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Abstract 
The UN reported that in 2020, 26% of people lack safely managed to drink water. Although 

water covers more than 70% of the Earth's surface, 97.5% of the water on Earth is saltwater. The 
scientific community explores three main techniques: groundwater extraction, desalination of 
saltwater, and rainwater collection to resolve water scarcity. All these techniques require the 
availability of liquid water; however, in areas with a lack of liquid water, such as in Saudi Arabia, 
harvesting water from the atmosphere could be a viable option for supplying freshwater as water is 
abundant in the humid air.  

This study aims to build a robust mathematical model describing the water moisture absorption 
to simulate and analyze harvesting atmospheric water (HAW) using porous materials. Furthermore, 
a rigorous mathematical model was developed to describe the dehydration of absorbed moisture 
from porous materials. The mathematical model consists of a set of governing partial differential 
equations, including mass conservation equation, momentum equation (Darcy’s law), heat (energy) 
equation, associated parameterizations, and initial/boundary conditions. Moreover, the model 
represents a two-phase fluid flow that contains phase-change gas-liquid physics. The mathematical 
model has been solved numerically. In the simulated model, different times, thicknesses, and other 
critical parameters are considered. A dataset has been collected from the literature containing 11 
porous materials that have been experimentally used in water generation from the air. A group of 
empirical models to relate the relative humidity and water content have been suggested and 
combined with the governing to close the mathematical system. Furthermore, a comparison with 
experimental findings was made to demonstrate the validity of the simulation model, and the 
relative error was calculated. The results show that the proposed mathematical model well predicts 
water content during the absorption and dehydration process. Also, the simulation results show that; 
during the absorption process, when the depth is smaller, the water content reaches a higher 
saturation point quickly and at a lower time i.e., quick process. However, during the dehydration 
process, a lower thickness reaches a higher heat faster, as heat increases, the water content 
decreases; thus, it has an opposite relationship, and water content decreases over time. Finally, the 
highest average error of the HAW model is around 4.43% compared to experimental data observed 
in MnO2-2. Thus, the HAW model is applicable. 

Keywords—Atmospheric Water, Porous Material, Relative Humidity, Absorption, 
Dehydration.  
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Arabic Abstract 

 يطغت هایملا نأ نم مغرلا ىلع .نامأب ةزھجملا برشلا هایم ىلإ سانلا نم ٪26 رقتفی ،2020 ماع يف ھنأ ةدحتملا ممألا تدافأ

 .ةحلام هایم يھ ضرألا ىلع ةدوجوملا هایملا نم ٪97.5 نإف ،ضرألا حطس نم ٪70 نم رثكأ

 ةردن لحل راطمألا هایم عمجو ،ةحلاملا هایملا ةیلحتو ،ةیفوجلا هایملا جارختسا :ةیسیئر تاینقت ثالث يملعلا عمتجملا فشكتسی

 ةكلمملا لثم ،ةلئاسلا هایملا يف صقن اھب دجوی يتلا قطانملا يف ،كلذ عمو ؛لئاسلا ءاملا رفاوت بلطتت تاینقتلا هذھ لك .هایملا

 ةریفو هایملا نوكت ثیح ةبذعلا هایملا دیوزتل قیبطتللً الباق اًرایخ يوجلا فالغلا نم هایملا داصح نوكی نأ نكمی ،ةیدوعسلا ةیبرعلا

 .بطرلا ءاوھلا يف

 

 يوجلا فالغلا هایم داصح لیلحتو ةاكاحمل ءاملا ةبوطر صاصتما فصی يوق يضایر جذومن ءانب ىلإ ةساردلا هذھ فدھت

)HAW( داوملا نم ةصتمملا ةبوطرلا فافج فصول مراص يضایر جذومن ریوطت مت ،كلذ ىلع ةوالع .ةیماسم داوم مادختساب 

 ،ظفحلا ةلتك ةلداعم كلذ يف امب ،مكحت يتلا ةیئزجلا ةیلضافتلا تالداعملا نم ةعومجم نم يضایرلا جذومنلا نوكتی .ةیماسملا

 .ةیدودحلا / ةیلوألا طورشلاو ،ةطبترملا تاملعملا عم بنج ىلإ ًابنج )ةقاطلا( ةرارحلا ةلداعمو ،)يسراد نوناق( مخزلا ةلداعمو

 يضایرلا جذومنلا لح مت .روطلا ةریغتم لئاس-زاغ ءایزیف ىلع يوتحی روطلا يئانث عئام قفدت جذومنلا لثمی ،كلذ ىلع ةوالع

 نم تانایب ةعومجم عمج مت .رابتعالا يف ىرخأ ةمھم تاملعمو ،كمسو ،ةفلتخم تاقوأ ذخأ متی ،ةاكاحملا جذومن يف .ًایددع

 جذامنلا نم ةعومجم حارتقا مت .ءاوھلا نم هایملا دیلوت يفً ایبیرجت اھمادختسا مت ةیماسم ةدام 11 ىلع يوتحت يتلا تایبدألا

 مت ،كلذ ىلع ةوالع .يضایرلا ماظنلا قالغإل مكاحلا ماظنلا عم اھجمدو ،يئاملا ىوتحملاو ةیبسنلا ةبوطرلا طبرل ،ةیبیرجتلا

 يضایرلا جذومنلا نأ جئاتنلا ترھظأ .يبسنلا أطخلا باسح متو ،ةاكاحملا جذومن ةحص تابثإل ةیبیرجتلا جئاتنلا عم ةنراقم ءارجإ

 .فافجلاو صاصتمالا ةیلمع ءانثأ ءاملا ىوتحمب ًادیج أبنتی حرتقملا

 

 ىلعأ عبشت ةطقن ىلإ ءاملا ىوتحم لصی ،رغصأ قمعلا نوكی امدنع ،صاصتمالا ةیلمع ءانثأ :نأ ةاكاحملا جئاتن ترھظأ امك 

 لكشب ىلعأ ةرارح ىلإ ةضفخنملا ةكامسلا لصت ،فیفجتلا ةیلمع ءانثأ ،كلذ عمو .ةعیرس ةیلمع يأ ،لقأ تقو يفو ،ةعرسب

 .تقولا رورمب يئاملا ىوتحملا صقانتیو ،ةیسكع ةقالع اھل نإف ،يلاتلابو ؛ءاملا ىوتحم ضفخنی ،ةرارحلا ةدایز عم ،عرسأ

 .2MnO-2 يف تظحول يتلاو ةیبیرجتلا تانایبلاب ةنراقم ٪4.43 يلاوح HAW جذومن يف ىلعألا أطخلا طسوتم غلبی ،اًریخأ

 .قیبطتلل لباق HAW جذومن نإف ،يلاتلابو

 

 
 .فافجلا ،صاصتمالا ،ةیبسنلا ةبوطرلا ،ةیماسملا داوملا ،يوجلا فالغلا هایم — ةیحاتفملا تاملكلا
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1. Chapter 1: Introduction 

 
1.1   Overview and Background 

While 70% of our Earth's surface is covered by water, drought and water shortages are 

becoming increasingly common across the globe. Even though the water appears to be abundant, 

most of it, representing 97%, is salt, while the 3% left constitutes the freshwater trapped in ice 

caps, deep underground deposits, and the atmosphere [1]. Less than one percent of the world's 

fresh water, found in lakes, rivers, and reservoirs, is directly accessible to humans for drinking and 

other purposes (Figure 1.1). Furthermore, this one percent becomes a declining asset when 

pollution levels rise. At the current scenario and trend, UNICEF [2] reported that by 2025 two-

thirds of the world's population will be affected by water scarcity while all ecosystems worldwide 

will suffer much more. Furthermore, the recent COVID-19 pandemic has highlighted the crucial 

role of sanitation, hygiene, and proper access to clean water. The UN reported that in 2020, 26% 

of people lack safely managed drinking water, 46% lack safely managed sanitation, and 29% lack 

basic hygiene [3].  

 
 

Figure 1.1 Distribution of Earth’s water. 

