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ABSTRACT

Full Name : Murad Hassan S Alzahrani

Thesis Title  : Effect of surface morphology on the performance of additively
manufactured solar stills.

Major Field : Mechanical Engineering

Date of Degree : May 2025

The AM process has revolutionized modern manufacturing by enabling the fabrication of
complex geometric shapes in a number of fields. Among the different AM technologies,
FDM is widely used for its cost-effectiveness and simplicity. In this work, an AM SS
desalination device was constructed to address the urgency of the global water crisis. The
effect of different surface morphologies covers (Glass and Acrylic), and water levels were
studied. The AM PLA basin was performed. Material characterizations such as XRD,
FTIR, DSC and TGA analysis were performed to analyze the phases, thermal properties,
and chemical groups in the AM PLA basin. Contact angle and UV-Vis (absorption,
transmittance) measurements were conducted on the glass and acrylic covers to assess their
optical and surface properties. The SS experiments were conducted to assess the optimal
cover followed by experiments to find the optimal water level and basin geometry. The
results concluded that acrylic cover with 100 mL water and sinusoidal basin resulted in the
most optimal SS. This research aims to contribute to the development of AM SS that

promote scalable desalination technologies.
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CHAPTER 1

INTRODUCTION

1.1 Background

Additive Manufacturing (AM) is the process of fabricating three-dimensional objects by
layering materials incrementally until the desired shape is formed. This technology is
applied in industries such as aerospace, healthcare, and oil & gas, where the reliability and
performance of AM components are crucial considerations [1]. These industries require
stringent quality standards and certifications for mission-critical applications. At present,
components demanding high precision and durability often avoid using AM as the primary
manufacturing method due to defects that can arise during the production process [2]. In
response to these challenges, researchers are dedicating efforts to refining process
parameters by investigating the intricate relationship between the process, structure, and
properties of AM parts. Achieving optimal results involves considering various factors,
such as material selection, the type of AM technology used, and post-production

treatments, requiring a systematic approach to ensure high-quality, defect-free parts [3].

There are multiple categories of AM technologies, including BJ, DED, PBF, MJ, ME SL,
and VP [4]. Among these, Material Extrusion—commonly known as FDM—is one of the
most widely used methods. In FDM, a thermoplastic filament is heated and extruded
through a nozzle, with each layer being deposited sequentially to create the final structure.
Its widespread use can be attributed to its affordability and simplicity, making it a popular

choice for both individual hobbyists and large-scale industrial manufacturers [5].

1



Clean water ranks as the second most critical need for all life forms on Earth [6]. Water
holds paramount importance as a vital fluid, second only to air, in ensuring human survival
[6]. Although clean water is crucial for human survival, only around ~0.01% of earth's
water is accessible as surface water and about ~2.8% is classified as freshwater [7]. Also,
about only 2.8% of usable water is in various forms, such as snow and groundwater. In
contrast, the vast majority, around 97% of Earth's water is saline or brackish, found in seas,
oceans, and some underground reservoirs. To make this water suitable for human

consumption, extensive treatment processes are required.

Tragically, each year, 6~8 million individuals die from water-related health issues and
natural disasters. These alarming statistics highlight an urgent need for researchers to find
solutions for the global water crisis, exploring alternative sources of safe drinking water
through renewable energy [7]. Desalination of saline or brackish water is a well-known
approach to address this potable water shortage. Today, various desalination methods are

available that meet the demand for drinkable water, bringing fresh water to regions in need.

Desalination techniques are divided into membrane and thermal-based methods.
Membrane methods, like reverse osmosis, use selective membranes to separate salts, while
thermal methods, such as SS, rely on heat to evaporate water. Understanding these
approaches is crucial for selecting the best possible solution for solving the water scarcity
around the world [8]. Recent advancements in AM have paved the way for innovative
approaches to enhance the efficient of solar desalination. For example, Koh et al. [9] have

developed hydratable plastics using FDM that facilitated efficient evaporation and



achieved successful desalination. Similarly, Cao et al. [10] utilized FDM to create tree-
inspired, cone-shaped 3D Janus evaporators. Additionally, Kaviti et al. [11] conducted
desalination by AM of micro- and nano-hierarchical pyramid-shaped structures on
aluminum plates. These studies highlight the potential of AM techniques to improve

evaporation rates and revolutionize solar desalination technologies.

This study will evaluate a SS desalination device incorporating components produced
through AM technology. The device's efficiency will be assessed by examining the effects
of cover materials, ambient conditions, and various surface morphologies. This research
seeks to bridge the gap between advanced manufacturing techniques and renewable energy
solutions, paving the way for more efficient and sustainable water desalination
technologies. Through these objectives, the study aims to establish a foundation for further

innovations in SS design and production.

1.2 Motivation

The global water crisis can be classified as one of the major global problems as millions of
lives are jeopardized by the scarcity of safe drinking water. Traditional SS, while simple
and renewable, often suffer from low efficiency due to suboptimal thermal management
and evaporation rates. Recent breakthroughs in AM-enabled structures such as
hierarchically porous evaporators, biomimetic designs, and surface-engineered
components demonstrate remarkable potential to enhance the performance of SS. For
instance, 3D-printed architectures can maximize light absorption, improve heat
localization, and accelerate vapor condensation, addressing key limitations of conventional

SS systems. However, the integration of AM into SS technology requires systematic



evaluation of critical parameters, including cover materials, ambient conditions, and

surface morphology, to unlock its full potential.

1.3  Thesis objectives

The primary objective of this thesis is to evaluate the manufacturability and application of
SS as efficient AM desalination devices. AM SS offer a sustainable and cost-effective
solution for water desalination with opportunities to enhance the design and performance.
The research focuses on understanding the usage of AM techniques to produce SS
components and improve their operational efficiency. To achieve this overarching goal, the

study is structured around the following specific objectives:

. Assessing the feasibility and manufacturability of SS components using AM

techniques, with an emphasis on producing robust, lightweight, and intricate designs.

. Investigating the effects of cover materials and ambient environmental conditions

(such as temperature, humidity, and solar intensity) on SS performance.

. Examining the impact of varying surface morphologies within the SS basin to

enhance heat absorption and evaporation.

1.4  Methodology

The primary objective of this thesis is to enhance the efficiency of SS desalination systems
through the integration AM technology. Different PLA basin geometries (flat, V-shaped,
and sinusoidal) were fabricated via FDM AM to investigate their influence on evaporation
rates and thermal management. Additionally, two transparent covers (glass and acrylic)

were evaluated to assess their absorption and transmittance. Atmospheric parameters,



including wind velocity, ambient temperature, and solar irradiance, were systematically

monitored to ensure the accuracy of the experimental results.

The structural, thermal, and chemical properties of the AM PLA bases were also
investigated. TGA was employed to quantify thermal stability and decomposition behavior
under an inert atmosphere. The DSC experiments were also conducted to study the glass
transition, cold crystallization, and melting points, while also calculating the degree of
crystallinity. Presence of crystalline phases and amorphous content was studied using XRD
analysis. Complementary FTIR analysis identified functional groups and chemical bonding
interactions, confirming the absence of degradation byproducts or residual monomers in

the AM FDM substrates.

The glass and acrylic covers were subjected to UV-Vis spectroscopy and contact angle
measurements to evaluate their optical performance and wettability. UV-Vis analysis
quantified wavelength-dependent absorption and transmittance across the solar spectrum,
enabling direct comparison of photon utilization efficiency. Concurrently, contact angle
goniometry assessed surface hydrophilicity by measuring the equilibrium angle formed
between distilled water droplets and the cover materials, providing insights into condensate

adhesion and shedding dynamics.

The characterization results were used in conjunction with the SS experiments to
investigate the impact of varying basin geometries (flat, VV-shaped, and sinusoidal) on the
performance of SS with different covers. The findings of this research are expected to offer
valuable insights into enhancing SS efficiency through the application of AM technologies,

thereby contributing to advancements in both solar desalination and AM processes.



CHAPTER 2

LITERATURE REVIEW

2.1  Additive manufacturing (AM)

The AM process has experienced remarkable advancements and is now recognized as a
pivotal component of 4th industrial revolution [12]. AM, often referred to as 3D printing,
IS a production technique that builds three-dimensional objects by layering material
incrementally. According to the ISO and ASTM 52900:2015 standard, AM is defined as a
process in which materials are joined to create objects, layer by layer, based on specific
geometries, distinguishing them from traditional formative or subtractive methods of
manufacturing [4]. The typical AM workflow, outlined in Figure 2.1, includes several key
steps: First, Initial design and conceptualization using CAD software like SolidWorks© or
AutoCAD to develop a digital model. This stage can also involve reverse engineering to
recreate existing parts. Second, conversion of the digital design into STL or AMF file
formats, followed by preprocessing. During this step, the model is sliced into layers
suitable for printing, and support structures are generated to maintain geometric integrity.
Third, file transfer to the AM machine can be done via direct connections, wireless
networks, or removable storage. Fourth, machine setup and file preparation, where the
sliced file is uploaded, and printing parameters are configured. Fifth, part fabrication
begins, and once complete, the part is removed and goes through post-processing, including

cleaning and additional finishing steps.



Figure 2.1: Generic process cycle for AM [13].

Additive manufacturing process have gained widespread adoption across numerous
industries, thanks to its design versatility, faster production times, and ability to create
intricate geometries [5]. AM is commonly utilized for applications such as prototyping,
product customization, and low-volume production runs [14]. Furthermore, the capability
to work with a diverse range of materials has positioned AM as a cutting-edge technology
with great potential for future advancements. This has led to its growing use in sectors like
aerospace [15], automotive [16], healthcare [17], and consumer products [18], where

innovation and efficiency are critical drivers of success.

2.2 Process classifications

The ISO/ASTM 52900:2015 standard has seven distinct groups of AM processes. These
classifications include ME, BJ, VP, PBF, MJ, SL, and DED [4]. Each of these groups
utilizes unique methods and technologies for building three-dimensional objects by

layering materials, with specific techniques tailored to each process, as outlined below:



2.2.1 Material Extrusion (ME)

The ME process involves the use of a thermoplastic filament that is heated and pushed
through a nozzle to form the desired structure [19]. The basic operation of the ME process
is illustrated in Figure 2.2. This technique is often employed for producing large-scale
components or prototypes with relatively simple designs. Two of the most widely
recognized ME methods are FFF and FDM [19]. A dual material extrusion technique has
also been utilized to develop bio-inspired structures that are both lightweight and impact
resistant. This method leverages multi material printing, allowing for the combination of
rigid and flexible materials within a single structure, a design approach often seen in nature.
Despite these benefits, the process still faces challenges such as limited surface quality,
slow production speeds, and dimensional constraints [20]. Nevertheless, material extrusion
has become widely adopted, thanks in part to the availability of affordable materials and

nozzles, as well as its adaptability in both hardware and software configurations [21].

Extruder
(Liquefier)

Solidified Filament Tracks
(Roads)

Heated Bed
(Build Plate)

(Extrudate)
—

Figure 2.2: Working principle of ME process [19].

2.2.2 Binder Jetting (BJ)
The BJ process employs a powder-based material that is selectively fused using a liquid
binder to form the intended shape. The general workflow of the BJ process is depicted in

Figure 2.3. This technique is particularly effective for producing parts that require intricate
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details and customization. Its cost-effectiveness and high throughput make BJ a highly
promising method for large-scale production [22]. Several factors such as the binder, the
morphology of powder particles, and speed influence the performance of BJ parts.
Therefore, the interaction between the binder and the powder is crucial in determining the
final part’s strength and integrity [23]. Additionally, post-processing techniques play a
significant role in enhancing the properties of the printed part, as these steps are often
necessary to achieve the desired density and mechanical characteristics. All of these factors

must be carefully controlled to ensure optimal outcomes in BJ [23].

Print head
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/ 3D printed oral

/ dosage form
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bed

Powder delivery platform Fabrication platform

Figure 2.3: General schematic of the BJ process [22].

2.2.3 Vat Photopolymerization (VP)

VP involves the use of a liquid photopolymer resin that is cured by a focused light source
to build up the desired object. This technique is well-suited for producing high-resolution
parts, including items like dental implants and jewelry [24]. Common VP methods include
SLA and DLP. Figure 2.4 illustrates the operational principles of both SLA and DLP
processes [24]. In this process, ultraviolet (UV) light is used to initiate a chain reaction

within a layer of monomer solution. The UV-sensitive monomers convert into polymer



chains once exposed to light. As polymerization occurs, a solid pattern is formed in the
resin, which supports the following layers during the building process. After printing is
complete, any unreacted resin is removed from the final structure [25]. Some printed parts
may require additional treatments, such as heating or exposure to UV light, to enhance their

mechanical properties [25].

X-Y mirrors Moving
«—Laser platform
3D printed object ———
3D prlnted Photocurable
object Re-coater resin
Moving
Resin VAT d platform

DLP projector —_

Figure 2.4: Working principle of VP process (SLA and DLP) [24].

2.2.4 Powder-bed Fusion (PBF)

The PBF process involves a bed of powder material that is selectively fused by a heat
source, such as a laser or electron beam, to form the desired object [26]. This process can
utilize either metal or polymer powders as feedstock. The fundamental operation of PBF
is illustrated in Figure 2.5. PBF is known for its ability to produce parts with complex
geometries, high accuracy, and substantial strength [26]. Notable examples of PBF
techniques include Laser Powder-Bed Fusion (LPBF), Selective Laser Melting (SLM),
Selective Laser Sintering (SLS), and Electron Beam Melting (EBM) [26]. Key factors that
impact the efficiency of PBF are the distribution and packing of the powder particles, both
of which significantly influence the density of the final printed part. The two most crucial
parameters that affect the sintering process are laser power and scanning speed [27]. This
fine resolution and high print quality achieved by PBF make it ideal for creating intricate

designs with small, precise details. One of the notable advantages of the PBF process is the
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use of the powder-bed as a support, removing the need for additional support materials.
However, the technique does come with some drawbacks, including longer production
times, higher costs, and the risk of increased porosity when using binder-infused powders
[27]. Examples of materials like titanium alloys and amorphous calcium polyphosphate
have been successfully used to create biomimetic designs, demonstrating adequate
mechanical performance for applications requiring lightweight structures and energy

absorption [28].

Building platform

Reservoir platform

Figure 2.5: Basic representation of the PBF process [26].

