 1000 to 1652 °F + (04%+2'F)
TypeR 17T 0 to 600 C £ (05%+17)
. B01to 1700 C |
1°F 32to 1112 °F £ (0.5%+2TF)
| - 111310 3092 °F |
TypeS 17T 0 to 600 C £ (05%+1°7C)
- 601 to 1500 C _
1°F 32 to 1112 °F + (0.5%+2°F)

. 1113 to 2732 F
Remark :
a. Accuracy value is specified for the meter only.
b. Accuracy is tested under the meter's environment temperature
within 23 + 5.
¢. Linearity Correction :
Memaorize the thermocouple’s curve into the intelligent CPU
dircuit,
@ Above specification tests under the environment RF Field Strength
less than 3 VWM & frequency less than 30 MHz only.



APPENDIX B-5: HP2000 Wireless Weather Station Specifications

Specifications
Outdoor data
Transmission distance in open field : 100m(330 feet)
Frequency - 433 MHz /868 MHz / 915 MHz (option)
Temperature range -30°C-65°C (-22F 1o +1497F)
Accuracy +-1°C
Resolution 01°C
Measuring range rel. humidity 1%~99%
Accuracy +-5%
Rain volume display 0 - 9999mm (show -— if outside range)
Accuracy +/-10%
Resolution 0.3mm (if rain volume < 1000mm)
Imm (if rain volume > 1000mm)
Wind speed 0-50m/s (0~100mph) (show - if outside range)
Accuracy: +- 1m/s (wind speed< Sm/s)
+-10% (wind speed > bm/s)
Light 0-400k Lux
Accuracy +-15%
Measuring interval outdoor sensar: 16 sec
Measuring interval indoor sensor © 64 sec

Indoor data
Indoor temperature range

Power consumption
Base station

Indoor sensor
Remote sensor

-10°C-60°C (14 to + 140°F) (show — if outside range)

5V DC adaptor {included)
28N alkaline batteries (not include
3x AA Alkaline batteries(not included

Remark:Be sure to use 1.5V normal Alkaline battery for solar transmitter.



APPENDIX B-6: T235H Digital Multimeter Specifications

Digital Multimeter
T235H

Features

o Dode test o Transistor test
o Continuity test * Non-contact EF detection (NCY)
e Data Hold ® Torch
o Backhkght * Auto Power off
e Capactance test
Techowal Overview
Featare Pazameter Accuracy
OC Voltage (V) W 22 20 2007 1000V =05% « 3 Digt
AC Voltage (V) Q +0 8% « 5 Dige
DC Carrent (A) 2005V 2mA7 20mA 200mA 204 =0.8% + 10 Diga
AC Carrent (A) 200m A 20A =1 0% + 5 Digt
Resistance (C) 2000Y 2e¥ 206V 2006() 2WXV 2000 =0.8% « 5 Digt
AL Frequency Response | 40 - 4000
Temperature (*C) 20 10 « 1000 <0C 21.0% + 5 Dige
gt mpedonce | 1000
Ca’oohmt (h . 8/ €0nF] ECOnF! Gul/ BOUKY BO0UR/ erkr 20mF | =35 % + 20 Dige
Dapley 3 Digits 1999 Counts
Wode! Speat caucn
Power Source 2 x 157 AA Bamanes
Standaed Accessories | K- Type Tarpesatire Probe TBMTEMPPROBE (20T 1 250TC), Test Leads
Demenieoes (mm) TEL) « SEOW) x S2TH)

isa




APPENDIX B-7: Water quality standards (electrical conductivity)

uS/cm

0 - 800

Use

* Cood drinking water for humans (provided there is no organic
pollution and not too much suspended clay material)

¢  Generally good for irrigation, though above 300uS/cm some care

must be, particularly with overhead sprinklers, which may cause
leaf, scorch on some salt sensitive planis.

«  Sulitable for all livestock

800 - 2500

¢ Can be consumed by humans, although most would prefer water in
the lower half of this range if available

¢  When used for irrigation, requires special management including
suitable soils, good drainage and consideration of salt tolerance of
plants

& Suitable for all livestock

2500 10,000

+ Not recommended for human consumption, although water up to
3000 pSfem can be consumed

* Not normally suitable for irrigation, although water up to
G000 puS/cm can be used on very salt lolerant crops with very
special management techniques. Over 6000 pS/cm, occasional
emergency may be possible with care

¢  When used for drinking water by poultry and pigs. the salinity
should be limited 1o about 6000 pS/em. Most other livestock can
use water up to 10000 pS/cm

Ower 10,000

* Not suitable for human consumption or irrigation

* Not suitable for poultry, pigs or any lactating animals, but beef
cattle can use water to 17000 uS/cm and adult sheep on dry feed
can tolerate 23000 p5/cm. However, it is possible that waters below
these levels could contain unacceptable concentrations of particular
ions. Detailed chemical analysis should therefore be considered
before using high salinity water for stock.

s Water up to 50000 uS/cm (the salinity of the sea) can be used (i) to
flush toilets provided corrosion in the cistern can be controlled and
(ii) for making concrete, provided the reinforcement is well
covered,