 
For many years, the United Nations (UN) has addressed the global challenge created by the 

lack of water supply and increased water resources for humans, agriculture, and industry. These 

activities started with the UN-Water Conference back in 1977, followed by many summits and 

actions related to water supply, sanitation, environment, water for sustainable development, and 



 2 

finally, the 2030 agenda for Sustainable Development Goals (SDG) with SDG6 "Ensure 

availability and sustainable management of water and sanitation for all." In a report published on 

July 2021 [4], the WHO/UNICEF estimated that billions of people will lack access to safe drinking 

water, sanitation, and hygiene services by 2030 unless progress towards achieving universal access 

to water and sanitation is quadrupled. The report noted some progress as the global population 

using safe drinking water increased from 70% to 74% between 2016 and 2020. 

To resolve water scarcity, the scientific community is exploring three main techniques: 

groundwater extraction, desalination of saltwater, and rainwater collection [5]. All these 

techniques require the availability of liquid water; however, in areas where there is a lack of liquid 

water, harvesting water from the atmosphere becomes the most viable option for supplying 

freshwater as water is abundant in the atmosphere. Researchers actively proposed different 

experimental techniques to reduce water shortages [6], [7]. Desalination technology requires an 

accessible brackish water source and specialized personnel for operation and maintenance, limiting 

the technologies' application circumstances [8]. Harvesting water from the atmosphere, on the 

other hand, is possible anywhere powered by a local renewable energy source, particularly in desert 

places such as Saudi Arabia [9].  

At any given time, the atmosphere contains around 13 sextillion gallons of water [10]. Although 

this is a reusable natural resource that can provide water to parched parts throughout the world, it 

has been disregarded [11]. The troposphere, the lowest layer of the atmosphere, contains nearly all 

of the water [12]. Water is present in the atmosphere at all times. The most apparent manifestations 

of atmospheric water are clouds floating in the sky, fogs near the ground, and water vapor in the 

air, but even pure air contains water [13]. This thesis aims to create a mathematical model and a 

reliable simulator and analyze harvesting atmospheric water (HAW) utilizing porous materials. 

1.2   Problem Statement 

Saudi Arabia's Vision 2030 intends to enhance the Kingdom's share of renewable energy 

production, establish a balance in the mix of indigenous energy sources, and meet the Kingdom's 

commitments to reduce carbon dioxide emissions through the National Renewable Energy Program 

(NREP) [14]. The Saline Water Conversion Corporation used 40 million megawatt-hours of power 

to create freshwater in 2019, with 14.7 percent of that going to desalination plants on the west coast 
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and 85.3 percent going to desalination plants on the east coast [15]. The west coast utilized 44.8 

percent of the total output of 1,883.6 million mM of freshwater, while the east coast used 55.2 

percent [15]. On the other hand, water production is dropping due to environmental concerns and 

rising prices, and the fact that it consumes the most energy in the water usage cycle [16]. 

Recently, various techniques for harvesting atmospheric water (HAW) have been proposed, 

depending on relative humidity, including fog collecting, direct chilling, dew collecting, membrane 

separation, and porous materials to generate atmospheric water [17]. Each of these techniques is 

dependent on the climate of the place [18]. Dewing and fog collection are only practical in high 

relative humidity; they are not practicable in desert areas, such as most [19]. Water may be 

generated in arid places using membrane separation and direct cooling. Using them is not good 

because energy usage is substantially higher at low dew point temperatures [20]. Because it works 

with low relative humidity, the potential for employing porous materials to generate atmospheric 

water is enormous. 

1.3   Research Aim and Objectives 

This thesis aims at developing a robust mathematical model and a reliable simulator describing 

the water moisture and analyzing harvesting atmospheric water (HAW) using porous materials. 

Furthermore, to build a rigorous mathematical model that explains the dehydration of saturated 

porous materials. The objectives of the thesis were grouped as follows: 

• State of the Art Review. 

• Identification and application of porous materials in HAW. 

• Developing empirical formulas for a set of porous materials. 

• A mathematical model for HAW is developed using porous media, including 

conservation mass, momentum and energy equations, associated parameterizations, and 

initial and boundary conditions. 

• Comparison to experimental data. 

• Conducting simulations with different scenarios.  
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To achieve these objectives, the proposed master thesis attempted to answer the following 

questions:  

• How to simulate atmospheric water harvesting using porous materials? 

• What are the factors affecting atmospheric water harvesting in porous materials? 

1.4   Significance of the Study and Contribution 

Water is vital to economic and social development; it is necessary for fundamental human 

requirements, environmental management, and economic progress. Despite the significance of 

water, the world is experiencing significant issues due to irresponsible water use. According to the 

UN [21] “SDG 6 seeks to ensure safe drinking water and sanitation for all, focusing on the 

sustainable management of water resources, wastewater, and ecosystems, and acknowledging the 

importance of an enabling environment.” Today, the scientific community is turning towards the 

generation of water from the atmosphere due to its sustainability. However, research in atmospheric 

water harvesting is rare, as, in the past ten years, only 697 papers were published in Scopus. In the 

year 2020, the publication rate increased, as shown in Figure 1.2, with the majority of publications 

in the environmental field (21%), agriculture (13%), and engineering (12.4%) [22].  

The present study is important for Saudi Arabia and is within the Saudi National Water Strategy 

scope. Indeed, water is at the center of economic and social development in the Kingdom. Currently, 

we are facing severe challenges due to unsustainable use of water resources and limited reserves of 

nonrenewable groundwater. Porous materials to harvest water from water vapor in the atmosphere 

are sustainable and novel. Instead of relying on precious groundwater or water from desalination 

facilities, porous materials to make atmospheric water are projected to play a role in providing 

humid areas in Saudi Arabia. 

In addition to the contribution to SDG#6 and Vision 2030, through the development of a 

mathematical model and a reliable simulator to analyze harvesting atmospheric water (HAW), 

several significant contributions have been made in this thesis, in particular: 

• A complete development of atmospheric water harvesting using porous materials  

• A first development of a mathematical model simulating atmospheric water harvesting 

using porous materials  
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• A first thorough and comprehensive study of different materials influencing atmospheric 

water harvesting. 

 

Figure 1.2 Distribution of Scopus published documents by year as of Dec. 8, 2021. 

1.5   Outline of the Thesis 

There are five chapters in this thesis. The first chapter consists of an overview of water scarcity 

and the importance of harvesting atmospheric water. The literature review process, an overview of 

water scarcity, alternative water sources, methods of HAW, HAW using absorbent materials, 

previous studies in HAW using absorbent materials, and porous materials used in harvesting 

atmospheric water are discussed in Chapter 2. The mathematical model is presented in Chapter 3, 

including conservation mass equation, momentum equation (Darcy’s law), heat (energy) equation, 

associated parameterizations, and initial/boundary conditions, as well as porous materials, relative 

humidity model, decay model, a comparison of calculated relative humidity model with 

experimental results, and the numerical solutions. Results and discussion are presented in Chapter 

4, which includes physical and materials parameters, comparison of the HAW model with 

experimental results, relative error for porous materials, absorption of moisture, dehydration of 

saturated porous materials, comparison between porous materials, and percentage change for 

materials. Finally, Chapter 5 draws the main conclusions of this thesis and recommendations. 
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2. Chapter 2: Literature Review 

 
This chapter provides a thorough and detailed literature review of the previous and current 

research and development on atmospheric water harvesting, with particular emphasis on the 

techniques used for water harvesting using porous materials. The chapter begins with a bibliometric 

analysis to explore existing scientific research, then progresses in reviewing and analyzing 

theoretical, numerical, and experimental studies conducted on HAW. 

2.1   Bibliometric Analysis of Harvesting Atmospheric Water 

Researchers increasingly use bibliometric analysis to locate, identify, visualize, and evaluate 

scientific research using quantitative approaches to various forms of data retrieved from databases 

such as Scopus, Web of Science (WoS), and lens [23]. This study adopts a new literature review 

approach by starting with a bibliometric analysis of existing peer review papers to take advantage 

of these tools. The block diagram developed in Figure 2.1 depicts the process used in our literature 

review. 

 

Figure 2.1 Block diagram of literature review process including bibliometrics analysis. 