2.2.5 Material Jetting (MJ)

MJ process involves the use of a print head to eject droplets of liquid materials, such as
wax or resin, which are then cured to solidify and build up the part. The operational
principles of the MJ process are depicted in Figure 2.6. This method is particularly effective
for producing high-resolution components with intricate designs. Common examples of
MJ techniques include PolyJet and Multi-Jet Fusion [29]. Despite its advantages, MJ
remains a relatively expensive option in comparison to other AM techniques because the

MJ process utilizes photosensitive resins and therefore require post-processing [25]. Multi-
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material inkjet printing is one of the latest MJ techniques that opens up opportunities to
create robust and tough structures from monomer inks that would typically result in either

weak and flexible or brittle and rigid materials [30].

Support Material

T ’ Build Material

UV Curing Lamp

Print Heads

— Object being fabricated

Levelling Blade Build Platform

Elevator
Figure 2.6: Working principle of MJ process [29].

2.2.6 Sheet Lamination (SL)

SL distinguishes itself from other AM methods by starting with thin sheets of material,
such as paper or metal foil, rather than using liquids or powders. These sheets are stacked
and bonded together using adhesive or heat, with each layer then cut or trimmed to achieve
the final shape of the part [31]. This technique is often employed for producing large-scale
models or prototypes. Figure 2.7 illustrates the basic principles of the SL process. Similar
to the dry preform process, the composite SL process builds by stacking sheets of fiber-
reinforced polymers. However, the sheet materials used in this process must should easily
rolled, compressed and cut to meet the required specifications. Certain challenges arise
during composite fabrication through pressing, including shrinkage, warping,

delamination, and shape distortion [32]. Despite these challenges, the pressing process
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allows for the production of parts with qualities similar to those achieved through

traditional manufacturing methods [32].

Cutting Tool Laser

Mirror

Laser Beam
Heated Roller

Material Supply Roll

Build Platform

Figure 2.7: Working principle of SL process [31].

2.2.7 Direct energy deposition (DED)

The DED process utilizes a concentrated energy source, such as a laser or electron beam,
to melt and deposit powder or wire material onto a substrate. The feedstock material is
introduced through a nozzle before being melted in this process [19]. The operational
details of the DED process are depicted in Figure 2.8. This technique is frequently applied
for repair work or the construction of large-scale structures. Examples of DED methods
include LMD and LENS [33]. Metal powders are commonly utilized in DED processes
such as copper, titanium, cobalt, stainless steel, aluminum, and nickel [33]. Nonetheless,
other materials such as polymers, ceramics, and metal matrix composites are also viable

options for this technique [34].
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Pyrometer

Figure 2.8: Working principle of DED process [19].

2.3  Feedstock materials for AM

Feedstock materials for AM processes come in various forms, including resin [35], powder
[36], wire [37], filament [38], and spools [39]. These materials are generally grouped into
four main categories: polymers [40], metals [15], ceramics [41], and composites [16]. Each
type possesses distinct properties that make it suitable for different applications. Polymers
are the most widely used due to their affordability, flexibility, and ease of processing [42].
Metals are preferred for manufacturing parts requiring high strength, durability, and
resistance to extreme temperatures [15]. Ceramics provide excellent thermal stability,
chemical resistance, and electrical insulation [41]. Composites are used for producing
lightweight, strong parts with specialized properties [16]. As AM technology advances,
new materials continue to be developed, expanding the possibilities of the field. Given the
focus of this work on polymers, Figure 2.9 outlines the classifications of polymer feedstock
based on their fusion state, feedstock form, material distribution method, AM processing

principles, and specific categories.
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Figure 2.9: Polymer feedstock classifications in AM [42].

2.4 Fused Deposition Modeling (FDM)

In FDM, a heated nozzle moves to deposit molten polymer material onto a base, typically
using a filament as feedstock. The material is heated slightly above its melting point inside
the print head before being extruded through the nozzle onto a substrate, where it rapidly
cools and hardens to form a layer that mirrors the cross-section of the design [31]. This
process is repeated layer-by-layer until the entire object is fully built, as demonstrated in
Figure 2.10. Advancements in the FDM process have led to the development of multi-
nozzle FDM systems, where each nozzle extrudes different materials, enabling the

production of parts with distinct material properties [41].
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Figure 2.10: FDM printer components [43].

Similar to other AM methods, the quality of parts produced through the FDM process is
significantly influenced by various process parameters. These parameters play a crucial
role in determining the final part's performance and structural integrity. The key FDM
process parameters fall into three main categories: slicing parameters, part orientation, and
temperature settings. Each of these factors contributes to the overall quality and precision
of the printed object. Layer thickness, raster width and print speed are some of the most
commonly used slicing parameters while orientation, nozzle and bed temperatures are used

as print and temperature settings during the FDM process [44], [45].

The FDM process primarily utilizes thermoplastic materials, with the most frequently
studied in research being Acrylonitrile Butadiene Styrene (ABS), PLA, polyethylene
terephthalate glycol (PETG), and Nylon [45]. ABS is known for its strength and durability,
making it a popular choice in automotive and industrial applications [46]. PLA, a

biodegradable thermoplastic, is favored for its ease of use and excellent dimensional
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stability during printing [47]. PETG is recognized for its flexibility and toughness, making
it suitable for packaging and various consumer products [48]. Nylon stands out for its
strength and flexibility, making it ideal for functional components that require high wear
resistance [49]. An overview of the commonly used and specialty materials utilized in

FDM printing is provided in Table 2.1.

Table 2.1: FDM filament materials [45].

Material Source Advantages Disadvantages Temperature

ABS Petroleum  Good toughness, cheap Warpage, unpleasant 210-250°C

gases
PLA Plant starch Biodegradable, less Low mechanical 190-230°C
warpage, cheap strength, brittle

PEEK  Bisphenolate High strength, light, High print temperature, 360-420°C

chemically resistant costly, warpage
Nylon Crude oil Good mechanical Warpage, high print 240-270°C
strength, cheap, wear temperature
resistance

2.5 Solar stills (SS)

Water is an essential element in the development of human civilization and is indispensable
for the continuation of life. In the human body, water plays a pivotal role in several vital
functions, such as blood circulation, digestion, and waste disposal. The quality of water is
highly dependent on its use. However, drinking water must be pure and free of pollutants,

and viruses to maintain human health and safety [50].

Many developing nations are grappling with limited access to safe drinking water. In these
areas, natural water sources are unable to keep up with the growing demands, leading to a
critical shortfall of clean water needed for daily human activities [50]. The world health

organization reports that approximately 2.6 billion people worldwide do not have access to
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safe drinking water. Unsafe water and poor sanitation conditions leads to over 1.6 million
deaths annually due to diarrhea, with children under the age of five accounting for 90% of
these fatalities. The lack of clean water remains a significant public health issue,
disproportionately affecting vulnerable populations [51]. Topographical studies indicate
that over two-thirds of the earth's surface is covered by water. However, about 97% of this
water is saline, 2.6% is locked in ice, and less than 1% is freshwater accessible for human
use [52]. With the global population steadily increasing, the demand for water is rising at
a significant rate. Ensuring an adequate supply of water, both in terms of quantity and
quality, has become a pressing concern. Projections suggest that by 2025, nearly every

individual will experience some level of water stress due to limited resources [52].

Water security encompasses a wide array of critical dimensions that are essential for
sustainable development. Effective management of transboundary water resources is vital
for ensuring equitable access and fostering collaboration between nations, reducing the
likelihood of conflicts over shared water supplies. Maintaining water quality is critical to
protecting public health and preserving ecosystems. In residential areas, increasing
population requires the development of infrastructure and efficient water management
systems to meet growing needs [50]. From an economic view (Figure 2.11), achieving
water security is fundamental to the success of the agricultural and industrial sectors. A
holistic approach that incorporates these dimensions into policy-making is essential to
achieving water security and meeting long-term sustainable development objectives,

ensuring that water resources are protected for future generations [50].
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Figure 2.11: Important issues in water security [53].

Solar energy plays a critical role in natural processes such as climate regulation, wind
patterns, precipitation, and photosynthesis. Solar power is converted into heat, which drives
numerous Vvital activities and systems on earth [54]. As a renewable, abundant, and
environmentally friendly resource, solar energy offers a viable alternative to fossil fuels,
which are known to contribute to environmental degradation [55]. Utilizing this accessible
and clean energy source is crucial for securing a sustainable future. In essence, solar energy
underpins all forms of energy on Earth. Likewise, solar radiation causes temperature
variations that result in wind, driving wind turbines and generating wind energy.
Embracing solar energy, therefore, is a step toward reducing reliance on harmful energy

sources and preserving the environment for future generations [55].

2.5.1 Desalination techniques

Desalination has been identified as a viable solution for addressing global water scarcity,
particularly in regions with limited access to freshwater sources. This process, which
involves converting seawater into drinkable water, is achieved by removing salts and other

impurities. The methods of desalination are generally classified into two primary
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categories: membrane-based techniques and thermal-based techniques (Figure 2.12) [8].
Each approach operates on distinct principles and is used in different contexts depending
on factors such as resource availability and cost. Evaluating these methods in terms of their
operational processes, efficiency levels, and environmental impact is critical for
determining their feasibility and potential in alleviating water shortages. Gaining a detailed
understanding of both membrane and thermal desalination techniques is essential for
making informed decisions about their adoption and long-term sustainability [8]. Figure

2.12 shows the various desalination processes.

Desalination Method

Chemical Thermal Membrane
Devices Distillation Technique

o |
gﬁﬂ iz g, S T
Actve  Passive

Figure 2.12: Classification of desalination processes [8].

(a) Membrane-based methods

Membrane-based desalination methods have gained significant importance in efforts to
combat global water shortages. These methods utilize semi-permeable membranes that
allow water to pass through while blocking salts and impurities, making them an energy-

efficient solution for purifying seawater. By employing advanced filtration techniques,
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membrane-based processes are seen as not only effective but also more environmentally
friendly compared to other desalination technologies. The growing focus on these methods
is driven by their potential to provide sustainable access to potable water, particularly in
regions experiencing severe water scarcity [8] Some of the membrane-based methods
include (a) Membrane distillation, (b) Electrodialysis, and (c) Reverse osmosis and are

discussed below.

Membrane Distillation (MD) is a thermally driven process that employs a membrane to
facilitate the separation of water from dissolved salts and other impurities. The process is
based on a vapor pressure gradient, which is established by maintaining a temperature
difference across a hydrophobic membrane [56]. The hydrophobic nature of the membrane
prevents liquid water from passing through, while allowing water vapor to move across the
membrane's pores [57]. This technique results in the production of high-purity freshwater,
achieving rejection rates exceeding 99%, making it highly effective in water purification
[58]. MD systems are divided into four primary types: Direct Contact Membrane
Distillation (DCMD), Air Gap Membrane Distillation (AGMD), Sweeping Gas Membrane
Distillation (SGMD), and Vacuum Membrane Distillation (VMD) [59]. DCMD is widely
preferred, especially for treating brine, due to its simplicity and effectiveness in handling
high salinity solutions. Each configuration offers unique advantages depending on the
specific application and operational requirements [59]. In DCMD, the feed brine is initially
heated before interacting with the membrane. The warm brine flows along one side of the
membrane, causing vapor to pass through the membrane’s pores. On the opposite side, this
vapor condenses into freshwater, resulting in the production of clean distillate. The

concentrated brine is retained by the membrane, which prevents the liquid phase from
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passing due to its hydrophobic properties [60]. The process can be visualized in a schematic
diagram that represents the DCMD system, Figure 2.13 shows the flow and phase change
mechanisms involved. In the MD process, there may be remnants left on the membrane,
which can result in fouling. These residues often consist of valuable minerals, including
lithium and other important elements, that can be extracted and separated. This dual
functionality positions membrane distillation as a promising method for not only purifying
saline water but also focusing on the recovery of valuable minerals. At the same time, it
addresses the challenge of membrane fouling, making it an attractive option for mineral

extraction alongside water treatment processes [8].
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Figure 2.13: Schematic representation of DCMD [8].

Electrodialysis (ED) and its variant, Electrodialysis Reversal (EDR), represent innovative
membrane-based technologies that leverage electrical voltage to facilitate desalination,
particularly of brackish water. These methods capitalize on the selective ion transport
properties of semipermeable membranes, which enable the movement of charged particles
under the influence of an external electrical voltage gradient [61]. In a typical ED
configuration, cation exchange membranes (CEM) and anion exchange membranes (AEM)
are arranged alternately between an anode and a cathode. When an electrical voltage is
applied, cations are attracted to the negatively charged cathode while anions are drawn
toward the positively charged anode [62]. This movement allows for the efficient
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separation of freshwater from concentrated brine solutions, exemplifying the core
principles of ion migration and membrane function within the electrodialysis framework
[62] EDR shares the fundamental electrochemical principles of traditional ED but
introduces a unique approach through the periodic reversal of the direct current voltage.
This process typically occurs about three to four times per hour, effectively changing the
direction of ion transport across the membranes [63]. The periodic inversion of voltage
plays a crucial role in addressing challenges commonly associated with desalination,
particularly scaling and fouling on the membrane surfaces [64]. Figure 2.14 a & b shows a

representative schematic illustration of ED and EDR, respectively.
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Figure 2.14: (a) Schematic representation of (a) ED [8] and (b) EDR [8].
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Reverse osmosis (RO) is a pressure-driven membrane technology commonly employed for
desalting saline water [65]. The process involves applying hydraulic pressure to a
compartment containing water with a high salt concentration (Figure 2.15). This pressure
forces water molecules through a semi-permeable membrane into a compartment with
lower salt concentration. To achieve this, the hydraulic pressure should overcome the
osmotic pressure difference between the permeate and the concentrated feed solutions.
Consequently, the dissolved brine is trapped on one side of the pressurized membrane,

while the fresh water passes to the other side [65].
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Figure 2.15: Schematic of a typical RO system [8].

(b) Thermal based methods

In the pursuit of freshwater, thermal desalination methods represent crucial advancements
in both innovation and efficiency. These techniques utilize thermal energy to heat saline
water, causing it to evaporate. The resulting vapor is then condensed into pure water, free
from salts and impurities. In addition to water purification, these methods offer potential
for mineral recovery from the remaining brine. Unlike membrane-based approaches,
thermal desalination relies on the principles of phase change and heat exchange to
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effectively convert saline water into drinkable water [8]. The heat required to cause the
vapor production can be obtained by several sources such as burning fuels, solar energy

etc. One of the most important thermal methods is solar desalination.

Solar desalination harnesses solar energy to produce fresh water from saline sources like
brine or brackish water, mimicking the Earth's natural hydrological cycle. This process is
rooted in basic principles of physics [66]. The process involves evaporation and
condensation, where sunlight heats a cover plate that maximizes light penetration into a
basin filled with saline water. Heat transfer through both radiation and convection is vital
in this method. The basin, often darkened to enhance absorption, captures the solar
radiation effectively, reducing the amount of reflected energy and increasing the efficiency
of the desalination process on represents a specific approach within solar desalination,
utilizing sunlight to evaporate water, which subsequently condenses to yield clean, purified
water. The simplicity of this process makes it an accessible and sustainable solution for

water purification in various environments [67].