 
It was necessary to gather reliable references, and to achieve this; the relevant keywords were 

first identified. A search plan was developed through Boolean searches, truncation wildcards, 

Softwer Tool 

DataBase

Method

Process Literature review

Bibliometrics

WoS Scopus Google 
Scholar Lens Other

VOSviewer 



 7 

filters, and network visualization. The keywords TITLE-ABS-KEY ("Atmospheric" AND "water" 

AND “harvesting”) have been used on the Scopus database;  the VOSviewer [24] was used to 

visualize the output from the Scopus database.. The initial search yielded only 696 documents 

distributed by subject area: 21% in Environmental Science, 13% in Agriculture, and 12.4% in 

Engineering. The top five active countries were the United States, China, India, Canada, and 

Germany.   

Figure 2.2 displays the co-occurrence network of the most frequently used author keywords 

using VOSviewer. Despite the low number of publications, it is interesting to see that documents 

related to harvesting have the highest number compared to water conservation, water quality, or 

groundwater. Another interesting finding using bibliometric analysis is that Saudi Arabia can be 

considered one of the top ten countries working on harvesting water from the atmosphere. Effat 

University is ranked 5th in the Kingdom in terms of publications of papers on HAW in Scopus 

(Figure 2.3). 

 

Figure 2.2 Co-occurrence network visualization of the most frequently used author keywords. 
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Figure 2.3 SCOPUS database, documents by country (Dec. 8, 2021). 

 
2.2   Water Scarcity 

Water shortage is one of the world's most serious problems. Over two billion people live in 

nations with insufficient water supplies. By 2025, half of the world's population might be living in 

locations where water is scarce. By 2030, 700 million people might be relocated due to severe 

water scarcity. By 2040, one out of every four children will live in places with significant water 

scarcity [2]. 

Water covers more than 70 percent of the Earth's surface [25]. Despite the seeming abundance 

of water, the real issue is the amount of freshwater accessible. Only 1 percent of the water on Earth 

is freshwater, with 97 percent being saltwater [26]. Nearly 70% of the freshwater is frozen in 

Antarctica and Greenland's ice caps; the rest is available as soil moisture or deep underground 

aquifers as groundwater that is not accessible to humans. Only 1% of the world's freshwater is 

available for direct human use. This is the water found in lakes, rivers, reservoirs, and shallow 

subsurface sources that can be accessed at a minimal cost. Only this quantity is replenished 

regularly by rain and snowfall, which is available in the long term [27]. 

The Middle East has a water shortage and low relative humidity of less than 25% [28]. Limited 

access to safe water for drinking and essential use at home, healthcare, and schools is becoming 
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vital. On the other hand, the fact shows that half of the population will face water scarcity by 2025 

(Figure 2.4) [29]. Most water systems are stressed due to the growing human population and 

thriving ecosystem [25]. The cause of water scarcity can be seen due to the drying of rivers, 

aquifers, and lakes that are also becoming polluted. Climate change is an alternative cause of 

changing weather, creating droughts and floods. It becomes a significant concern for the ecosystem 

in which the world will suffer even more.  

 

 
 

Figure 2.4 Expected scarcity of water in 2025 [29]. 

2.3   Alternative Water Sources and Techniques 

The water source is generally selected depending on its availability and cost [30]. The 

desalination of salty water and the harvesting of water from the air are two technologies that 

address the challenges posed by limited water capacity and costly water distribution [7]. 

2.3.1 Desalination of Saline Water 

Water desalination is described as the process of removing excess salts and minerals from water 

[31]. Brackish, ocean, wells, surface, wastewater, and industrial feed and process fluids are 

possibilities for feedwater sources [32]. Among the existing water, desalination techniques are: 

Reverse osmosis (RO), Nanofiltration (NF), Electrodialysis (ED), Electrodialysis Reversal (EDR), 
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Forward osmosis (FO), and Membrane Distillation (MD) [6]. As a result, these technologies 

require an accessible brackish water source and specialized personnel for operation and 

maintenance, which limits the technologies' application circumstances [8]. 

2.3.2 Harvesting Atmospheric Water 

Harvesting water from the atmosphere, on the other hand, is possible anywhere, and the water 

harvester may be readily powered by a local renewable energy source, particularly in desert places 

such as Saudi Arabia [9]. Fog collection employing mesh nets, condensation-cooling systems, and 

porous materials are examples of technologies for capturing atmospheric water, as shown in Figure 

2.5. 

 

Figure 2.5 Harvesting atmospheric water methods. 

 
i. Catching Fog using Mesh Net 

The Source of drinking water has been increased by water embedding in Fog in dry areas. The 

mesh net is a technology that uses tall towers to gather water from wind-driven fog. When the 

wind travels through the mesh, freshwater droplets form and drip into an underlying gutter, from 

which pipes lead the water into the storage and distribution system. It works well in environments 

with a high relative humidity of 100% [33]. This system is often placed in places where fog is 

natural, such as coastal and mountainous regions. It can decrease the water scarcity for people to 

an optimal fog interception in the coastal and dry mountainous areas [34]. The fog collector uses 

different train materials such as alloy or plastic, depending on topography and geography. The 
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local community supporters are engaged in recovering water scarcity because it has low 

maintenance options and supports green technology for drinking water purposes.   

The fog water collector method shown in Figure 2.6, entails erecting a rectangular mesh parallel 

to the wind. The mesh holds the fog droplets as the wind blows high humid air to it, and as the water 

droplets become larger, they fall into the tank due to gravity. 

 
 

Figure 2.6 Fog water collector method [35]. 

 
ii. Condensation- Cooling System 

Drinking water could be obtained from an atmospheric water generator by condensing water 

vapor in the atmosphere. It employs the thermodynamic cycle, mechanical refrigeration, and 

modern electrical control [36]. Improvements in technology have been created to boost efficiency 

and, as a result, reduce energy consumption while increasing water generation. The procedure 

involves air and water treatments to remove suspended particles in the atmosphere and water-

soluble volatile organic compounds, boost water mineralization for drinking water, and maintain 

optimal conservation for stored water to assure the highest quality of water (Figure 2.7) [37].  
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Figure 2.7 Atmospheric water generation [38]. 

 
 

iii. Cloud Seeding 

It can be an alternate source of preventing rain enhancement, increasing the volume of water 

harvesting from the air [39]. The conservative water technology includes the dispersion of small 

materials into clouds and collected as Raindrops. It is a particle of raindrops or ice crystals 

transforming into rain or snow and collected as Water. Cloud seeding Technology supports 

precipitation of 20% according to the availability of cloud resources [40]. It can add the advantage 

of cloud water which increases the groundwater through rainfall. The technology is helpful to 

increase rainfall in dry areas. 

 
iv. Absorbent Materials 

Adsorption-based HAW differs from standard HAW systems in that it uses desiccant materials 

to absorb water vapors from the air and achieves better thermal efficiency [41]. The key benefit is 

that the desiccant materials may be renewed using solar thermal energy, and the condensation 

process can occur at room temperature. The desiccant material comes into touch with the ambient 

air at night and absorbs the water vapors in the first step. The desiccant material is packed into a 

closed system in the second step, where a substantial quantity of heat is used to regenerate the 

desiccant material. The material desorbs the water vapors during the regeneration process, and the 

collected vapors are condensed into liquid form. The HAW may be achieved in low relative 

humidity locations using this method. 
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2.4   Previous Studies of HAW 

The lives of individuals from arid areas are threatened by a global problem: freshwater scarcity. 

Nevertheless, water sources, including lakes and rivers that suffer pollution and water loss, are 

insufficient to meet the high demand [41]. Thus, research efforts are made to explore opportunities 

for freshwater sources. Water decontamination technologies like filtration are employed to make 

wastewater safe. However, such technologies are possible in coastal regions and not landlocked 

areas since they depend on natural water sources [42]. Atmospheric Water has emerged as an 

alternate water resource since it is available independent of geographical conditions [43].. 

According to Sultan et al. [41], HAW is among the primary means of freshwater provision. In 

the study, the authors have indicated that several trillion liters of water are obtained from the 

atmosphere, and used to overcome water shortages in arid regions. The scholars involved two 

methods of extracting atmospheric water harvesting. Among the two was moisture adsorption 

through porous materials from atmospheric air. The authors compared the two methods, which 

included vapor compression and adsorption. It is found that HAW through adsorption is cheaper, 

ecologically friendly, and requires low thermal energy. The study is reliable, relevant, and 

adaptable due to various reasons. For instance, it involved ideas from other researchers and 

concluded that the lack of requirements for HAW by adsorbents is due to the absence of 

fundamental research. Besides, it is indicated that less focus is given to research about the water 

adsorption process as needed in the HAW field. Moreover, the study has discussed the progress of 

adsorbent materials' application. Lastly, it has available directions that would help accelerate the 

technology's commercialization.  

In the study by Adeyanju [42], a device for atmospheric harvesting water is developed. The 

device extracted water molecules and changed the phase to liquid from vapor. Besides, the process 

involved air concentration through a porous, particularly solid. The porous is heated, thus allowing 

condensation, and the condensate is collected. Therefore, the study focused on determining the 

relationship between silica gel used and water produced to know the sufficient quantity needed for 

a given application. The result for the relationship was 1.0776 to 0.4752 with 10.7% efficiency. 

The study is reliable; it involves experimentation, and results are obtained firsthand. The 

researchers tested the system in distinct conditions, thus proving its efficiency. Additionally, the 

device showed the possibility of atmospheric water extraction. Lastly, the study is relevant to the 
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research topic since it demonstrates the relationship between the quantity of atmospheric water 

extracted and the applied silica gel.  

According to Sleiti et al. [43], drinking water is limited in desert regions globally. Therefore, 

to avail viable supplement, the study has involved designing, building, and testing a device used 

in HAW. The device extracts water from the air with the help of adsorption materials. The device's 

prototype consisted of silica gel. The researchers employed the prototype to conduct experimental 

studies in an indoor environment. The study findings are accurate since the researchers did various 

tests under distinct conditions, including 22 degrees Celsius temperature, 60% RH, different silica 

thickness, and many others. Based on the daily measurement, the harvester produced 800ml for a 

25mm thickness. Moreover, the study is relevant to the research topic and has provided ways to 

increase the rate of HAW. Some of the methods based on the study outcomes include increasing 

RH. Besides, the study has also suggested various improvements for the HAW system, like adding 

sorbent's multiple layers by employing enhanced adsorption properties.  

Based on Sibie et al.'s study [44], the atmosphere has 3400 trillion water vapor gallons. An 

HAW system's efficiency depends on the absorption materials' sorption capacities. Water is 

efficiently harvested through anhydrous salts under low RH conditions. Desert countries such as 

Saudi Arabia experience high solar radiation and humidity levels. Therefore, the study compared 

the water absorption abilities of different anhydrous salts like magnesium sulfate, copper chloride, 

and copper sulfate. The mathematical model was used in water absorption simulation. Besides, a 

comparison was made on results from distinct RH. The study is reliable since facts and figures 

support the findings. For instance, under 15% RH, saturation rates registered in copper chloride, 

magnesium sulfate, and copper sulfate were 88.748, 76.825, and 81.797, respectively, which was 

in a static RH mode. The order was similar in dynamic RH mode. Moreover, the study has 

presented how the salts' sheet thickness, porous structure, and uniformity affected their absorption 

rate, which is significant for individuals who may need to develop an HAW device. Lastly, the 

researchers have proposed various ways to enhance the HAW process, including a mathematical 

model to simulate dehydration.  

Like other studies, Zhou et al. [45] indicate that HAW is an effective solution to the water 

problem in arid areas. The moisture-harvesting substances offer new aspects for promoting 

atmospheric water harvesting technology like high tenability. In the same perspective, they 
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focused on illustrating the sorption mechanism and summarizing the fundamental needs of 

harvesters. Besides, it has covered the progress of moisture harvesters' structural designs. The 

study exhaustively discussed HAW technology's development track, making it relevant to the 

research topic. Sample outcomes include the significance of material innovation in promoting the 

technology. The study also presents factors that are important in creating HAW devices. For 

example, sorbent materials with high water affinity are preferred since they allow moisture 

absorption under minimal RH and require low energy to release water. Other factors include solid 

structural strength. Additionally, the study is relevant to the research topic since it has suggested 

future moisture harvesters, promoting HAW to a real-world application from scientific 

exploration. 

The study by Jarimi et al. [46] aimed to review distinct atmospheric water harvesting methods. 

Therefore, the researchers have reported the performance of various atmospheric water collection 

means. The current HAW methods are bio-inspired. Besides, the study involved dew and fog 

harvesting, which relate to HAW, thus relevant to the research topic. Dew harvesting systems 

involve using the radioactive cooling surface, active condensation, and many others. Moreover, 

the study is applicable based on the research topic since its outcomes suggest an HAW system that 

produces water irrespective of geographical location and humidity. The findings also provide a 

cheaper plan that uses local materials; therefore, it is essential, especially in decision-making 

concerning the best HAW design.  

2.5   Porous Materials Used in Previous Studies 

Desertic areas need a clean and sustainable water supply where natural water supply is scarce 

or nonexistent. The atmosphere remains a primary water source for such places, with humidity 

exceeding 10g/m3. Sustainable freshwater production in such areas should increase productivity 

while decreasing energy consumption. To this end, Aristov et al.  [47] presented selective water 

sorbents developed in Russia by the Boreskov Institute of Catalysis. The researchers discussed the 

application of this method in producing freshwater from the atmosphere. In this general scheme of 

freshwater production, the researchers suggest a solar-driven unit that can be suitably and 

sustainably used in deserts and semi-arid and arid areas. In a laboratory experiment using KSKG 

silica gel, y-aluminum, and porous carbon sub-unit as host materials and calcium chloride or 
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lithium bromide as hygroscopic salts, Aristov et al. [47] sought to determine the feasibly of the 

selective sorbents in producing freshwater. The water production process comprised two stages. 

The first stage involved water sorption from the atmosphere at night when the ambient 

temperature is low while relative humidity is high. Ambient air was passed through the selective 

water sorbents (SWS) bed and dried. One tone of SWS could absorb about 0.7 tones of water –the 

saturated state. It took 5 to 10 hours at an air residence time of approximately 1 s to reach this 

saturation point of SWS material. At optimal conditions, 50 grams of fresh water could be gotten 

from 100 grams of dry SWS. Most of the desorbed water can be collected by a condenser whose 

temperature is maintained at 15 degrees Celsius. The optimal desorption temperature ranges from 

80 to 90 degrees Celsius. The volume of water gotten from the saturated SWS was expressed as a 

function of desorption temperature. The researchers concluded that the Boreskov Institute of 

Catalysis method of producing freshwater is feasible. The SWS is suitable for the solar-driven 

sorption system proposed for the deserts and semi-arid and arid areas.  

Gordeeva et al. [48] studied the water sorption equilibrium of Lithium Bromide confined to 

microporous expanded graphite and mesoporous synthetic carbon Sibunit pores. The isobars of 

these composite's water sorption were measured at a temperature range of 30-145 degrees Celsius 

and a pressure range of 6-81 mbars. The researchers found that the two composites exhibited 

different water sorption equilibrium with the isobars of expanded graphite samples, forming a 

plateau corresponding to one molecule of water adsorbed on one molecule of lithium bromide 

(LiBr). This indicated the crystallization of a hydrate (LiBr.H2O) inside the ports of the expanded 

graphite –a monovariant equilibrium. It was also found that lowering the temperatures could make 

this equilibrium divariant, which is typical with LiBr water solutions. 

On the other hand, no water was formed in the pores of the mesoporous synthetic carbon Sinunit 

as the equilibrium remained divariant at all temperature ranges. The differences were associated 

with the structural difference of the host carbon pores. The sorption capacity of the composites can 

be 0.6-1.1 g H2O per one gram of dry sorbents at a relative humidity of 70%. For this reason, 

sorbents can be used in drying gas, thermal energy storage, and many other applications.  

Like the other studies, Li et al. [49] contended that the atmosphere is a chief water source. The 

atmosphere holds six times the water in rivers and lakes combined. To this end, Li et al. [49] 

studied fourteen hydrated salt and anhydrous salt couples regarding their water harvesting and 
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release capacities and their thermal and chemical stabilities when applied in different scenarios. 

The salts screened in this laboratory experiment included Magnesium Sulfate, Copper Sulfate, 

Copper Chloride, copper chloride, nickel II nitrate, and iron II sulfate, among others. The first 

three salts (The first three salts (MgSO4, CuSO4, and CuCl2, distinguished themselves and were 

used s water collection devices bilayers.  The top layer was photothermal, while the bottom layer 

was a salt-fibrous membrane. It was found that these devices could capture water from the air even 

at a lower relative humidity of 15% and release the captured water at weakened sunlight of 0.7 

kW/m2. The researcher concluded that these anhydrous salts could produce clean water in areas 

where water is scarce. 