The process of solar desalination is effectively mirrored in SS, which are simple to
construct and require no moving mechanical components. These systems are not only cost-
effective but can also be built using easily accessible and inexpensive materials. In today's
world, while there are numerous ways to obtain potable water, many of these methods may
prove to be either too costly or difficult to access. Solar desalination offers a standout
solution for water purification because of its affordability and reliance solely on solar
energy to transform brackish water into clean, drinkable water. Since solar energy is a

renewable resource, using it aligns with sustainable and environmentally conscious
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practices [68]. The working principle of solar desalination is shown in Figure 2.16. More

details about SS and the functionality are given in the next section.
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Figure 2.16: Working principle of solar desalination [69].

2.5.2 Active and passive SS

SS can be categorized as passive and active SS. Passive SS rely solely on the solar energy
that falls on their surface to operate. The design of a SS typically includes a basin, sealed
to be water and air-tight, covered by a slanted glass panel (Figure 2.17). Sunlight passes
through this glass panel and heats the saline water in the basin, causing it to evaporate. This
process creates a heat-trapping effect within the still, allowing the water to continuously
evaporate as it absorbs solar radiation. The evaporated water condenses on the inner surface
of the glass panel, leaving behind the salts and impurities. Importantly, no external energy

sources are used in this passive system, making it a self-sustaining solution [70].
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Figure 2.17: Passive double slope SS [71].

On the other hand. active SS incorporate an external heat source to increase the temperature
of the saline water, improving the efficiency of the evaporation process. This added heat
can come from a variety of sources, such as concentrating solar panels, waste heat, or even
a conventional heater. These systems are designed to enhance the natural process of
evaporation by increasing the temperature of the water more rapidly than passive systems.
Some multistage solar systems also include additional components like a solar radiator and
a vacuum pump, which help to further accelerate the evaporation rate and improve overall
performance. By utilizing these external heat sources, active SS can produce freshwater
more efficiently than passive models [72]. Figure 2.18 shows a schematic of an active SS

which uses solar panels to provide the additional heat to the sea water.
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2.5.3 Geometric configurations

Analysis of published works shows a variety of SS configurations that are used to provide
fresh water. Each design uses solar energy as the main source of energy with varying
heating and evaporation mechanisms. It should be noted that out of the many possible
configurations, only a few are discussed in this section.

(a) Simple SS (SSS)

Solar radiation penetrates the transparent, V-shaped glass cover of the SSS and is absorbed
by the darkened surface at the base of the basin (Figure 2.16). This heat causes the water
to evaporate, and the vapor then condenses on the inner surface of the glass. The condensed
water is collected and directed into a reservoir through a series of channels. The glass roof
acts as a trap for sunlight, preventing it from escaping back into the environment [73]. The
design of the SSS encourages effective condensate collection, with the roof plate angled at
10-20 degrees to facilitate water droplets flowing down for collection. On the other hand,

a steeper angle hinders the efficient accumulation of condensed water [74].
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The SS basin can be constructed from galvanized iron sheets, cement, or fiber-reinforced
plastic. Locally, basins can also be built using bricks, sand, and concrete, while industrially
manufactured units use refined materials. The roof cover is made from glass or plastic. As
water evaporates, the leftover water becomes increasingly concentrated with salts, leading
to the formation of a salt layer at the basin's base. Regular flushing is essential to prevent
salt precipitation. Adding a fan can increase the evaporation rate without significantly
raising power consumption [75]. The inner surface of the still can also be coated with
reflective materials to enhance reflection. In seawater desalination, three kilograms of
seawater typically produce one kilogram of freshwater, with the remaining brine
discharged back into the ocean[76]. The two basic types of simple SS are: single slope stills

(SSSS), and double slope SS (DSSS), as depicted in Figure 2.19 a & b, respectively.
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Figure 2.19: (a) Single slope SS [77] and (b) Double slope SS layout [78].
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(b) Double-basin SS (DBSS)

In this configuration, solar radiation passes through a tilted glass cover to reach the water
in the upper basin. As a result, the water in the upper basin heats up. The evaporated water
molecules condense on the inner surface of the toughened glass cover. Due to the slope of
the cover, the condensed water flows down and is collected in the gathering trough,
eventually reaching the accumulation container [79]. The water in the lower basin is heated
by the residual heat from the upper basin water, as well as by the warm water from the
discharged tubes as shown in Figure 2.20. The performance of a SS is commonly measured
by the amount of water evaporated per unit area of the basin in a day. In this design, heat
transfer within the still, from the basin water to the collecting cover, can occur through

convection, radiation, and evaporation [80].

The advantage of employing a double basin configuration over a single basin design in SS
lies primarily in its ability to significantly increase water output. In a double basin system,
solar radiation heats both the upper and lower basins, effectively utilizing more of the
incident solar energy compared to a single basin design, where only the water in one basin
is heated. The water in the upper basin serves as an additional layer that captures more heat
and enhances the overall evaporation process. This dual-layered setup creates a
temperature gradient between the upper and lower basins, allowing for the lower basin to
be indirectly heated by the condensation from the upper basin, which leads to more efficient
heat utilization. As a result, the evaporation rate in the lower basin increases, further
boosting the overall water output. Additionally, the double basin configuration optimizes
the absorption of solar energy by spreading it across a larger surface area, particularly in

areas with high solar radiation. This increased efficiency in harnessing solar energy leads
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to higher distillate production without the need for additional energy input, making it a

more productive design for water distillation [81].
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Figure 2.20: Double-basin SS layout [82].

(c) Pyramid SS (PSS)

The PSS as illustrated in Figure 2.21 features a pyramid shaped top cover. This design
comes in two main forms: the Triangular Pyramid and the Square Pyramid SS. The key
difference between these two types lies in the shape of the basin. In the Triangular PSS,
the basin has a triangular shape, whereas the Square PSS utilizes a square-shaped basin.
Both configurations share the same basic operating principles but vary in terms of basin

geometry [83].

The PSS offers several advantages over the traditional single-slope SS as there is less
shading from the side walls. Additionally, for the same basin area, the pyramid shape
provides a larger top surface area, which increases the condensation rate due to the larger
collection area. The rate of condensation is also enhanced in PSS as one side of the pyramid
cover directly receives more intense solar radiation than the opposite side, creating a

temperature difference. This contrast between the warmer and cooler sides enhances the
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rate of condensation on the cooler side, as the temperature difference between the water

surface and the top cover is more pronounced in the pyramid design [84].
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Figure 2.21: Pyramid SS layout [71].

(d) Tubular Solar Still (TSS)

The process of water desalination using the TSS involves the same basic principles as other
solar water desalination techniques. As illustrated in Figure 2.22, solar radiation passes
through the cover and is predominantly absorbed by the saline water inside the trough. Any
remaining heat is absorbed by the trough and the cover. This absorption raises the
temperature of the saline water, causing it to evaporate [85]. The water vapor then
condenses on the inner surface of the cover, releasing latent heat during the condensation
process. Gravity helps the condensed water to flow down the cover's surface, where it is

collected in the reservoir [86].

One of the primary benefits of the TSS is the circular design of the transparent tube, which
allows the TSS to collect solar radiation from all directions, enhancing the total solar
energy it can capture. This improves the overall energy collection in contrast to the SSS,
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which typically collects sunlight from one direction only. The cylindrical enclosure of the
TSS also eliminates the need for additional thermal insulation, as its shape naturally helps
retain heat within the system, leading to increased internal heat accumulation. Additionally,
the tubular geometry of the TSS makes it easier to operate under vacuum conditions,
improving its efficiency in specific settings. However, the cylindrical enclosure reduces
the available space for the evaporator, which limits the evaporation capacity of the device.
As a result, the overall evaporation rate may be lower than traditional designs. To mitigate
this limitation, incorporating solar concentrators with the TSS can significantly improve
its performance. Furthermore, the compact design of the evaporator trough restricts the
amount of heat storage material that can be placed inside, which poses a challenge for
storing sufficient thermal energy. A potential solution to this issue is the use of external

heat storage systems, which could supplement the limited internal space and enhance the

system’s overall effectiveness in retaining and utilizing heat [87].
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Distilled water

Measuring jar
Saline water

Trough

Figure 2.22: Tubular SS layout [88].
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(e) Hemispherical SS (HSS)

The distillation system ina HSS is designed in a hemispherical shape, as depicted in Figure
2.23. When solar energy strikes the absorber plate or container, the water inside begins to
evaporate, converting into vapor. Due to lower pressure, this vapor rises and comes into
contact with the inner surface of the glass dome. Since the temperature inside the glass
dome is lower, the vapor condenses back into liquid water. Once the temperature falls
below the dew point, condensation initiates, forming water droplets that can be collected
[89].

 Arificial
Sun

Solar ray

Saline water

Hemispherical dome
° Condensate [ S Inner tray
Outer tray

Insulation

Freshwater jar

Figure 2.23: Hemispherical SS layout [90].

() V-type SS (VSS)

In VSS, solar radiation passes through the glass cover and is largely absorbed by the basin,
leading to an increase in temperature. A portion of the absorbed energy is transferred to the
basin through convection. The evaporated water then releases its latent heat of
condensation on the surface of the glass cover. As condensation forms, the water flows

down and is collected by a trough [91]. Figure 2.24 illustrates this setup in detail.
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One of the key advantages of the VVSS design is its reduced trickling distance compared to
conventional SSSS of the same size. In VSS configuration, the distance that the condensed
water droplets travel to reach the collection trough is halved. This shorter trickle path
allows for quicker collection of condensed water, minimizing the chances of re-evaporation
or loss during the process. As a result, the VSS type SS can improve water collection

efficiency while maintaining a more compact design than its single slope counterpart [92].
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Figure 2.24: V-type SS layout [91].

(9) Spherical SS (SPSS)

SPSS features a shallow, round basin, as depicted in Figure 2.25. The circular basin can be
coated to maximize the absorption of incident solar energy. Positioned at the center of a
spherical aluminum net, the basin effectively captures sunlight. The solar energy absorbed
by the basin heats the saline water contained within, leading to evaporation. As the water
vapor rises and condenses on the upper surface of the structure, it trickles down towards

the distilled water collection unit [93].

The spherical geometry of SS has been observed to offer several advantages, particularly
with its larger condensation surface area. This design allows the still to be oriented in any

direction to capture the maximum amount of solar energy which can enhance the water
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yield by 32%. This improvement is attributed to the cooling effect on one side of the glass

cover, which remains in shadow, further boosting condensation efficiency compared to

/
Sun Water storage
tank

conventional designs [94].
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Figure 2.25: Spherical SS layout [95].

(h) Wick-type SS (WSS)

The solar radiation that hits the glass cover transfers heat to the wick surface. A portion of
this heat is utilized to warm the water, causing it to flow across the wick through capillary
action. A substantial amount of heat is trapped inside the still, allowing energy to move
from the wick surface to the glass cover and into the surrounding environment [96]. As the
water travels over the wick, it becomes heated and evaporates into vapor. This vapor then
condenses on the underside of the glass cover, where the cooler surface facilitates
condensation. The condensed water droplets flow downward due to gravity and are
collected in the channel [97]. The detailed structure of this system is illustrated in Figure

2.26.
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A slanted WSS design allows for higher temperatures compared to conventional types.
However, despite its efficiency, its use in practical applications faces several challenges
due to the cost required for specialized mounting structures and insulation. Regular
cleaning of the fabric wick is also required to remove the accumulated dust. Moreover,
maintaining an operable covering layer is crucial, as the dark wick material requires
frequent replacement due to degradation from sun exposure. Lastly, the slanted feature in

the WSS provides little benefit except in high-latitude regions where its angle becomes

O

Solar Radiation Distribution Pipe

more relevant [98].

Feed Water Tank

Glass cover
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Figure 2.26: Wick-type SS layout [99].

(i) Concentrating collector still (CCS)

The basic operating principle of CCS (Figure 2.27) involves the use of solar concentrators
to focus sunlight onto a smaller surface area, thus heating the saline water to much higher

temperatures than the direct incident rays alone [100]. The main components of these
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collectors include various types such as fixed reflectors with moving receivers, compound
parabolic collectors, Fresnel lenses, parabolic troughs, fixed receivers with moving

reflectors, and central receivers [98].

By concentrating the solar energy, CCS systems enhance the heat transfer rate and amplify
the solar radiation. This heightened temperature makes the CCS more efficient that other
still designs as it enables faster evaporation of the saline water, with the vapor then
transported to a separate chamber where it condenses into fresh water (approximately 0.5—
0.6 gallons of potable water per day per square foot of the reflector area) [99]. However,
the construction and maintenance costs associated with CCS are considerably high, and
their efficiency is heavily dependent on consistent, direct sunlight. Moreover, their delicate
components require careful handling, making them less practical for widespread use in

certain settings [101].
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Figure 2.27: Concentrating collector still layouts [102].
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2.5.4 Effect of design parameters on SS performance

The thermal performance of SS is influenced by climatic, design, and operational
parameters. Climatic factors encompass elements such as solar intensity, wind speed, and
ambient air temperature. On the other hand, design factors include parameters such as the
basin area, the size of evaporative and exposure surfaces, the inclination angle of the
glazing cover, the geometric proportion of the SS, its orientation, the materials used in
construction, and the type and thickness of insulation. These factors are crucial in
determining the overall efficiency of the system. Operational factors include the
temperature differential between the basin water and the glass, the glass temperature itself,
the incorporation of hybrid technologies, the application of vacuum systems, heat storage
capabilities, and the basin water's temperature. Unlike climatic factors, both design and
operational parameters can be effectively controlled to optimize the SS's efficiency. Figure
2.28 provides a detailed overview of the numerous elements and their influence on the SS

performance. More details are provided in the following sections.

Solar intensity

Air Speed

Dust and cloud weather

Relative humidity

Evaporative and exposure surface

Glazing cover shape

Glazing cover inclination

Basin water temperature

Basin environment

Water Depth

Figure 2.28: Factors that affect the performance of SS.
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(a) Solar radiation

As reported in numerous publications, the yield of SS tends to increase with a rise in solar
radiation (Figure 2.28). Research consistently highlights that solar intensity is the most
influential factor in enhancing SS performance [103]. Nafeya et al. [104] conducted a study
on the effect of variations in solar radiation on the SS efficiency. Their findings indicated
that a reduction in solar intensity leads to a lower distiller efficiency, while an increase in
solar intensity improves it. The most pronounced effect of this was observed in the summer
season (Figure 2.29a) [104]. Similarly, Almuhanna [105] observed a direct relationship
between the solar radiation and distiller productivity, reporting that higher levels of solar
radiation result in greater productivity. Additionally, it was shown that the external
parameters such as solar radiation increase the productivity of SS [106], [107], [108]
(Figure 2.29b). Higher solar radiation increases the convective heat transfer coefficient
inside the basin and the evaporation [109]. In a SS, energy transfer involves the supply of
heat for water evaporation in the basin which is then removed at the cover during
condensation [110]. Therefore, the productivity of SS improves with increased energy

transfer rates [111].
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Figure 2.29: (a) Variation of solar radiation and SS productivity [104] and (b) Variation of daily productivity

and solar radiation [108].