Sibie et al. [44] also contended that the atmosphere is a primary source of water, which can be 

harnessed to provide clean water in areas like Saudi Arabia and others. The study assumes that 

using anhydrous salts like MgSO4, CuSO4, and CuCl2 can efficiently produce clean water in 

ambient air, especially in low relative humidity of 15%. For this reason, the study focused on 

modeling and simulating the water sorption capacity of Copper Chloride, Copper Sulfate, and 

Magnesium Sulfate. Through the mathematical model, the researcher in this study compared and 

modeled the results of the existing model with the practical values obtained from laboratory 

experiments under relative and static humidity. The study also involved a sensitivity analysis of 

the anhydrous salt to assess how the uniformity of their structures, porosities, and thickness 

influenced the modeling results. The lab results found that the hydration process in anhydrous salts 

before saturation depends on their absorption rate. Each salt has a different relative humidity. For 

instance, Copper Chloride had the lowest relative humidity of 10%, while the sulfate slats had a 

higher relative humidity of 35% each. The researcher concluded that these salts could produce 

clean water from the atmosphere in areas where water is scarce.  

Wang et al. [50] also concede that using adsorption-based technologies to solve the water 

scarcity crisis in many parts of the world is promising. Their study investigated the water-

adsorption capacity of Birnessite, also known as layered structure MnO2. That was done under 

kinetic and thermodynamic perspectives. The researchers conducted a water sorption test using the 

gravimetric vapor sorption instrument. From the result, it was found that water sorption of 

Birnessite follows a Type II isotherm. At the interlayers with low relative humidity, water 

molecules quickly adsorb. However, multi-layer water interactions happen through hydrogen 

bonding and condensed water at higher relative humidity.  Birnessite was also found to have 
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perfect solar absorptivity. They can be raised to 87 degrees Celsius with solar irradiation at a solar 

flux of approximately 900 W/m2 to provide energy sufficient to trigger the desorption of interlayer 

water. With a dew point temperature of 111 degrees Celsius and relative humidity of 23%, 

Birnessite can harvest 0.07 kilograms of water per kilogram sample. The researcher built a device 

to present the application based on their experiment. The study concluded that adsorption material 

with higher solar absorptivity like Birnessite is appropriate for producing clean water in the areas 

where water is scarce.  

2.6   Analysis of the Literature Review 

Conclusively, the availability of freshwater is a significant problem in arid regions. Based on 

findings from the reviewed studies, the use of porous materials in HAW is the preferred means of 

water extraction from the atmosphere for various reasons. For instance, the designs require little 

energy, are environmentally friendly, and are cheap. The studies also make the systems more 

competitive than the existing ones, including water distillation. For instance, most studies suggest 

that enhanced and efficient units are designed through experience from porous cooling studies. 

Moreover, the studies also indicate that HAW is eased by adapting fiscal investment and 

employing safer energy sources, which are more likely to be porous materials. The shared key 

target in all previous literature reviews is to develop different experimental techniques to reduce 

water shortages. However, to the best of the authors' knowledge, neither mathematical modeling 

nor numerical simulation has been devoted to analyzing atmospheric water harvesting using 

porous materials. 
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3. Chapter 3: Research Methodology 

The current study attempts to build a robust mathematical model and a reliable simulator 

describing the water moisture and analyzing harvesting atmospheric water (HAW) using porous 

materials. Furthermore, to build a rigorous mathematical model that explains the Dehydration of 

Saturated Porous Materials. The governing equations, including conservation of mass, momentum, 

and energy, with associated parameterizations, were developed to represent water moisture 

absorption. The research methodology uses a qualitative approach divided into four phases, as 

shown in Figure 3.1. Phase 1 covers the literature review, identification and application of porous 

materials in HAW, data preparation, and developing empirical formulas for a set of porous 

materials. Phase 2 builds the mathematical model. Phase 3 starts the simulation. Finally, in phase 

4, results are obtained, analyzed, conducted simulation with different scenarios, and compared to 

experimental data. 

 
 

Figure 3.1 Block Diagram of the Research Methodology. 
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3.1   Water Conservation Equation in Porous Materials 

The quantity of moisture in a porous medium, i.e., water in the liquid and/or vapor phase, is 

expressed in volumetric moisture content. Since water exists in both liquid and gaseous phases in 

porous media, the overall moisture balance is described according to mass conservation equation 

[51] 

∂
∂t (ρ?θ + ρAθ-) = −

∂
∂z q@ 

 

where ρ?(Kgm/M) is the density of the liquid water, ρA	(Kgm/M) is the density of water vapor, θ 

the volumetric water content, θ- the gas phase volumetric air content, z is the vertical space 

coordinate positive upwards, and finally, q@	(Kg	m/%s/0) represents the porous moisture flux in 

both vapor and liquid phases. The water vapor and formed water liquid flow in the porous material 

can be described by the contribution of two terms, Fick's first law of diffusion and Darcy's law, 

and given by [52] 

q@ = q? + qA = −ρ?k8
∂h
∂z − D1

∂ρA
∂z  

 

where q? is the liquid flux (Kg	m/%s/0), qA is the vapor flux (Kg	m/%s/0), k8 is the hydraulic 

conductivity (m	s/0), h is the hydraulic head (m), and D1	 is molecular diffusivity of water vapor 

(m%s/0). The liquid flow is represented by the first term on the right-hand side (RHS) in equation 

(3.2). Because water vapor density is a function of matric potential and temperature, the last part 

in the equation reflects the water vapor flow. Isothermal case only was considered. Since the 

independent and dependent variables are linked, a parameterization equation is introduced for the 

gas and liquid phases, as detailed in the next sections (3.1.1-3.1.2). 

 
All dependent variables must be computed from the collection of independent variables to close 

the model. The parameterization was introduced for the liquid and gas phases.  

 

 

(3.1) 

(3.2) 
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3.1.1 Liquid Phase  

The relationship between relative humidity and the hydraulic head is described by Philip and 

De Vries [53]: 

H6 = exp W
hg
RCT

X 

 

where RC is the specific gas constant for water vapor (461.5	JKg/0K/0), g is the gravitational 

acceleration (ms/%), and T is the temperature (K). Applying the chain rule of equation (3.3) yields 

 

∂h
∂z =

RCT
gH6

∂H6
∂z  

3.1.2 Gas‐Phase 

For the gas phase, the density of water vapor, ρC is calculated using Philip and De Vries' formula 

[53] 

ρC = ρNCH6 

 

where ρNC (Kgm/M) is the density of the saturated water vapor and H6 is the relative humidity. The 

saturated vapor density is a temperature-dependent quantity that may be determined using the 

following formula [53] 

 

ρNC =
10/M

T exp W31.3716 −
6014.79

T − 7.92495 × 10/MTX 

The water vapor density vertical gradient can be represented as [52] 

 

∂ρA
∂z = 	ρNC

∂H6
∂z  

(3.3) 

(3.4) 

(3.5) 

(3.6) 

(3.7) 
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The total of liquid content and vapor content that saturate void space in a porous material equals 

the porosity value, which ranges from 0 to 1, and it may be stated as:   

 

ε = 	θ- + θ 

 

The water vapor diffusivity in porous materials, D1 Is defined by Milly and Eagleson [54] 

 

D1 = θ-D- 

 

where D-	(m%s/0	)	is the water vapor diffusivity in atmosphere at a temperature T (K) [55] 

 

D- = 2.12 × 10/_ W
T

273.15X
%

 

 

Finally, using equations (3.2) to (3.10), the harvesting atmospheric water model becomes 

 

∂
∂t `ρ?θ + ρNCH6

(ε − θ)a =
∂
∂z W	Wρ?k8

RCT
gH6

+ (ε − θ)D-ρNCX
∂H6
∂θ

∂θ
∂zX 

 

This unclosed system needs to have a defined relative humidity function in terms of the water 

content, H6(θ). This will be achieved by collecting data from literature and forming the function 

H6(θ)As shown below in sections 3.2-3.3. 

3.2   Porous Materials Used in HAW Model 

This section describes materials that their data was gathered during the literature review to build 

the HAW model. 

(3.8) 

(3.9) 

(3.10) 

(3.11) 
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3.2.1 Copper Chloride 

Copper Chloride is a chemical compound in both anhydrous and dihydrate forms. Its chemical 

formula is CuCl2. When it is in anhydrous form, its color is yellowish-brown, and in dihydrate 

form, it is green. Copper chloride has an excellent capacity for absorbing and releasing water. It is 

also chemically and physically very stable. Copper Chloride also has a high capacity for absorbing 

light [49].  

3.2.2 Copper Sulfate 

Copper Sulfate is an inorganic compound and has a chemical formula of CuSO4. It is in the 

form of blue crystals and can contain up to 5 molecules of water. The anhydrous form is obtained 

by heating the hydrous form. Copper Sulfate has a good capability of storing or releasing water 

content. It is also chemically and physically very stable. However, CuSO4 has a lower light-

absorbing capacity [49]. 

3.2.3 Magnesium Sulfate 

Magnesium sulfate is a color compound in the form of a crystal, and it has many applications 

in the medical field. Its chemical formula is MgSO4. MgSO4 is used in the devices designed to 

collect water vapors or the release of water-assisted by photothermal devices. In such cases, MgSO4 

is generally used in areas where the humidity is high, and there is less radiation from the sun.  

Magnesium Sulfate has a good capability of storing or releasing water content. It is also chemically 

and physically very stable [49]. 

3.2.4 MnO2-1 

The manganese oxides are prepared by a method in which first about 1g of Potassium 

permanganate (KMnO4) is added to about 75mL of deionized water (H2O) and is dissolved in it. To 

prepare the oxides, varying quantities of manganese (II) salt (MnSO4H2O) are added. To prepare 

MnO2-1, 0.1g of manganese (II) salt (MnSO4H2O) is added to the above solution.  Manganese 

dioxide (MnO2) is found largely in nature. It consists of both tunnel and layered structures. The 

structure of MnO2-1 consists of nanoflower spheres stacked with a sheet. The diameter of these 

spheres ranges from ~800nm. For a wide range of relative humidity, MnO2-1 has the best capability 

of adsorbing water [50]. 
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3.2.5 MnO2-2 

MnO2-2 is prepared by adding 0.3g of manganese (II) salt (MnSO4H2O) to a solution of 1g of 

Potassium permanganate (KMnO4) and about 75mL of deionized water (H2O). The structure of 

MnO2-2 consists of nanoflower spheres stacked with a sheet. The diameter of these spheres ranges 

from ~200nm. MnO2-2 also shows a birnessite structure, and it has a good capacity for adsorbing 

water but less than MnO2-1[50]. 

3.2.6 MnO2-3 

MnO2-3 is prepared by adding 0.4g of manganese (II) salt (MnSO4H2O) to a solution of 1g of 

Potassium permanganate (KMnO4) and about 75mL of deionized water (H2O). The structure of 

MnO2-3 consists of sheet and hybrid morphologies. MnO2-3 has a good capacity for adsorbing 

water but is less than MnO2-1 and MnO2-2 [50]. 

3.2.7 MnO2-4 

MnO2-4 is prepared by adding 0.5g of manganese (II) salt (MnSO4H2O) to a solution of 1g of 

Potassium permanganate (KMnO4) and about 75mL of deionized water (H2O). MnO2-4 has a good 

capacity for adsorbing water but less than MnO2-1, MnO2-2, and MnO2-3. Its low cost and ability 

to absorb solar radiation enhance its importance in the use of devices used for harvesting water [50]. 

3.2.8 MnO2-5 

MnO2-5 is prepared by adding 1.0g of manganese (II) salt (MnSO4H2O) to a solution of 1g of 

Potassium permanganate (KMnO4) and about 75mL of deionized water (H2O). If there is a wide 

range of relative humidity, MnO2-5 has the worst capacity for adsorbing water [50]. 

3.2.9 SWS-1L 

A selective water sorbent is a two-phase material comprising a porous host matrix and 

hygroscopic substance embedded between the pores. Inorganic salts are commonly utilized as 

hygroscopic substances. The systems can absorb water from the atmosphere and process it for 

different uses. A variety of porous matrixes and a myriad of salts have been considered to improve 

the effectiveness and efficiency of SWSs. However, the capacity of the various SWSs is subject to 

different environmental conditions such as temperature and humidity. SWS stands for selective 
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water sorbents. It refers to a new material developed to produce freshwater from the atmosphere. 

This material consists of a system of two phases. One is a host matrix that consists of pores, and the 

other is a hygroscopic substance. This substance is infused into the pores of the host matrix. SWS-

1L is composed of CaCl2 (in 23.7%) and SiO2. This SiO2 is in the form of mesoporous silica gel. 

SWS-1L has an excellent capability of absorbing water. It also gives back the water sorbed under 

normal conditions. This property makes it very useful [47].    

3.2.10 SWS-2C 

SWS stands for selective water sorbents. It refers to a new material developed to produce 

freshwater from the atmosphere. This material consists of a system of two phases. One is a host 

matrix that consists of pores, and the other is a hygroscopic substance. This substance is infused 

into the pores of the host matrix. SWS-2C is a sorbent that consists of a super-scattered form of 

LiBr. There is no crystalline form in the structure. It possesses a high capability of water sorption. 

It also has a high energy storage capacity which makes it useful in the applications of storage of 

thermal energy [48]. 

3.2.11 SWS-2EG 

SWS-2EG is a sorbent that consists of crystallites of Li-Br. The size of these crystallites varies 

from 500-900 nm. It possesses a high capability of water sorption. It also has a high energy storage 

capacity which makes it useful in the applications of storage of thermal energy [48].        

3.3   Relative Humidity 

Relative humidity and water content have a complicated relationship in porous materials [56] 

 

H6 =
P
Pc
= expd−

g	ψ(θ)
RCT

e 

 

(3.12) 
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where g is gravity (m/s%), T is temperature (K), RC is the ideal gas constant, and ψ(θ) is suction, 

which is a function of real volumetric liquid moisture content θ(mM/mM) and represents the 

capillary forces of a porous material's whole network. 

3.3.1 Decay Model (Psi Model 𝛙(𝛉)) 

To create relationship between the relative humidity and the water content, ψ(θ)	model 

developed by collecting the data from Sibie et al. [44], Aristov et al.  [47], Gordeeva et al. [48], Li 

et al. [49], and Wang et al. [50] who investigated 11 different porous materials for harvesting 

atmospheric water, and by using the negative power best-fit method for each material as shown in 

Figures (3.2-3.12), ψ(θ) was derived  

 

ψ(θ) = 	αθ/i 

 

where	α, β are constants, and Table 3.1 shows the values of α	and β for each material. 

 
 
                         Table 3.1 Estimation of α and β for each material. 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Porous Materials 𝛂 𝛃 

Copper Chloride 6821 4.661 

Copper Sulfate 36.635 21.9 

Magnesium Sulfate 63.849 23.75 

MnO2-1 79.219 2.338 

MnO2-2 0.0003 6.515 

MnO2-3 290.47 1.199 

MnO2-4 7.4434 2.134 

MnO2-5 2.7862 1.835 

SWS-1L 19045 0.601 

SWS-2C 22750 0.554 

SWS-2EG 26051 0.388 

(3.13) 
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Figure 3.2 Decay model for copper chloride. 

 
 
 

 
Figure 3.3 Decay model for copper sulfate. 
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Figure 3.4 Decay model for magnesium sulfate. 

 

 
Figure 3.5 Decay model for MnO2-1. 
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Figure 3.6 Decay model for MnO2-2. 

 
 

 
Figure 3.7 Decay model for MnO2-3. 
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Figure 3.8 Decay model for MnO2-4. 

 
 
 

 
Figure 3.9 Decay model for MnO2-5. 
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Figure 3.10 Decay model for SWS-1L. 

 
Figure 3.11 Decay model for SWS-2C. 
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Figure 3.12 Decay model for SWS-2EG. 