40



(b) Ambient temperature

Many studies have explored the impact of ambient temperature on SS performance (Figure
2.28). Theoretical observations show that every 10°C increase in ambient temperature
leads to an 8% increase in the SS production [112] (Figure 2.30a). Malik et al. [113] also
conducted a similar study and observed that raising the air temperature by 5°C could result
in a modest increase in distiller yield (Figure 2.30b). Furthermore, Alheefi [114] examined
the effect of ambient temperature on the SS production and showed that the air temperature

can affect the performance and productivity of SS.
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temperature on the total productivity of the distiller [113].

(c) Relative humidity

Change in relative humidity has also been shown to impact the performance of SS (Figure
2.28). Koffi et al. [115] studied the effect of humidity variations, (between 40% to 65%)
on still performance (Figure 2.31). Their findings indicate that an increase in relative
humidity correlates with a reduction in SS output. This relationship underscores the
importance of considering humidity levels when evaluating and optimizing SS productivity

[116]. Moreover, Mohsenzadeh et al. [117] highlighted that decreasing the relative
41



humidity and the aspect ratio of the evaporation chamber increases the temperature
difference significantly between the cover and the water in the basin. This temperature

gradient is essential for improving the evaporation and condensation processes within the

SS.
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Figure 2.31: Effect of humidity on SS productivity [115].
(d) Wind velocity

The effect of wind velocity has been confirmed by numerous publications [118] (Figure
2.28). It is well-known that the yield of a SS improves as the glass cover temperature
decreases [119]. Drop in cover temperature causes an increase in the temperature difference
between the water and the cover which leads to an increase in water production due to
higher condensation [111]. Results from active and passive SS also confirmed that higher
air speeds boost distiller productivity [120], [121]. The influence of wind speed on SS

productivity is depicted in Figure 2.32a.

However, SS productivity may decrease if the air speed increases beyond a certain critical
limit as showing in Figure 2.32a [121]. Results showed an increase in productivity with an

increase in wind speed followed by a reduction in water production (up to 13%) at higher
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wind speeds [124]. Increasing the wind speed also affects the heat transfer coefficients in
SS as the higher wind speeds reduce the cover temperature (Figure 2.32b) [122].
Additionally, the water-to-glass radiative heat transfer coefficient and glass-to-sky
radiative heat transfer coefficient decreases with increasing air speed while the water-to-

glass evaporative heat transfer coefficient remains unaffected [122].
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Figure 2.32: (a) Change in yield of SS vs wind speed [121]. (b) Effect of air speed on glass cover temperature

[122] .

(e) Water depth

The level of water has been identified as an important parameter that affects the production
of SS [123] (Figure 2.28). Experimental results conducted at different water levels show
that higher water levels result in low productivity resulting in an inverse relationship
between the water level and water productivity [124], [125], [126] (Figure 2.33a).
Moreover, as a level of water increases, it results in an increase in volume and volumetric
heat capacity. This lowers the water temperature for the same solar radiation resulting in

lower vapor and water output [116], [127].
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As the solar radiation decreases during evening and night times, the heat stored in higher
water levels is released. This allows for continuous evaporation at night [128]. In a separate
study [129], it confirmed that the production of a double SS basin increased with a
reduction in water levels. Similar studies from other authors also resulted in similar results

where the optimized productivity typically falls between 2 cm and 6 cm [130], [131]
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Figure 2.33: (a) Daily efficiency with basin depth [126]. (b) Effect of water depth on the output [112].

(f) Geographical location

Geographical location can also affect the SS efficiency. For example, Figure 2.28 shows
the effect of dust on SS performance. The absorptivity and transmittance of the glass cover
plays a crucial role in the performance of a SS and dust or dirt accumulation can affect the
optical properties of the cover [132]. Studies have also shown that dust and dirt buildup
reduces glass transmittance [133]. Therefore, areas with heavy dust exhibit lower SS
efficiency. Hottel and Woertz [134] examined the effect of dust accumulation on glass
covers and reported a reduction of approximately 1% due to the presence of dust and dirt.
Similarly, EI-Nashar [135] investigated the effect of dust accumulation on evacuated-tube

collectors and reported a glass cover transmittance drop of 10%. Furthermore, neglecting
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to clean the solar collector system can lead to a 70% reduction in the glass cover’s

transmittance [136].

Moreover, Jafari et al. [137] conducted a study across various cities to determine the
optimal locations for installing SS. Their findings revealed a direct relationship between
solar radiation and freshwater production. Therefore, cities with higher temperatures and
greater solar exposure resulted in higher yields. Conversely, higher relative humidity and
wind resulted in a lower SS efficiency. Therefore, they concluded that hot, arid cities with
high solar radiation, low wind speeds, and high-water tariffs are ideal locations for SS

installations (Figure 2.34).
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Figure 2.34: Relative annual freshwater production for various cities (adopted from [137]).
(g) Evaporative and exposure surface areas

The primary principle of SS revolves around the evaporation of water in the basin under
the influence of solar energy. The incident sunlight heats the water, causing it to vaporize,
and the resulting vapor then condenses on the inner surface of the glass cover. This process

transforms saline or contaminated water into clean, drinkable water. A key parameter in
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this mechanism is the evaporative surface area, which refers to the portion of basin water
directly exposed to solar radiation. A larger evaporative surface area increases the water's
exposure to sunlight, leading to greater vapor generation. As a result, expanding the
evaporative surface area directly contributes to improved vapor production and higher

overall efficiency of the SS system (Figure 2.28).

This can be accomplished in many ways. For example, installing corrugated and finned
basin liners inside a SS can improve the basin or evaporative surface area. Omara et al.
[138] explored the effect of surface modifications on the SS performance. They modified
the basin liner design, by introducing corrugations and fins. Their results demonstrated that
the freshwater output rose by 21% with corrugated absorbers and 40% with finned
absorbers (Figure 2.35a). Sakthivel et al. [139] also investigated the effect of incorporating
jute fabric within the basin to increase the exposure surface area to solar radiation (Figure
2.35b). Their findings indicated a 20% improvement in productivity and an 8% rise in
efficiency. Similarly, Velmurugan et al. [140] demonstrated that combining fins and
sponges can enhance the performance of the SS. The results revealed that this dual
approach increased the distiller's productivity by an impressive 80%, showecasing the

potential of such modifications in boosting the overall efficiency of SS systems.
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Figure 2.35: (a) Accumulated SS distillate with finned and corrugated absorbers [138]. (b) Single slope SS with

vertical jute [139].

(h) Glazing cover thickness and inclination

As widely recognized, the glass cover serves as the primary gateway for solar radiation to
reach the water in the SS basin (Figure 2.28). Consequently, researchers have studied
various properties of glass that influence the performance of SS. These properties include
its thickness and angle of inclination. The key role of glass in SS systems is to permit high-
energy solar radiation to enter while preventing longer wavelengths from escaping. This
design ensures that the distiller captures and retains the maximum amount of solar energy
without allowing it to radiate out. The glass cover’s external surface is exposed to the
ambient environment, which helps keep its temperature relatively low. Simultaneously, the
inner surface of the glass comes into direct contact with the vapor generated above the
basin water. This configuration allows the inner glass surface to act as a condensation site

for the vapor since it maintains a lower temperature than the surrounding vapor [141].

Research indicates that a glass thickness between 3~4 mm is considered optimal for SS.

Ghoneyem and lleri [141] evaluated glass thicknesses ranging from 3 mm to 6 mm and
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concluded that the 3 mm thickness yielded superior evaporation and condensation rates
compared to the thicker options. This finding underscores the importance of glass thickness

in maximizing the efficiency of SS systems.

On another hand, the glass cover inclination angle plays a significant role in influencing
the thermal performance of SS. The glass inclination angle dictates the overall surface area
of the cover, which in turn affects the heat transfer processes inside the distiller. The glass
inclination angle also facilitates the collection of the condensed distillate. The slope of the
glass determines how efficiently the condensed water droplets are guided toward the
collection channel, ensuring optimal water recovery. Furthermore, the speed at which
droplets move on the glass surface is directly influenced by the angle. Larger angles result
in faster droplet motion, while excessively shallow angles may cause the droplets to slide
back into the basin, adversely impacting performance. The inclination of the glass also
determines how much direct solar radiation is received by the distiller over the course of a
day. An optimized angled glass cover ensures maximum exposure to solar radiation,
enhancing the system’s efficiency. Additionally, the inclination interacts with seasonal
variations, such as the sun's declination angle, which influences the amount of solar
radiation absorbed versus reflected. During winter, steeper angles may reduce efficiency
due to increased reflection, while in summer, the same inclination might boost
performance. These seasonal effects highlight the challenge of determining an optimal

year-round inclination angle for the glass cover [111].

Akash et al. [142] explored the effect of inclination angle on the SS performance. Their
experiments incorporated angles of 15°, 25°, 35°, 45°, and 55°. The findings revealed that

an inclination angle of 35° yielded the highest distillate output and this angle aligned
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closely with their location’s (latitude of 31°). Therefore, their results indicated a strong
correlation between the glass angle and geographic latitude. In addition, Singh and Tiwari
[143] supported these findings and concluded that the distiller’s output is maximized when

the glass cover’s inclination matches the latitude of the test location (Figure 2.36).
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Figure 2.36: Annual productivity with various collector tilts [143].

(i) SS volumetric isometry

The external configuration of a SS also influences its thermal efficiency and overall
productivity (Figure 2.28). Recent studies have emphasized the importance of both the
external and internal design to enhance the device's performance. Factors such as the
distance between the water surface in the basin and the inner surface of the glass glazing
also play a critical role in determining the freshwater output. Innovative designs, such as
the rotating disc SS incorporate two rotating discs within the distiller to enhance the water
evaporation [118]. The highest productivity was achieved using a corrugated disc equipped
with a wick (Figure 2.37). Under these optimized conditions, the distiller demonstrated an
124% increase in productivity compared to a conventional SS. This groundbreaking design
underscores the potential of creative internal modifications to maximize the efficiency of

solar desalination systems.
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Figure 2.37: Effect of disc speed and shape on SS productivity [118].

() Insulating material and thickness

The effectiveness of a SS largely hinges on minimizing heat loss from the basin to the
surrounding environment (Figure 2.28). To achieve this, insulating the distiller's basin
becomes crucial, as it ensures that the thermal energy is utilized effectively. This highlights
the significance of selecting the right type and thickness of insulation materials. Research
has demonstrated that proper insulation can enhance the performance of SS significantly,
with improvements ranging from 7% [144] to as much as 180% [145]. A variety of
insulation materials have been explored in studies, including wood [146], sawdust [147],
thermocol [148], fiberglass [149], gypsum [153], and Styrofoam [150]. The key criterion
for choosing an insulation material is its low thermal conductivity, which would prevent
heat transfer to the surrounding air. Additionally, the thickness of the insulation layer is
critical and is determined based on the material’s thermal conductivity to optimize thermal
resistance. By carefully considering these factors, the efficiency of SS can be improved

substantially [72], [150].
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Sahoo et al. [148] demonstrated an 11% improvement in SS efficiency by incorporating
thermocol as an insulation material. This highlights the potential of lightweight and cost-
effective materials in enhancing thermal performance. Meanwhile, Ford et al. [151]
explored the impact of various insulation properties on SS productivity. They concluded
that composites made of cement, gypsum, and expanded polystyrene offered excellent

thermal isolation and were effective for such applications.

In a related study, Khalifa and Hamood [150] examined the effect of insulation thickness
on SS performance. They used Styrofoam, with a density of 35 kg/m3 and a thermal
conductivity of 0.029 W/m-°C, to insulate their setup. Their findings revealed a significant
increase in productivity, rising from 1.81 L/m2.day without insulation to 3.28 L/m2.day
with a 60 mm thick Styrofoam sheet (Figure 2.38). Moreover, they derived a mathematical
equation to establish a direct relationship between insulation thickness and distiller

productivity.
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Figure 2.38: The variation in distiller productivity with different insulation thicknesses [150].
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(k) Basin water temperature

Raising the temperature of the basin water has a direct and substantial impact on the
efficiency of SS systems. To ease the vaporization process in a SS, researchers have
explored the use of additional solar energy to elevate the water temperature in the basin.
This approach leverages the abundance and sustainability of solar power as an efficient
heat source [152]. These systems increase the water temperature by concentrating the
sunlight onto specific areas, typically targeting the saline water either before it enters the
distiller or directly in the basin. Consequently, a higher temperature enhances the vapor
generation, leading to greater freshwater output. By accelerating the rate of evaporation,

the overall productivity of the distiller can be improved (Figure 2.28).

Hiroshi [152] implemented internal and external reflectors to amplify the amount of solar
energy directed toward the basin water (Figure 2.39a). This addition resulted in a notable
rise in the basin water temperature and boosted the evaporation rate. The authors also

discussed the tilt angle of the external mirror for optimal performance.

Similarly, Eltawil and Omara [153] integrated the SS with a variety of components,
including a flat plate solar collector, a spraying unit, an external condenser, and a solar air
collector, to achieve higher basin water temperatures. Their findings revealed that the
output of the developed SS (DSS) outperformed that of the conventional SS (CSS),
especially when the solar collector was incorporated, as demonstrated in Figure 2.39b.

They observed an increase in SS productivity ranging from 51% to 148%.
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Figure 2.39: (a) Single slope SS with internal and external reflectors [152], (b) Differences in hourly productivity

for CSS and DSS in hybrid SS system [153].

(I) Basin environment

Numerous studies have explored the impact of operating SS under vacuum. The primary
purpose of creating a vacuum inside the distiller is to eliminate the heat transfer via
convection. This ensures any possible heat loss could occur only through evaporation and
radiation. Moreover, introducing a vacuum minimizes the presence of non-condensable

gases, which may impede the condensation process (Figure 2.28).

Panchal [154] observed a significant improvement (56%) in freshwater production with
vacuum tubes (Figure 2.40a). Ahmed et al. [155] explored the influence of creating a
vacuum within a multistage evacuated SS. Their investigation revealed that applying
vacuum conditions had a substantial impact on the distillation process. The authors
observed that both the overall daily output and the yield from individual stages improved

significantly with an increase in vacuum levels inside the system (Figure 2.40b).
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Figure 2.40: (a) The hourly distillate of the SS with vacuum tubes [154]. (b) Daily yield of total and individual

stages under vacuum [155].

(m) Difference between the cover and basin water temperature

Researchers have identified the difference between cover and water temperature as a
significant factor in SS efficiency (Figure 2.28). However, this is not a direct factor as it is
affected by several other factors such as wind speed, water depth etc. Patel and Kumar
[156] examined the efficiency of a double-slope SS under varying water depths and air
velocities. Their research demonstrated that increasing wind speed, cooling the glass
covers, and reducing water depth significantly enhanced the distiller’s yield. They
attributed this improvement to a greater temperature difference between the water and the
glass. Abu-Arabi et al. [157] validated these findings by confirming that lowering the glass

temperature through cooling measures boosts SS performance.

Similarly, Janarthanan et al. [158] employed flowing water over the glass surface to reduce
its temperature. This technique effectively increased the temperature difference between
the water and glass, resulting in a substantial rise in productivity. Murugavel et al. [159]
also highlighted that the SS productivity depends on the temperature gradient between the
water and the cover. Also, the findings indicated that cotton cloth demonstrated superior
performance in terms of water yield (Figure 2.41a). Moreover, Srithar [160] confirmed that
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maximizing the temperature gradient between the water and the cover can be used in

enhancing the freshwater output of SS (Figure 2.41b).
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Figure 2.41: (a) SS temperature and productivity with time [159]. (b) Impact of solar intensity and water-cover

temperature difference on SS productivity [160].

(n) Thermal storage and heat absorbing materials

The main limitation of SS lies in the relatively low output of distilled water per unit area,
which can render them inefficient or unsuitable for certain applications. As a result, there
is significant potential to enhance the performance of these systems [161]. Numerous
studies have reviewed different types of distillation systems, as well as solar thermal
collectors and their applications. It has been established that the efficiency of SS is
influenced primarily by factors such as the intensity of solar radiation, the duration of
sunshine, and the design of the still [162], [163]. These materials store energy which makes
them highly efficient [164]. Phase Change Materials (PCMs) also store heat and offer a
high energy storage density compared to other methods [165]. The role of absorbent
materials and PCM is crucial when it comes to enhancing the performance of SS. One
effective method to improve the efficiency of a still is through the incorporation of

materials that can increase the (a) absorption and (b) storage of solar radiation.
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The idea of adding external materials to SS dates to earlier studies, where researchers
experimented with various dyes to improve the still performance [166]. For instance, some
researchers investigated the impact of using coal and charcoal as absorbents as they boosted
the thermal efficiency of the SS [109]. The incorporation of heat absorbing and thermal
storage materials into SS is a well-established method to improve their performance.
Enhancing the absorptivity of the absorber liner increases the ability of the SS to capture
solar radiation and transfer heat to the basin water and increase the heat capacity of the
basin which increases the evaporation (Figure 2.28). As discussed previously, a larger
temperature difference between the basin water and the cover significantly boosts SS
efficiency. To achieve higher water temperatures or maintain elevated temperatures for
extended periods, especially during cloudy or nighttime conditions, researchers have
introduced various heat absorbing and storage materials into the basin water. These
materials include gravels, a mix of violet and black dyes, charcoal, and black wires. The
effectiveness of these materials has been shown to improve further with increased water
depth in the basin [167]. These materials function by capturing and storing solar energy,
thereby increasing the basin's heat capacity. This, in turn, leads to higher evaporation rates

and greater productivity (Table 2.2) [168].
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Table 2.2: Effect different absorber materials on SS productivity [168].

No# Name of Absorbent Materials Increase daily productivity (%)

1 Dyes 10% ~ 19.8%

2 Dark green dyes (50 mg/l and 100 mg/l) (14.8%) and (12%)

3 Red carmoisine (50 mg/l and 100 mg/l) (7.4%) and (19.9%)

4 Black napthylamine (50 mg/l and 172.5 (15.9%) and (17 ~ 28.8%)

mg/l)
5 Soot powder 13% ~ 17%
6 Charcoal 15% more than wick-type stills and
11% ~ 18% more than black-paint and
23% ~ 92% more than blackened rock-

bed

7 Rubber material 38%

8 Black dye 60%

9 Black ink 45%

10 Absorbing black-rubber mat 38%

12 Baffle suspended absorber 20%

13 Black gravel 19%

14 Potassium dichromate 26%

15 Sponges and fins in a stepped still 96%

16 Sponge cubes 14% ~ 18%

17 Black granite gravel 17% ~ 20%

Abdallah et al. [161] investigated to evaluate the impact of incorporating absorbing
materials, such as coated and uncoated porous media known as metallic wiry sponges and
black volcanic rocks, as absorber liners in SS. Their study demonstrated that all these
materials enhanced the performance of SS compared to conventional designs. The results
revealed that among the tested materials, black rocks yielded the most significant water
collection, followed closely by the coated metallic wiry sponges (Figure 2.42a). The
productivity of the modified SS increased by 60% for black rocks, 43% for uncoated
sponges, and 28% for coated sponges, respectively (Figure 2.42b). Moreover, Jamal et al.
[169] investigated the effect of dissolved salts, such as copper sulphate, potassium
permanganate, cobalt chloride, and

potassium  dichromate, tetramethyl-para-

phenylenediamine (TPMD) has also been investigated to enhance the efficiency of SS.
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Further research examined the influence of various black-paint absorber materials on the
thermal performance of solar desalination units [170]. Several other materials have also
been investigated. For example, Akash et al. [171] studied using a black rubber mat
increased daily water production by 38%, while black ink enhanced it by 45%. The most
effective material was black dye, which boosted productivity by around 60%. More recent
experiments involved placing blocks of different sizes in the basin of the still with upto
273% improvement [185]. Researchers have also explored the use of solid materials for
energy storage in SS processes. They investigated the incorporation of black gravel and
charcoal particles as a storage medium within a SS. Their findings indicated that both
materials were effective in enhancing the performance of the SS. The charcoal particles,
with their high absorptivity, helped improve the efficiency by capturing and retaining more

energy [167], [172].

80 -

& &
S o
P

OReference

w

S

o
L

60

Coated Sponge  Uncoated Sponge Black Rock

€Y (b)
Figure 2.42: (a) SS with total water production with/without porous materials over three days. (b) Productivity

@ Coated
250 1 Sponge
200 = = O Uncoated
Sponge

Gain (%)
&

W Black Rocks

Water Collection (ml)

2

increase with different absorbing materials [161].

Similar to absorbing materials, PCMs have emerged as a promising solution for thermal
energy storage, thanks to their high energy density, minimal volume change, and
availability across a wide range of temperatures [173]. These materials store energy in the
form of latent heat, which is absorbed or released during phase transitions, making them

highly efficient for capturing and retaining heat [164]. PCMs have the advantage of storing
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significant amounts of heat within narrow temperature ranges, offering a high energy

storage density compared to other heat storage methods [165].

In contrast to latent heat storage, the specific heat capacity of sensible heat storage
materials is much lower, often requiring up to 100 times more material to store the same
amount of energy. This makes sensible heat storage less practical for high-temperature
energy storage applications. Additionally, during the discharge process, sensible heat
storage suffers from a reduction in storage medium temperature, which causes the
temperature of the heat transfer fluid to decrease. This drop in temperature can impact the

efficiency of systems like SS, especially in colder conditions [174].

One of the main benefits of PCMs for SS is their ability to mitigate these challenges. By
storing heat during the day and releasing it through the phase change process at night or on
cloudy days, PCMs ensure a more consistent energy supply. As the temperature drops, the
system efficiency is maintained as the stored latent heat is released during the transition

from liquid to solid [175].

PCMs can be categorized into solid-solid and solid-liquid types, with most existing PCMs
falling into the latter category [176]. For SS applications, choosing a cost-effective PCM
is key to ensuring both economic feasibility and operational efficiency [177]. The ideal
PCM should possess various favorable properties, including minimal volume change
during phase transitions, good phase equilibrium, high density, and low vapor pressure.
Additionally, PCMs should exhibit chemical stability, compatibility with construction

materials, and safety features such as being non-toxic and non-flammable, while also being
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affordable and recyclable. These properties make PCMs an effective solution for enhancing

the performance of SS [178]. Figure 2.43 provides a general classification of PCMs.

Phase Change Materials

Salts Paraffins
Organic- Inorganic-
Salt Organic Organic Alcohols
Hydrates Inorganic-
Inorganic Fatty
A[[oys Acids
. Esters
Hydroxides

Figure 2.43: General classification of PCMs [177].

Several studies have been conducted to enhance the efficiency of solar desalination systems
by incorporating PCMs. The use of PCMs such as paraffin wax has been shown to increase
the productivity of solar desalination systems[179]. Research on organic PCMs suggests a
more environmentally compatible option, which not only offers ecological benefits but also
increases the water productivity[180]. The use of PCMs has also been explored in
improving the efficiency of SS as they reduce the potential for leakage and minimize the
surface contact resistance. The effect of finned-encapsulated PCM reported a 44%

improvement in water production [181].

Nanoparticles have also been shown to significantly improve the thermal conductivity of

solar desalination systems, leading to enhanced performance. For example, incorporating
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silver (Ag) nanoparticles into paraffin wax revealed a remarkable 112% increase in
productivity due to the higher thermal conductivity provided by the nanoparticles [182].
Similarly, nano-CosO4 and aluminum shavings demonstrated a reduced melting time by
approximately 50 minutes, while also leading to a 24% increase in cumulative water
production [183]. In another study, the use of copper oxide (CuQO) nanoparticles combined

with paraffin wax resulted in a 113% improvement in water productivity [184].

2.5.5 Review of relevant studies

Conventional and non-conventional SS provide a sustainable solution for addressing water
scarcity by utilizing solar energy to purify saline or brackish water. Researchers have
explored various methods and materials to enhance the efficiency and productivity of SS.
Most studies have focused on conventional fabrication techniques and materials to improve
the thermal performance, evaporation rates, and durability. However, these traditional
approaches often lack the precision, versatility, and scalability offered by modern
manufacturing technologies such as AM. This research employs AM techniques to design
and manufacture enhanced SS devices and a few notable studies that incorporate advanced

manufacturing techniques and highlight their potential in SS are discussed below.

Koh et al. [9] introduced hydratable plastics made from highly amorphous regenerated
cellulose using AM. Their material exhibited interconnected micro and sub-nano water
channels that facilitated efficient evaporation of saline water. When incorporated into a
solar vaporizer, it achieved a remarkable reduction in salinity levels, exceeding World

Health Organization standards for potable water.
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Cao et al. [10] employed FDM to fabricate tree inspired, cone-shaped 3D Janus evaporators
designed for efficient solar desalination. These evaporators achieved 99.80% solar
absorption by combining a porous inner hydrophobic acrylonitrile-styrene-acrylate
absorber and a capillary driven outer air laid paper layer. The system demonstrated stable

performance over 14 days.

Kaviti et al. [11] combined anodization with 3D printing to create micro-hierarchical and
nano-hierarchical structures on aluminum plates. These pyramid shaped patterns achieved
an evaporation efficiency of 60% for saline water in controlled experiments. Their findings

highlight the impact of surface morphologies and AM potential on evaporation efficiency.

Sun et al. [185] developed a high-performance solar still featuring a truncated FDM PLA
conical evaporator. Their design aimed to maximize water evaporation efficiency of
approximately 95%. Similarly, Chaule et al. [186] introduced a 3D-printed solar evaporator

using polypyrene filament. Their design demonstrated a solar energy utilization up to 99%.

Lietal. [187] developed a 3D-printed porous solar evaporator composed of graphene oxide
(GO), sodium alginate (SA), and carbon nanotubes (CNT), designed to exhibit low thermal
conductivity. The device achieved high performance in solar steam generation and efficient

solar absorption exceeding 97%.

Wang et al. [188] designed a 3D-printed bionic solar evaporator using Projection Micro
Stereolithography (PuSL) technology. The innovative structure enabled a water

evaporation rate of 4.12 kg m 2 h! with a solar thermal efficiency of 92.1%.

Venkateshwaran et al. [189] developed a FDM PLA 3D-printed sine-grooved solar
evaporator. The study investigated the effect of varying water depths (100, 150, and 200
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ml) on evaporation performance, recording evaporation rates of 30%, 20%, and 17.5%

respectively.

While these studies showcase the promise of AM in advancing SS technology, this research
builds upon this foundation by further exploring the effect of AM-enabled surface design
improvements to enhance the performance of SS. By leveraging AM’s precision and
adaptability, this study aims to contribute to the development of cost-effective, scalable,

and high-performance solar desalination systems.
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CHAPTER 3

EXPERIMENTAL METHODOLOGY

3.1 Materials & manufacturing

In this work, the performance of AM SS was explored with different cover materials and
base geometries. The influence of substrate geometry on the desalination efficiency was
investigated by comparing three morphologically distinct PLA bases (flat, VV-shaped, and
sinusoidal). Several parameters were also studied for the base material such as XRD, FTIR,
TGA, and DSC. The SS experiments were also conducted with two distinct cover materials:
(1) glass and (2) acrylic. Critical cover properties influencing the SS performance were

analyzed, including optical transmittance and contact angle.

The single-slope SS apparatus (Figure 3.1) with varying cover and basin geometries was
designed using computer-aided design (CAD) software (SolidWorks©). A 15.5 cm
(length) x 15.5 cm (width) x 9.5 cm (height) SS was manufactured. A 10 cm x 10 cm X
1 cm 3D-printed PLA platforms (layer thickness: 0.2 mm, infill density: 50%) were printed

(flat, V-shaped, and sinusoidal). FDM PLA AM was employed to manufacture the SS base.

Two transparent covers were tested: (i) 3 mm glass and (ii) 6 mm acrylic with the same
bases (flat, V-shaped, and sinusoidal). The cover were inclined at 17.24° to achieve the
maximum solar transmission. Acrylic sheets (5 mm thickness) were used to form the
structural framework of the SS. Several apertures were used to collect and supply fresh and
saline water. Thermocouples were also installed to measure the cover and water

temperature.
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Figure 3.1: Schematic of SS and FDM PLA bases.

The PLA bases for the SS were fabricated using a Creality Ender-5 S1 3D printer (Figure
3.2), which employs FDM AM technique. All bases were fabricated with a nozzle size of
0.4 mm and a bed temperature of 75°C to optimize the interlayer adhesion. The print speed
was maintained at 80 mm/s, while a rectilinear infill pattern at 50% density was selected

to ensure structural rigidity while minimizing material consumption.