 
 

3.3.2 Comparison of Relative Humidity Model with Experimental Results 

This section compares the simulated relative humidity model and the experimental relative 

humidity model. The data from three SWSs (SWS-1L, SWS-2C, and SWS-2EG) were utilized to 

create the comparison [47][48]. It is predicted that the water content of various SWSs would rise 

with increasing relative humidity. The three SWSs (SWS-1L, SWS-2C, and SWS-2EG) were 

subjected to different relative humidity values at a constant temperature. The time for absorption 

was about 7-40 hours.  

The experimental points indicate no significant deviation from the curve, considered a universal 

sorption isotherm. It gives the matching correspondence between the relative humidity of water 

vapor and the amount of water adsorbed. The equilibrium water is found to depend on the relative 

humidity. Figure 3.13 indicates that the water absorption capacity of SWS-1L increases with the 

increasing relative humidity. The obtained data points illustrate an exponential relationship between 

water content and relative humidity. The relations indicate that water content increases at change 
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rate in relative humidity. Hence, it is expected that the material should absorb more water in regions 

with high humidity. 

 
 

Figure 3.13 Comparison of relative humidity model of SWS-1L. 
 
 

The experimental points of SWS-2C show the sorption capacity of Lithium Bromide as a 

function of relative humidity under expanded graphite and mesoporous synthetic carbon Subunit 

and the differences in the isobars of adsorbed water by Lithium Bromide in the carbon Subunit and 

expanded graphite hosts. In addition, SWS-2EG shows the water sorption equilibrium, which 

qualitatively differs for the two hosts –the expanded graphite and carbon Subunit. It indicated the 

formation of a hydrate (LiBr.H2O) inside the expanded graphite ports – a mono variant equilibrium. 

Lowering the temperatures were also discovered to make this equilibrium variant, typical of LiBr 

water solutions. However, no water was formed in the pores of the mesoporous synthetic carbon 

Subunit because the equilibrium remained variant across all temperature ranges [48].  
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Figures 3.14 and 3.15 also illustrate that water content for SWS-2C and SWS-2EG increases 

with relative humidity. However, the relationship is also exponential. Overall, the water holding 

capacity for SWS-2C and SWS-2EG does not change at a constant rate with relative humidity. The 

results also indicate that the water content capacity increases up to a certain point for relative 

humidity. After this value, the water capacity of the materials might start to decrease or remain 

constant. Hence, the materials might be efficient in regions with optimal relative humidity and less 

capacity than SWS-1L. 

 
 

Figure 3.14 Comparison of relative humidity model of SWS-2C. 
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Figure 3.15 Comparison of relative humidity model of SWS-2EG. 

3.4   Dehydration of Saturated Porous Materials 

Essentially, dehydration removes water from porous materials by evaporation to condense water 

from those materials at a low enough temperature. A partial differential equation is an equation that 

connects the partial derivatives of a function with more than one variable. The PDE heat (energy) 

equation is coupled with HAW system and solved as a function of thickness and time [57]. The 

one-dimensional heat equation was derived from physical principles [58] 

 

∂T
∂t =

k9
ρ?C

∂%T
∂z%  

 

(3.14) 



 36 

The temperature T (K) is a function of depth z (m) and time t (min) in equation (3.14), where k9, 

ρ?, and c are the thermal conductivity (W/mK), water density (kgm/M), and specific heat capacity 

(J/kg K), respectively, and no
pqr

 is the diffusivity (m%s/0	).  

 

Every material has a different ability to transmit and transfer heat. The following formula 

describes a material's thermal conductivity 

k9 =
Qd
AΔT 

 

k9 is the thermal conductivity in W/mK, and in Joules/second or Watts, Q represents the quantity 

of heat transported through the material. The distance between the two isothermal planes is denoted 

by d, A is the square meter area of the surface, ΔT	is the difference in temperature, and Table 3.2 

below shows the values of Thermal conductivity. 

 

                    Table 3.2 Thermal conductivity values. 

Porous Materials Thermal conductivity (𝐖/𝐦𝐊) 

Copper Chloride  0.840	W/mK [59] 

MnO2-1 0.2096W/mK [60] 

SWS-1L 0.37	W/mK [61] 

 

3.5   Initial and Boundary Conditions 

Boundary conditions are Initial that must be met to solve a boundary value issue. A boundary 

value problem is a differential equation that must be solved in a domain with a specified set of 

boundary conditions [62]. Boundary conditions are required to solve both ordinary and partial 

differential equations. The domain's border may be subjected to a variety of boundary conditions. 

The boundary condition must be chosen carefully for the computational issue to be solved. 

 

(3.15) 
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3.5.1 Absorption 

    At the initial time t = 0 for all z, the water content fulfills initial conditions of the form, 

 

θ(z, t = 0) = θc 
 
 

    Furthermore, solution components require the following boundary conditions: 

 

θ(z = 0, t) = θxy 
 
 

which represents the water content on the upper boundary (Dirichlet boundary condition). 

 

 
∂θ
∂z
(z = L, t) = 0 

 

This boundary condition is a Neumann type and represents no flow boundary.  

3.5.2 Dehydration  

 For all z, the water content meets boundary conditions at time t=0, and the heat equals the 

form's initial value: 

 

θ(z, t = 0) = θxy 
 

 

T(z, t = 0) = Tc 

 
The solution components fulfill a boundary condition of the type for every t and z = 0. 

 

θ(z = 0, t) = θc 
 

(3.19) 

(3.21) 

(3.16) 

(3.17) 

(3.18) 

(3.20) 
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T(z = 0, t) = T{ 
 

which represents the water content and temperature on the upper boundary (Dirichlet boundary 

condition). 
∂θ
∂z
(z = L, t) = 0 

∂T
∂z
(z = L, t) = 0 

 
This boundary condition is a Neumann type and represents insulated system for model.  

3.6   Numerical Solutions 

The mathematical equations, along with initial and boundary conditions developed in the 

previous sections, are solved numerically using the built-in MATLAB function “pdepe” (parabolic 

and elliptic) [63], in which the Galerkin finite element method has been implemented. It solves a 

parabolic and elliptic PDEs system with a single spatial variable dx (we use dz here) and a single 

time step dt by using the functions pdepe(m,pdefun,icfun,bcfun, etc xmesh,tspan). At least one of 

the equations must be a parabolic equation. The scalar m denotes the problem's symmetrical 

relationship (slab, cylindrical, or spherical). It is programmed in pdefun to represent the equations 

being solved, icfun to define the starting value, and bcfun to describe the boundary conditions. To 

achieve approximate solutions at times provided in tspan, the ordinary differential equations 

(ODEs) generated from discretization in space are integrated to produce approximate solutions. 

The pdepe function returns values corresponding to the solution on a mesh specified by the xmesh 

parameter [64]. 

 

 

 
 
 
 
 
 

(3.23) 

(3.22) 

(3.24) 
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4. Chapter 4: Results and Discussion 

 
The moisture absorption for the materials: copper chloride (CuCl2), copper sulfate (CuSO4), 

magnesium sulfate (MgSO4), MnO2-1, MnO2-2, MnO2-3, MnO2-4, MnO2-5, SWS-1L, SWS-2C, 

and SWS-2EG are considered. The physical parameters used in the model have been presented in 

Table 4.1. The parameters used in the model have been presented in Table 4.2. The initial condition 

of the water content of copper chloride is taken as θc =0.79 (79%), and the boundary condition is 

taken as θxy =	0.99 (99%). The depth varies from 0 to 0.04 m. The time varies from 0 min to 1000 

min. The initial condition of the water content of copper sulfate is also taken as θc =	0.73 (73%), 

and the boundary condition is taken as θxy =	0.85 (85%). The depth varies from 0 to 0.15 m. The 

time varies from 0 min to 1000 min. Furthermore, the initial condition of the water content of 

magnesium sulfate is taken as θc =	0.68 (68%), and the boundary condition is taken as θxy =	0.87 

(87%). The total depth is 0.16 m. The time varies from 0 min to 1000 min. In addition, the initial 

condition of the water content of MnO2-1 is taken as θc =	0.053 (5.3%), and the boundary condition 

is taken as θxy =	0.193 (19.3%). The total depth is 0.08 m. The time varies from 0 min to 300 min. 