Figure 3.2: Creality Ender-5 S1 machine.
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3.2 Experiment setup and instrumentation

The experimental trials were performed during winter (March 2025) at the King Fahd
University of Petroleum & Minerals (KFUPM) in Dhahran, Saudi Arabia. Separate
experiments were conducted to study the effect of cover and base for various water depths.
Two SSs with different covers, flat base, and 100 mL of saline water were tested to study
the effect of cover. The SS were positioned to ensure uniform exposure to solar irradiance

(Figure 3.3a).

In the second phase, three SS units were constructed, each incorporating a distinct basin
geometry (flat, V-shaped, and sinusoidal) as shown in Figure 3.3b. These variations were
designed to evaluate the effect of surface morphology on SS performance. To ensure
consistency across trials, all three stills were fitted with identical transparent acrylic covers.
Three different water levels (100 mL, 150 mL, and 200 mL) were employed to study the
effect of water depth on SS performance. During all experiments, the SS were placed under
similar environmental conditions, ensuring equal exposure to sunlight and ambient

temperatures to ensure identical meteorological conditions during testing.

The experimental trials spanned from 07:00 to 16:00 local time, encompassing peak solar
irradiance (11:00-12:00) and the subsequent decline in solar radiation until sunset.
Thermal data, including cover surface temperature (°C) and water temperature (°C), were
logged at 30-minute intervals using calibrated K-type thermocouples (LUTRON BTM-
4208SD digital thermometer; accuracy: +0.4°C). Environmental parameters were
monitored using an automated meteorological station (Rika Sensor RK900-01). The
system recorded wind speed (£0.1 m/s accuracy; range: 0-45 m/s), and ambient

temperature (x£0.5°C accuracy; range: -40-60°C) at 30-minute intervals. Solar Radiation
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was quantified using a Pyranometer sensor (Renkeer Model RS-TBQ); spectral range:
0.3~3um) paired with a monitoring host, achieving a resolution of 1 W/m?. All devices
were connected to a solar charging system with a solar panel, controller, and battery as
illustrated in Figure 3.3c. The fresh water was collected and measured to find the hourly

production rate.
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Figure 3.3: Experimental setup employed in this work.

3.3 Surface and material characterization

Various characterization techniques were used to understand the material used for the SS
basin. Characterization techniques such as XRD, DSC, TGA, and FTIR were performed

on the AM basin surfaces to understand their interaction with solar radiation and water.
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Moreover, contact angles and UV-Vis analysis was used to understand the differences

between glass and acrylic covers.

3.3.1 X-Ray Diffraction (XRD)

XRD is a non-destructive analytical technique extensively employed for characterizing the
microstructural properties of polymeric materials, including amorphous and semi-
crystalline systems [190]. This method enables quantitative determination of structural
parameters such as lattice constants (via Bragg’s Law, nh = 2d sinf), crystallographic

defects, preferential molecular orientation, and percent crystallinity [190].

The crystallinity and phase composition of the FDM PLA bases were characterized using
a Rigaku MiniFlex 600-C XRD (Figure 3.4). Diffraction patterns were acquired across a
20 angular range of 5° to 70° with a step size of 0.01°. Distinct Bragg reflections

corresponding to the semi-crystalline PLA matrix were identified.

Figure 3.4: Rigaku MiniFlex 600-C XRD.
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3.3.2 Fourier transform infrared spectroscopy (FTIR)

FTIR is a powerful experimental technique used for identifying various materials,
including organic, polymeric, and some inorganic substances [191]. This method provides
a detailed understanding of a material’s chemical structure and properties by directing
infrared light onto a sample and analyzing the resulting absorption or transmission. The
unique absorption patterns, known as spectra, correspond to the vibrational modes of the

chemical bonds within the material.

FTIR analysis was conducted using a Thermo Scientific Nicolet iS10 spectrometer (Figure
3.5) equipped with an attenuated total reflectance (ATR) accessory featuring a diamond
crystal. Spectral data were acquired across a wavenumber range of 600 to 4000 cm™ at a
resolution of 4 cm™ with 32 scans per sample to optimize signal-to-noise ratio. The
obtained absorbance spectrum was analyzed to identify functional groups and molecular

bonding characteristics inherent to the PLA substrate.

| (N o 1
e

Figure 3.5: Thermo Scientific Nicolet iS10 spectrometer.

3.3.3 Thermogravimetric analysis & Differential scanning calorimetry
TGA is used to monitor changes in the mass of a material as it undergoes temperature

variations. This method is widely utilized to study thermal stability and composition of
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materials [192]. During the TGA analysis, the sample is subjected to a controlled
temperature program, either increasing or decreasing over time. The corresponding mass
changes are recorded, providing valuable insights into processes such as decomposition,
oxidation, and loss of moisture or volatile components. Mass versus temperature data from

TGA can be used to determine key thermal properties and reactions.

DSC is employed to analyze thermal transitions in materials as they undergo heating or
cooling [193]. This method is instrumental in studying the material response to changes in
temperature. The fundamental principle of DSC involves measuring the amount of energy
needed to heat a sample at a constant rate. This energy requirement is compared to a
reference material under identical conditions, providing insight into the sample’s thermal
behavior. Phase transitions, melting points, glass transitions, and other critical thermal

events in the material can be identified by DSC analysis.

TGA and DSC were performed using a Netzsch STA 449 F3 simultaneous thermal analyzer
(Figure 3.6). The samples were heated from ambient temperature to 600°C under an argon
atmosphere (50 mL/min flow rate) at a constant heating rate of 10°C/min. Mass loss
profiles (TGA) and heat flow curves (DSC) were acquired to quantify decomposition
kinetics, glass transition (Tg), crystallization (Xc), and melting (Tm) behaviors. Data

acquisition and analysis were conducted using Netzsch Proteus® software.

70



Figure 3.6: Netzsch STA 449 F3 machine.

3.3.4 Contact angle

The contact angle measurement is widely used to assess the liquid interaction with a solid
surface [194]. This measurement provides valuable information about a material’s
wettability, which is key to applications such as coatings, printing, and biomedical devices.
The test determines the angle at which a liquid droplet meets a solid surface, reflecting the
balance between adhesive and cohesive forces at the interface. In practical terms, a low
contact angle (less than 90°) suggests a hydrophilic surface where the liquid spreads easily.
Conversely, a contact angle greater than 90° indicates a hydrophobic surface that resists
wetting. Materials with extremely high contact angles ranging from 150° to 180° are

termed superhydrophaobic.

A Kyowa contact angle goniometer (Japan) was employed to assess the wettability of the
samples using the sessile drop method. A water droplet with a volume of 5 pL was

dispensed from a height of 10 mm, and the contact angle was measured immediately.
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3.3.5 Ultraviolet visible spectroscopy (UV-Vis)

UV-vis spectroscopy is used to analyze the material interaction with ultraviolet and visible
light. It works by measuring the amount of light absorbed, transmitted, or reflected by a
sample across specific wavelengths [195]. This interaction provides important insights into
the material’s structure and composition. The intensity of absorption is governed by the
Beer-Lambert Law, which connects absorbance with the concentration of the absorbing
species, the path length of the light through the sample, and the material’s molar

absorptivity [196].

Agilent Cary 60 UV-vis machine (Figure 3.) was employed to measure the absorption,
reflection, and transmission characteristics of the various covers (Glass and Acrylic)
employed in this work. The instrument was set to operate within a wavelength range of 200
to 800 nm. For data processing and analysis, the Cary WinUV®© Software was utilized to

ensure accuracy.

Figure 3.7: Agilent Cary 60 UV-vis machine.
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CHAPTER 4

RESULTS AND DISCUSSION

4.1 Material characterization

4.1.1 X-ray diffraction (XRD)

XRD is a powerful technique used to analyze the structural attributes of materials. It can
be used to find the crystallization and phase structures in metals, polymers and composites
[197]. As depicted in Figure 4.1, the XRD profile of the PLA base sample fabricated
through FDM revealed two notable peaks at 20 angles of 16° and 27°. Prior research has
reported that PLA in filament form typically displays four distinct diffraction peaks at
approximately 15°, 17°, 19°, and 23°, corresponding to the a-crystalline phase [198], [199].
This configuration which impacts its physical and thermal properties, such as rigidity and
resistance to heat [200]. Therefore, it appears that the FDM process can alter the crystalline
structure of PLA. The characteristic peaks observed in filament form tend to disappear
following the extrusion and deposition steps during printing [198]. This structural change

is likely due to the rapid heating and cooling experience during the FDM process.
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Figure 4.1: XRD results for AM PLA base.

Diffraction patterns of PLA show strong crystalline peak at <200> (16.15°) that show the
presence of low amorphous regions [201]. In a similar work, Ambrus et al. [202] compared
the PLA peaks from granules and 3D printed parts and concluded no crystallization in the
PLA samples with amorphous structure. However, they observed strong crystalline peaks
in the PLA granules. They attributed the change from crystalline to amorphous structure to
the increased cooling rate during the 3D printing process and the large temperature
difference between the nozzle and the bed. It should be noted that compared to PLA
composites, PLA displays peaks at lower angles which indicates a decrease in interlayer

spacing and an increase in the amorphous regions in the material [201].

It is well known that the amorphous regions in PLA samples provide increased toughness
than crystalline samples [203]. This is useful in SS applications because it provides higher
stiffness and structural support. The thermal properties of PLA FDM samples can also be
affected by the presence of amorphous regions as they usually offer lower thermal

conductivity compared to their crystalline counterparts [204]. Research shows that the use
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of materials with high thermal conductivity increases the efficiency of SS devices [205].
However, as the AM PLA samples exhibit a semi-crystalline structure, a moderate thermal
conductivity is expected [206]. Compared to crystalline materials such as metals, polymers

such as PLA exhibit low thermal conductivity but are more cost-effective.

4.1.2 Fourier transform infrared spectroscopy (FTIR)

The FTIR analysis was also performed on the PLA base to examine its molecular structure
and verify the presence of functional groups (Figure 4.2). Characteristic peaks from
experimental results confirmed the key functional groups such as carbonyl and ester
linkages. The analysis offers insight into the molecular fingerprint of PLA, aiding in its
identification and quality assessment [207]. A comprehensive listing of the observed wave

numbers (cm™!) and their corresponding molecular vibrations is presented in Table 4.1.

As depicted in (Figure 4.2), the FDM PLA component displays a distinct peak at 1460.87
cm™!, corresponding to -CHs stretching vibrations [208], [209]. Additionally, a peak at
1644.09 cm™!, was observed. This peak is associated with the -C=0 stretching vibrations
[198]. Two other peaks at 2853.10, and 2922.77 cm, related to the asymmetric and
symmetric stretching vibrations of the —CH3 (Stretching) groups were also observed [209].
Finally, the broad peek around 3258.76 cm™ can be assigned to the stretching vibration

modes of -OH groups belonging to hydroxyl groups and adsorbed water [210].

Belaid et al. [198] identified the key characteristics of PLA film and attributed the 1740
cmt peak to C=0 stretching of carbonyl groups. A similar peak (1644.09 cm™!) was also
observed in the FDM PLA samples, while a broad absorption between 2900 cm™ was

linked to hydroxyl groups [198].
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The infrared spectrum of PLA from FTIR results exhibited distinct absorption bands that
are indicative of ester functionalities. Specifically, the peak observed at 1644.09 cm™
correspond to the carbonyl (C=0) and C-O stretching vibrations of the ester groups [209],
[210]. These spectral features confirm the successful formation of ester linkages, which
result from the condensation reaction between the hydroxyl and carboxyl groups during
the polymerization of lactic acid. This gives the material a higher heat absorption, which
is an important advantage for the solar still basin. The higher the basin heat absorption, the

higher the water temperature, and consequently, the greater the water production.
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Figure 4.2: FTIR results for AM PLA base.
Table 4.1: PLA compounds.
No. Functional Group Standard Frequency (cm™) PLA (cm™)
1 -OH 2400-3400 3258.76
2 —CHs (S) 2850 — 3000 2922.77
2853.10
3 -C=0 1640 - 1820 1644.09
4 —CH3 (B) 1375 - 1475 1460.87
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4.1.3 Thermogravimetric analysis & Differential scanning calorimetry

TGA & DSC was also performed on the AM PLA basin to evaluate the thermal stability
[211]. TGA measures the weight changes in a material as it is gradually heated, providing
insights into its thermal behavior and composition. TGA also enables the detection of
moisture content and volatile compounds present in a sample. When polymers are
subjected to elevated temperatures in an oxygen-free environment, such as an inert
atmosphere with argon, limited carbonization and coking are likely to take place [212].
However, when polymers are heated under aerobic conditions, they typically undergo full
combustion [212]. This results in the breakdown of the polymer chains into simpler volatile

compounds like carbon dioxide (CO2), water (H20), and other gaseous byproducts.

Figure 4.3 shows the TGA curves and derivative thermograms (DTG) to study the thermal
degradation behavior of pure PLA under an argon atmosphere. The rapid degradation of
PLA was observed after the initial degradation point (corresponding to 5% weight loss).
Furthermore, the PLA samples recorded a 50 wt% at 359°C. Approximately 95% of the
material’s mass was lost rapidly after this phase, indicating a sharp decomposition with a
1.33 wt% (1.32 mg) residue, indicating the presence of coking and carbonization (Table

4.2).

Belaid et al. [198] conducted TGA on FDM PLA samples to examine their thermal
stability. Their results indicated an initial weight loss of approximately 1% below 200°C,
which was attributed to the evaporation of adsorbed moisture. A more substantial weight
reduction occurred between 300°C and 400°C, corresponding to the thermal degradation
of PLA. Similar to the FDM PLA results (Figure 4.3b), their DTG curve revealed that the
peak degradation temperature for PLA was also around 366°C. In contrast, the FDM
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PLA/TPU composites studied by Chen et al. [213] presented showed that the composite
samples exhibited improved thermal resistance when compared to pure PLA samples with
a lower percentage weight loss than pure PLA due to the presence of thermoplastic
polyurethane (TPU). However, compared to their results (wt (%) 0.68%) the FDM PLA
samples (Figure 4.3a) achieved a lower weight loss (wt (%) 1.33 %) due to the higher

temperature range [213].
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Figure 4.3: (a) TGA (b) DTG results for AM PLA base.
Table 4.2: PLA TGA /DTG results.
T5 (°C) T50 (°C) Residual wt (%) DTG Peak (°C)
PLA 284+0.32 359+0.43 1.33£0.03 359+0.43

DSC analysis was also conducted to study the thermal transitions of AM PLA basin [214].
The analysis was used to analyze the solid-to-liquid transformations, melting point, and
crystallization temperature. Furthermore, the Glass Transition Temperature (Tg) and
degree of crystallinity (Xc) were also studied to assess the mechanical performance and

internal structure of the AM PLA basin.
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The DSC thermogram depicted in Figure 4.4 exhibits three distinct thermal transitions
characteristic of semicrystalline PLA. A glass transition temperature (Tg) was recorded at
62.8°C. An exothermic crystallization peak (Tc) at 97.4°C was also recorded that is used
to define the change from amorphous to crystalline structure. Finally, an endothermic
melting transition at 170.6°C was also observed [215]. Enthalpic calculations revealed a
crystallinity degree (Xc) of ~35%, derived from the ratio of melting enthalpy (AHm = 33

J/g) to the theoretical value [219] (Table 4.3).

A study conducted by Belaid et al. [198] explored the crystallinity (Xc) of FDM PLA
components. Their analysis revealed a similar crystallinity to the FDM PLA samples
observed in this study. However, the addition of GO exhibited an Xc of approximately
45%. This enhancement in crystallinity from 35% to 45% was linked to the introduction of
graphene oxide (GO). However, they did not observe any significant change in the Tm and
Tg. The crystalline degree (Xc%) plays a critical role in material performance as increasing
the crystallinity contributes to enhancing the mechanical stability of the material, enabling
it to better withstand external stress without deformation or failure.[216]. Finally, in high-
temperature environments, Tg plays an important role in the performance of SS. A
reasonable Tg (62.8°C) as observed with the FDM PLA samples is preferred to prevent

degradation in the basin properties during SS desalination.
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Figure 4.4: (a) Complete DSC results for AM PLA base (b) Subset of the original DSC results for the AM PLA.

Table 4.3: PLA DSC results.

Tg Tm Tc Xc AHm
PLA 62.8+0.78°C 170.6+ 0.94°C 97.4+ 0.56°C ~35% + 0.65 33J/g+0.0

4.1.4 Contact angle

Contact angle measurements were performed on the glass and acrylic cover materials
employed in the solar still experiments to evaluate their wettability and interfacial
properties. As depicted in Figure 4.5, the acrylic cover (Figure 4.5a) exhibited a contact
angle of 73.6 + 0.89° five seconds after droplet deposition, indicative of moderate
hydrophilicity (6<90°). In contrast, the glass cover (Figure 4.5b) demonstrated a
significantly lower contact angle of 55.9 + 0.88°, consistent with high surface energy and
strong hydrophilic behavior. According to Young’s equilibrium [217], the lower contact
angle of glass correlates with enhanced wettability, promoting the formation of thin,
continuous water films that minimize light reflection losses and facilitate rapid droplet
runoff. This property is critical in solar still applications, where efficient condensate runoff

improves heat transfer and freshwater yield [217].
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The droplet run-off behavior was also studied with the covers at a 17° angle to determine

the change in the contact angle.

Figure 4.5c shows an increase in the contact angle for both covers at 17°. However, both
covers remained hydrophilic as the contact angle of the acrylic cover increased by 3.53%,

while that of the glass cover increased by 8.77%.

The results indicate that the acrylic cover has a higher contact angle compared to the glass
cover, indicating that it is less hydrophilic. This reduced affinity for water provides a
benefit in SS applications, where surface behavior plays a critical role in SS performance.
Hydrophobic covers, allow quicker movement of condensed water droplets. This fast
movement of the droplets allows continuous formation of new droplets and thereby
enhance the performance of the SS [218]. On the other hand, the glass cover, with its more
hydrophilic behavior inhibits the creation of fresh droplets and hampers the distillation
performance [218]. It has been confirmed that hydrophobic covers encourage water droplet
separation, while hydrophilic covers support adhesion [218]. This leads to a notable
decrease in performance when using hydrophilic covers, as the rate of condensation and

droplet removal becomes less efficient.
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Figure 4.5: Contact angles for (a) Acrylic and (b) Glass covers (c) Acrylic and glass cover contact angles at
different cover angle.

4.1.5 Ultraviolet visible spectroscopy (UV-Vis)

Figure 4.6 presents the optical performance of glass and acrylic covers through
comparative UV-vis spectroscopy analyses of absorption, reflectance, and transmittance.
As illustrated in Figure 4.6a, the absorption spectra reveal distinct wavelength-dependent
behaviors. Glass exhibited reduced absorption beyond 310 nm, whereas acrylic maintained
measurable absorption up to 385 nm. This suggests that acrylic can absorb a higher
percentage of the shorter-wavelengths which might result in a higher surface temperature.

It is well known that the covers in SS applications should absorb as little solar radiation as
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possible, because this increases the cover temperature. The temperature difference between
the water in the basin and the cover is an important factor that affects the SS performance.
Therefore, it is important that the cover used has low absorption that results in a high

temperature difference and yield.

Transmittance data (Figure 4.6b) highlights the superior performance of acrylic cover, with
a higher transmittance % across the visible spectrum compared (380 — 700 nm) to glass.
However, glass shows high transmittance in the lower wavelengths. Transmittance data
revealed that acrylic exhibits a transmittance of approximately 92% in the visible spectrum,
marginally higher than glass (90%) due to reduced reflection losses. This enhanced
transmittance should enable acrylic to transmit more incident solar energy to the water

interface, thereby improving the basin water temperature and evaporation rate [219].

Ameri et al. [220] conducted a study on the transmittance of glass and acrylic covers and
concluded that at short wavelengths, the glass cover outperforms the acrylic cover in
transmittance. However, at larger wavelengths, the acrylic cover begins to outperform the
glass cover. Murtadha [219] studied the acrylic covers with different thicknesses and
reported a higher transmittance of acrylic cover than glass. In addition, their acrylic covers
exhibited a transmittance of over 90% which decreased with an increase in the angle of the

solar still.
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Figure 4.6: UV-vis results for acrylic and glass covers. (a) Absorption (b) Transmittance.

4.2 Solar still

The solar desalination process utilizes the absorbed solar by the saline water to induce a
phase change at the liquid-air interface. Water molecules at the surface attain sufficient
kinetic energy to overcome intermolecular cohesive forces, transitioning into the vapor
phase through evaporative mass transfer. This vapor, laden with latent heat of vaporization,
ascends via natural convection to the cooler inner surface of the inclined cover. A thermal
gradient between the humid air-vapor mixture and the cover surface facilitates
condensation, forming microdroplets through nucleation that are collected as distillate. The
SS experiments are presented in this section Experiments with glass and acrylic covers
were conducted to determine the optimal cover. Then, a comparison between different
water levels was performed to assess the effect of water level on fresh water production.
Finally, a comparison was conducted between different basin geometries (such as flat, V-

shaped, and sinusoidal) and their effects.
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4.2.1 Effect of covers

A comparative experiment was conducted to evaluate the influence of cover material (glass
versus acrylic) on the SS performance. Both SS were tested under identical ambient
conditions to ensure a fair assessment. The ambient parameters during the trial are

illustrated in Figure 4.7.

Figure 4.7a displays solar radiation levels throughout the day. The experiments started at
7 AM with 68 W/m2 of solar radiation that began to rise at a rate of 157.6 W/m?2 per hour
until it reached its maximum at 12 PM with 856 W/m2. Then, the solar radiation started to
decrease at a rate of 155.5 W/m2 per hour until it reached 234 W/m2 at 4 PM. Since the
efficiency of solar still is directly linked to the amount of absorbed solar energy, higher
radiation levels typically result in increased evaporation rates and improved productivity

[103].

Figure 4.7b presents the wind speed throughout the day. The results show minor variations
in the wind speed throughout the day (between 1+0.55 — 2.7+0.55 m/s). The highest wind
speed was recorded at 4 PM (2.7 m/s), while at 7:00 AM and 1:00 PM, it reached its lowest
speed of 1 m/s. It is worth noting that the maximum change in wind speed (1.4 m/s)
occurred between 7:00 AM and 9:00 AM. The effect of wind velocity has been confirmed
by numerous publications [118] (Figure 2.28). Therefore, it is important to study the wind
speeds as elevated wind speeds can adversely affect SS efficiency by enhancing convective
heat losses, which reduce the internal temperature of the system and block the evaporation
process [121]. On the other hand, it is well-known that the SS yield improves with a

reduction in glass cover temperature [119]. Drop in cover temperature due to high wind
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speed can cause an increase in the temperature difference which leads to an increase in

water production [111].

Lastly, Figure 4.7c illustrates the ambient temperature measurements. Results show an
initial drop in the ambient temperature by 0.1°C between 7:00 AM to 8:00 AM This may
be due to the rise in wind speed during that time. The temperature rose from 13.5°C to
20.3°C from 8:00 AM to 12:00 PM, with a change of 1.7°C/hr. A strong correlation was
observed between the ambient temperature and solar radiation as the maximum ambient
temperature was also observed around noon (Figure 4.7a). The ambient temperature
remained stable from 12:00 PM to 1:00 PM at 20.3°C. The temperature reached 18.5°C at
4:00 PM, with a rate of 0.6°C/hr. The lowest ambient temperature was recorded at 8:00
AM. (13.5°C), while the highest was recorded at 12:00 PM and 1:00 PM (20.3°C). This
rise in ambient temperature, driven by higher solar input, is expected to enhance the water

evaporation and, consequently, freshwater yield [112].
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Figure 4.7: Ambient parameters for studying the effect of covers (a) Solar radiation (b) Wind speed (c) ambient

temperature.

The performance of SS with glass and acrylic covers was further analyzed by comparing

water and cover temperatures. Figure 4.8a illustrates the variations in these temperatures

throughout the day. From the start of the experiment at 7:00 AM., the water with the glass

cover was 1.2°C higher than the water with the acrylic cover. The water temperature for

both the glass and acrylic covers began to increase at a rate of approximately 5°C/hr. At

8:00 AM, the temperatures were 14.5°C and 13.3°C, respectively, and continued to rise

until reaching their highest values at 1:00 PM. A temperature of 40.4°C was recorded for
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the water temperature in the glass SS and a slightly lower temperature of 37.2°C was
recorded for the acrylic SS at 12:00 PM. This was followed by a 4.2°C/hr decrease in water
temperature for the glass SS, reaching a temperature of 27.7°C at 4:00 PM. The water
temperature in the acrylic SS decreased at a rate of 2.5°C/hr, reaching a temperature of
26.9°C at 4:00 PM. The largest percentage difference (13%) between the water
temperatures of the glass and acrylic covers was at 1:00 PM. It was observed that the water
temperature was consistently higher for the glass cover than the acrylic cover. This is due
to the transmission spectrum of the various covers. Results from the UV-Vis (Figure 4.6b)
show that acrylic covers transmit in a wider range of wavelengths than glass cover. This

allows more solar energy to reach and heat the cover resulting in higher temperatures.

Figure 4.8b shows cover temperatures for glass and acrylic SS. The glass cover exhibited
a2.2°C higher temperature than the acrylic cover at 7 AM. The cover temperatures for both
the glass and acrylic SSs rose and followed a similar trend to that observed in the water
temperature. The glass cover reached its highest temperature at 1 PM (32.7°C), while the
acrylic cover reached its peak temperature at 12 PM (28.2°C). This trend can be explained
by the absorption spectrum (Figure 4.6a) of acrylic and glass covers. As acrylic cover
showed higher absorption wavelength spectrum than glass, it reached the maximum
temperature notably faster than glass. It should be noted that between 9 AM and 10 AM,
the glass cover temperature changed by only 0.3°C. This slight increase may be attributed
to the wind speed (Figure 4.7b) and its possible effect on SS covers [111]. Subsequently,
both cover temperatures began to decrease at a rate of 3.2°C/hr for the glass cover and
2.1°C/hr for the acrylic cover until they reached 23°C and 19.8°C, respectively, at 4 PM.

It is also noteworthy that the highest temperature difference (25%) between the glass and
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acrylic covers occurred at 1 PM. However, in the context of SSs, a lower cover temperature
is more desirable [221]. This is because cooler cover surfaces enhance condensation
efficiency. When hot vapor rises and comes into contact with a cooler surface, it condenses
more rapidly into water droplets. Therefore, the reduced temperature of the acrylic cover

creates a more suitable environment for efficient condensation.

It is crucial to examine the temperature difference between the water and the cover to assess
the overall performance of the SS. A 1°C temperature difference (Figure 4.8c) was
recorded between the acrylic and glass cover at the beginning of the experiment at 7:00
AM. This was followed by a slight temperature reduction (0.6°C) with the acrylic cover
showing a higher temperature difference than glass. The maximum temperature difference
for the acrylic cover (9.7°C) was recorded at 1:00 PM and at 12:00 PM for the glass cover
(7.9°C). It is worth noting that at 10:00 AM, the glass cover had a higher temperature
difference than the acrylic cover by 1.5°C. This increase in the glass cover's temperature
difference is due to the stability of the glass cover's temperature (Figure 4.8b) between 9:00
and 10:00 AM. The maximum temperature difference was followed by a reduction in
temperature difference for both covers. At 4:00 PM, the temperature difference of the
acrylic cover reached 7.1°C, with a rate of change of 0.86°C/hr, while the glass cover's
temperature difference reached 4.7°C, with a rate of change of 0.8°C/hr. Numerous studies
have confirmed that a higher temperature difference between the water and the cover
promotes increased condensation and thus improves freshwater yield [156], [157], [158].
This thermal gradient suggests that solar still equipped with acrylic covers offer higher
condensation potential, making the acrylic material a more effective choice for enhancing

water productivity in SS applications.
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Several researchers have conducted studies on glass and acrylic cover materials using
different devices. Ameri et al. [220] conducted a study on solar air heaters (SAHs) with
various cover materials, including glass and acrylic. They found that the glass cover had a
higher cover temperature than the acrylic cover. Sambare et al. [222] also conducted a
study on tubular solar stills (TSS) using four different cover materials and found that the
water temperature and productivity under the glass cover was higher than that from the
acrylic cover. (Figure 4.6¢) The higher water temperatures observed with FDM glass SS
could be due to differences in the type of glass. In addition, in the current study, the acrylic
SS recorded the highest transmittance (Figure 4.6c¢). Finally, Shatar et al. [223] conducted
a study on a single slope SS using thermoelectric cooling. They reported that the water and
cover temperature of the glass SS was higher than that of the conventional SS. Their higher
production could be due to the higher condensation rates achieved due to the presence of

active cooling device.
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Figure 4.8: SS performance with glass and acrylic covers. (a) Water temp (b) Cover temp (c) Temperature

difference.

Figure 4.9 presents a comparative evaluation of the distilled water output from two SSs.
The production trends reveal that the acrylic SS shows higher yield from around 10:00
AM, with a sustained increase in output up to 1 PM. Conversely, glass SS shows a lower
rate of water collection with a sustained reduction in yield after 2:00 PM. The increase in
the average water production rate from 8:00 AM to 12:00 PM for both the glass and acrylic
cover SSs were calculated as 28 mL/hr. On the other hand, the average reduction in water
production rate after 1:00 PM for the glass and acrylic cover SSs was calculated as 26.7
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mL/hr and 21.9 mL/hr, respectively. This indicates that the acrylic cover maintained
production after a reduction in solar radiation due to its high absorptivity. Quantitatively,
the acrylic SS achieved a total water output of approximately 660.7 mL, whereas the glass

SS produced about 600.5 mL.

These findings indicate that the acrylic cover contributes more effectively to the overall
efficiency of the SS. The higher temperature difference between water and the acrylic
cover, which enhances condensation, combined with the stable yield pattern throughout
peak sunlight hours, supports the selection of acrylic as the preferred cover material for

maximizing distillate output.

Sambare et al. [222] conducted a study using the TSS system with glass and acrylic covers,
and concluded that the total water yield of the glass cover was higher than that of the acrylic
cover. This difference may be attributed to a different type of glass cover with higher
transmittance. Moreover, Shatar et al. [223] also conducted a study on the water production
of a single-slope SS using thermoelectric cooling with glass and acrylic covers. They
reported a close relationship between the temperature difference (water temperature and
cover temperature) and the water production: the greater the temperature difference, the
greater the water production. They also found that the glass SS had higher water production
than the acrylic SS. This superiority may be due to the use of external cooling used in their

study.
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Figure 4.9: The hourly distillate yields for acrylic and glass covers (b) Total yield.

Mechanically, acrylic demonstrates significantly higher impact resistance compared to
glass [224]. This reduces the risk of catastrophic failure during operation despite acrylic’s
lower density [224], [225]. In this work, a thick acrylic sheet (6 mm) was used to
compensate for its lower modulus of elasticity as thin sheets exhibit deflection under high
temperature. This deflection/warpage might cause vapor leakage during the SS
experiments. This leads to the conclusion that design choices can be used to mitigate
defects (such as leakage due to warping) due to deformation under concentrated solar
irradiance. Conversely, acrylic’s lower surface hardness increases susceptibility to
abrasion, necessitating careful handling during maintenance [225]. Material selection thus
represents a compromise between optical efficiency, structural durability, and thermal

resilience [226], [227].

4.2.2 Effect of depth of water and basin surface

The effect of water level and basin geometry was investigated with the acrylic cover as the
best choice for SS applications. This study, with different water levels (100 mL, 150 mL,

and 200 mL), was structured across three days with consistent ambient parameters to
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ensure consistency in comparison of SS performance. Each base geometry (flat, VV-shaped,

and sinusoidal) was also studied with the varying water levels.

Results from the environmental parameters show similar results for solar radiation, wind
speed and ambient temperatures (Figure 4.10). Noticed, after 9:00 AM, the solar radiation
on the 200 mL day was higher than during the other experiments, followed by the 150 mL
day, and lastly the 100 mL day. The highest percentage difference was observed at 12:00
PM between the solar radiation on the 200 mL day and the other days, with a value of
approximately 9%. However, a similar level of solar radiation was observed for the three
days (Figure 4.10a). However, a higher solar radiation was observed between the current
and the previous (effect of cover) experiments (Figure 4.8c). Wind speed (Figure 4.10b)
also showed consistent results with slight variation between 1 m/s and 3.5 m/s. The highest
wind speed recorded over the three days was 200 mL, then 150 mL and finally 100 mL.
Finally, ambient temperature plots across the three days displayed a high similarity,
especially during peak sunlight hours. It should be noted that a slightly higher ambient
temperature was recorded for the experiment conducted with 200 mL. However, the
temperature differences were minimal and therefore, any differences observed in the SS
performance can be confidently attributed to the tested variables of water level and base

shape rather than external ambient parameters.
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Figure 4.10: Ambient parameters for three days of experiments. (a) Solar radiation (b) Wind speed (c) ambient

temperature.

(a) Effect of water depth

The impact of varying water volumes (100 mL, 150 mL, and 200 mL) under similar
ambient conditions is shown in Figure 4.11a. The 200 mL water level produced the highest
temperature, followed by the 150 mL and 100 mL during the initial phases. This trend
correlated with the slightly higher ambient temperatures recorded on that day Figure 4.10c.
However, as solar radiation intensified, the lower water level SS (100 mL) outperformed
the larger volumes Figure 4.11a. This outcome supports the concept that lower water

volumes heat up rapidly, despite being exposed to marginally cooler ambient conditions
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[124]. The temperature rise in the 100 mL sample enhanced the evaporation rate, thereby
improving the overall efficiency of the SS. Interestingly, the 200 mL volume exhibited
higher temperatures than the 150 mL, a result that can be attributed to the higher ambient
temperature. The highest water temperature for all experiments was observed at 12 PM,
for 100 mL, then 200 mL, and finally 150 mL solar stills. Figure 4.11b shows that cover
temperatures across the different water levels naturally follows the trend of the water
temperature due to identical conditions. Therefore, an increase in the water temperature,
increases evaporation. The increased evaporation rate results in an increase in cover
temperature. Analysis of temperature difference (Figure 4.11c) shows that the 100 mL
water level has a significantly higher temperature difference between the cover and the
water compared to the 150 mL water level (by about 2°C) while the 200 mL water level

shows an even lower temperature difference.

Figure 4.11d presents a clear comparison of freshwater yield across varying water levels,
revealing that the 100 mL SS produced more distillate than higher SS volumes. At 12 PM,
the water production for the 100 mL exceeded significantly by about 70 mL. However, the
water production for the 200 mL solar still surpassed that of the 150 mL sample at 1 PM.
This may be due to a drop in the cover temperature for the 200 mL and a rise in the cover
temperature for the 150 mL. Specifically, the 100 mL SS achieved a total output of ~744
mL, outperforming the 150 mL and 200 mL trials, which yielded 563 mL and 537 mL,
respectively (Figure 4.11e). This outcome confirms that smaller volumes can lead to
greater distillate production [125]. Therefore, an increase in the initial water volume

requires more time and energy to elevate the water temperature that reduces production
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due to lower evaporation rates. Similar observations have also been recorded by several

works [125], [128].

In summary, the findings demonstrate that smaller water volumes offer an advantage in SS
processes. Due to their lower mass, they reach high temperatures quickly, thus initiating
evaporation and freshwater production sooner than larger volumes. This behavior
underlines the importance of carefully selecting water quantities to enhance the efficiency
of SS systems. Compared to the 150 mL and 200 mL, the productivity of the 100 mL SS
(Figure 4.11d) between 8:00 AM and 12:00 PM shows a significant increase. This may be
due to the higher water temperatures (Figure 4.11a). The rate of change of water
temperature between 7:00 AM and 12:00 PM was recorded as 5.44°C/hr. In contrast, the
rate of change for 150 mL and 200 mL SS was recorded around 3.8°C/hr. Therefore, the
smaller water quantity records a higher rate of change in temperature and evaporation.
Additionally, after 12:00 PM, the productivity of the 100 mL SS gradually decreases as
small water volumes store lower heat. This lower heat cannot sustain evaporation during
periods of lower solar radiation resulting in lower production during low solar intensity. It
is observed that the temperature drop rate in the 150 mL and 200 mL SS is lower than that
of the 100 mL SS. This explains the presence of large productivity gap for the 100 mL SS

during high solar radiation (7:00 AM and 12:00 PM).

97



[ [ ' s
= n = n

Water temp (°C)

20

= = 8B o

Temperature difference (°C)

S = M W e th & - S

—a— 100 mL
- —o— 150 mL B
—&— 200 mL

1 1 i 1 1 1 1 1 1 1 1

7:00 8:00 9:00 10:00 11:00 12:00 13:00 14:00 15:00 16:00
Time (hr)

(a)

35 T T T T T T

—=— 100 mL
—o— 150 mL
I —&— 200 mL A

ra e
th =
T
1

Cover temp (°C)
s
T
1

10 L I I I I 1 1 I I I
7:00  8:00 9:00 10:00 11:00 12:00 13:00 14:00 15:00 16:00

Time (hr)

(b)

180 T T T T

T T T T T

160

140

120

100

80

Yield (mL)

60

40

20

1 Pa— 1 1 1 1 1 1

7:00  8:00 9:00 10:00 11:00 12:00 13:00 14:00 15:00 16:00
Time (hr)

(©
8

50 T

I I
7:00 8:00 9:00 10:00 11:00 12:00 13:00 14:00 15:00 16:00

Time (hr)

(d)

-
)
S

Total yield (mL/day)
i
n
—J

th
=
=

e
n
=

=
=
=

100

150 200

Water (mL)

(€)

Figure 4.11: (a) Water temperature, (b) Cover temp, (c) Temperature difference, (d) Yield with varying water

volumes, and (e) Total yield.

98



(b) Effect of basin geometry

The optimized cover (acrylic) and water level (100 mL) were used to evaluate the effect of
basin geometry (flat, V-shaped, and sinusoidal) on SS performance. The results (Figure
4.12a) revealed a clear advantage for the sinusoidal base in terms of water temperature,
followed by the V-shaped, and flat base. This could be explained by the sinusoidal shape
of the basin. As the spaces between the peaks fill with water, an overall reduction in water
depth is observed. Therefore, a higher yield is expected with sinusoidal base as reduction
in water levels leads to an increase in the water temperature and yield. Compared to the
flat base, the V-shaped base also showed improved performance over the flat base but fell
short of the sinusoidal design. It was observed that the water temperature for the sinusoidal
shape was highest after 7:00 AM, and the rate of change was approximately the same for
all basin shapes, at 5°C/hr. In a comparative investigation, Gawande et al. [228] analyzed
the impact of different basin geometries on the performance of SS. The study evaluated
three configurations (flat, convex, and concave) to determine the base shape affects. Their
findings demonstrated that the convex basin achieved a higher output, yielding 56.6% more
distilled water than the flat basin. Similarly, the concave basin exhibited a 29.2% increase
in water production compared to the flat design. The researchers attributed this
enhancement to the varying level of water associated with each shape. Both the concave
and convex basins held water at depths less than the flat basin, allowing for quicker heating

and more rapid evaporation.

Figure 4.12b shows the cover temperature for the different basin geometries. The
sinusoidal shape exhibits the highest cover temperature. This aligns with the observed

higher water temperature, as increased evaporation leads to more vapor condensation at the
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cover, raising its temperature. It should be noted that the rate of change in water
temperature and the rate of change in the cover temperature was approximately the same
for all geometries (5.3°C/hr). Figure 4.12c shows the difference between water and cover
temperatures. It was noted that at 12 PM, the difference between the sinusoidal shape and
other shapes was significant, with a difference of up to 1.4°C. However, at 1 PM, the V-
shape recorded the highest temperature. The flat base showed the lowest temperature
differential, reflecting its relatively less vapor condensation, while the sinusoidal showed
the highest temperature differential. Finally, Figure 4.12d highlights the yield from the
different basin geometries. During peak solar radiation, the sinusoidal solar still resulted in
a yield of more than 30 mL and 50 mL in comparison to the V-shape and flat shape,
respectively. The sinusoidal SS exhibited a significantly higher yield at 12 PM than the V
shape and the flat shape. This may be due to the higher sun-facing area. On the other hand,
the V shape SS exhibits a smaller sun-facing area and a few peaks from the V shape SS
might experience partial shading. In general, the area between the peaks might offer a
significant evaporation advantage for the sinusoidal and V shape SS if the water level in
the SS falls below the surface peaks. Figure 4.12e shows the overall production where the
sinusoidal base outperformed the V-shape and flat bases in freshwater production with 744
mL, followed by the V-shape 677 mL, and, the flat base 591 mL, respectively. This
reinforces the critical role of geometrical optimization in enhancing SS performance and

maximizing water output.
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4.3 Discussion

The contact angle results revealed that the glass cover finds greater hydrophilicity
compared to the acrylic cover. This behavior is less desirable in SS applications, as it leads
to droplet adhesion, thereby obstructing further condensation. In contrast, the acrylic cover
exhibits a higher contact angle that enables continuous droplet formation. The effect of
water level with acrylic cover revealed that reducing the water level led to a rise in the SS
performance. A lower volume of water will experience higher evaporation rates than large
SS basin for the same solar radiation resulting in higher yield. Geometry assessment
(sinusoidal, V-shaped, and flat bases) revealed that the sinusoidal base exhibited the
highest performance, followed by the V-shaped and flat design. The superior results of the
sinusoidal and V-shaped designs can be attributed to their ability to reduce the active water

level and increase surface area (Figure 4.13).
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Figure 4.13: Optimal SS with sinusoidal base and acrylic cover.
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CHAPTER 5

CONCLUSIONS

The proposed study highlights the potential of integrating AM technology in the
development of efficient SS desalination devices. The current work proposes the use of
FDM to fabricate and assess the performance of single slope SS with varying basin
geometries, water levels and covers. The findings from this research demonstrate the
applicability of AM technologies for producing high-quality SS. The main conclusions

from this work are given below:

e XRD analysis for the AM PLA base showed distinct semi-crystalline peaks at 16° and
27°. FTIR analysis revealed five distinct peaks that indicated absorption bands
characteristic of the ester functionalities in PLA. The TGA and DTG graphs showed
that the PLA sample begins initial decomposition at 5% weight loss, followed by rapid
decomposition at 302°C. DSC analysis showed the glass transition temperature of
62.8°C while the melting point was calculated as 170.6°C.

e Analysis of glass and acrylic covers showed a larger contact angle (73.9°) for glass.
Therefore, compared to glass, the non-hydrophilic nature of acrylic cover promotes the
formation and transportation of droplets, resulting in higher yield. UV-Vis analysis
exhibits a lower absorption and transmittance for glass cover than acrylic.

e Analysis of different covers showed higher water and cover temperature for the glass
cover than acrylic. However, the glass cover showed a lower temperature difference.

This resulted in a higher freshwater yield (660.7 mL) than the glass cover (600.5 mL).
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Analysis of water levels highlighted the significance of lower basin levels for highest
efficiency. The 100 mL water level resulted in the highest cover and water temperature.
In addition, the highest temperature difference and yield was also observed for the 100
mL followed by the 150 mL and 200 mL.

Different basin geometries were also analyzed in this work. The sinusoidal shape
outperformed the other shapes (744 mL), followed by the V-shape (677 mL) and the
flat shape (591 mL).

The results from this research suggest the use of an acrylic cover, a lower water level,

and a sinusoidal basin base to enhance the efficiency of single slope SS devices.
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