Further, the initial condition of the water content of MnO2-2 is taken as θc =	0.06 (6%), and the 

boundary condition is  θxy =	0.16 (16%). The total depth is 0.02 m. The time varies from 0 min to 

400 min. Moreover, the initial condition of the water content of MnO2-3 is taken as  θc =	0.038 

(3.8%), and the boundary condition is θxy =	0.1 (10%). The total depth is 0.05 m. The time varies 

from 0 min to 150 min. While the initial condition of the water content of MnO2-4 is taken as θc =

	0.0108 (1.08%), and the boundary condition is θxy =	0.054 (5.4%). The total depth is 0.15 m. The 

time varies from 0 min to 300 min. While the initial condition of the water content of MnO2-5 is 

taken as θc =	0.001 (0.1%), and the boundary condition is θxy =	0.017 (1.7%). The time varies 

from 0 min to 300 min. Furthermore, the initial condition of the water content of SWS-1L is taken 

as θc =	0.043 (4.3%), and the boundary condition is θxy =	0.95 (95%). The total depth is 0.1 m. 

Whereas the initial condition of the water content of SWS-2C is taken as	θc = 0.018 (1.8%), and 

the boundary condition is θxy =	0.98 (98%). The total depth is 0.05 m. The time varies from 0 min 

to 400 min. The initial condition of the water content of SWS-2EG is taken as θc =	0.016 (1.6%), 

and the boundary condition is θxy = 0.93 (93%). The total depth is 0.08 m. The time varies from 0 

min to 1500 min.  
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Table 4.1 Physical parameters. 

Name Symbol Value Unit 

Hydraulic Conductivity k8 5.5556 × 10/0c [m	s/0] 

Density of Water ρ? 997 [kgm/M] 

Temperature T 320 [K] 

Porosity ε 0.37 [-] 

 
 

 

Table 4.2 Materials parameters. 

 

Materials 

Parameters 

Depth (m) Time (min) θxy θc 

Copper Chloride 0.04 1000 0.99 0.79 

Copper Sulfate 0.15 1000 0.85 0.73 

Magnesium Sulfate 0.16 1000 0.87 0.68 

MnO2-1 0.08 300 0.193 0.053 

MnO2-2 0.02 400 0.16 0.06 

MnO2-3 0.05 150 0.1 0.038 

MnO2-4 0.15 300 0.054 0.0108 

MnO2-5 0.3 300 0.017 0.001 

SWS-1L 0.1 2000 0.95 0.043 

SWS-2C 0.05 400 0.98 0.018 

SWS-2EG 0.08 1500 0.93 0.016 

4.1   Comparison of HAW Model with Experimental Results 

The validity and robustness of the suggested model may be shown by the fact that experimental 

and simulation findings are in close agreement. The Figures (4.1 - 4.13) below show a comparison 

between the experimental and simulated absorption of the water content of porous materials from 
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the atmosphere with time. The experimental data are taken from the papers “Harvesting Water from 

Air: Using Anhydrous Salt with Sunlight” [49], and "Water Harvesting from the Atmosphere in 

Arid Areas with Manganese Dioxide" [50]. As the time increases, the absorption of water will 

increase. The simulated results are very close to experimental results.  

The comparison in Figure 4.1 shows a few variations. Initially, the absorption of water of copper 

chloride from the atmosphere is less in experimental results than in simulated results. 

 

 
 

Figure 4.1 Comparison of HAW model of copper chloride. 

 
At the beginning (0 min to approximately 400 min), a few differences may be seen in the 

comparison in Figure 4.2. When simulated findings are compared to experimental data, the 

absorption of water of copper sulfate from the atmosphere is shown to be smaller in the 

experimental results. Still, it is better than the copper chloride comparison. 
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Figure 4.2 Comparison of HAW model of copper sulfate. 

 

The comparison of simulated magnesium sulfate results with experimental findings is shown in 

Figure 4.3. The findings were the same at the start and the conclusion, with just a minor difference 

appearing in the middle, between around 100 min and 800 min of absorbing time. 

 
Figure 4.3 Comparison of HAW model of magnesium sulfate. 
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Here, the experimentation includes water vapor adsorption by MnO2. The considered experiment 

has been segregated into five segments, in which water content, time, and MnO2’s capacity to 

absorb water have been considered the prime variables. The first phase has experimented with two 

times, considering the change in the water content absorption capacity of two types of MnO2 and 

the timing. In the first case, the extraction of water molecules from the atmosphere includes a zigzag 

shape, and the increment in water content rises from 5% to 10% during 350 min (Figure 4.4). 

Whereas the second experiment of the first phase showcases the presence of a higher degree of 

water vapor within the atmosphere, and the characteristics of MnO2-1 resulted in reaching the water 

content range; of 14%-19.4% of water content and gradually increased over 30 min (Figure 4.5). In 

this experiment segment, the simulation and actual result follow a similar pathway of increment in 

water absorption. 

 

 

Figure 4.4 Comparison of HAW model of MnO2-1 (a). 
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Figure 4.5 Comparison of HAW model of MnO2-1 (b). 

 

Considering the MnO2-2 (Figure 4.6-7), the first resultant graphical representation demonstrates 

that the condensing of water content from the atmosphere has a less zig-zag pattern which possesses 

a significant differential context than the simulation. In the second case, MnO2-2 showcased higher 

absorption of water molecules and condensation. In both cases, the simulations follow a similar 

pattern of increment; one starts after 0.5 min, and the other starts to absorb from 1 min after the 

initiation of the experiment. On the other hand, in the first case, the actual catching and condensing 

of atmospheric water have not changed from 50 min to 110 min after a straight increment until 

scoring at 0.095. Then, in the second case, a consistent pattern of increasing from 0 min to 30 min 

as the simulation result behavior has been taken. 
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Figure 4.6 Comparison of HAW model of MnO2-2 (a). 

 

Figure 4.7 Comparison of HAW model of MnO2-2 (b). 
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The third phase of the comparison is crucial as it compares with the middle phase of the whole 

experiment, and the result or conclusion will be based on this phase’s findings evaluation. The first 

case with the MnO2-3 category also replicates nearly the same scenario found in the first case of 

MnO2-2 (Figure 4.8). In addition, in the second case, the water content collection was not that higher 

while projecting against the simulation for a certain period; 4 min to 10 min. However, until 10 

min, the water content’s absorption is degraded in the actual case compared to the simulation. The 

total score followed the simulation from the 15th min (Figure 4.9). 

 

Figure 4.8 Comparison of HAW model of MnO2-3 (a). 
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Figure 4.9 Comparison of HAW model of MnO2-3 (b). 

 
For instance, in the fourth comparison of MnO2-4, the first part of the experiment showcased 

that the actual condensation had a consistent pattern between 50 min to 110 min. After a straight 

inclination in absorbed water content till 0.023 against 110 min passing, the water content score of 

0.023 was consistent from 150th min to 275 min (Figure 4.10). The second part has indicated a 

crucial finding, that from the 0 min, the MnO2-4 starts the absorbing and condensing process, in 

which the experiment and simulation have showcased that much matching (Figure 4.11). 
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Figure 4.10 Comparison of HAW model of MnO2-4 (a). 

 

 

Figure 4.11 Comparison of HAW model of MnO2-4 (b). 
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Lastly, the use of MnO2-5 in the first part has resulted in a consistent increment in water content’s 

absorption till the 50th min with having a more remarkable and significant amount of similarity till 

reaching the water content’s score at 0.75% (Figure 4.12). On the other hand, with MnO2-5 in the 

second part of the experiment, the absorption started from zero min with a water content score of 

1.4%. In addition, the actual rest finding is just like the trend found in the simulation. The water 

content has increased gradually but very slowly (Figure 4.13). 

 

 

Figure 4.12 Comparison of HAW model of MnO2-5. 
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Figure 4.13 Comparison of HAW model of MnO2-5. 

 
The relative error of the proposed model was determined to demonstrate its validity and 

robustness. Table 4.3 shows the maximum and minimum errors and the average for all the relative 

error points. The maximum error of the harvesting atmospheric water model of copper chloride is 

around 1.29%, the minimum error is about 0.025%, and the average error of the HAW model of 

copper chloride is 0.49%. Furthermore, the maximum error of the HAW model of copper sulfate is 

around 0.77%, the minimum error is about 0.01%, and the average error of the HAW model of 

copper sulfate is 0.31%. In addition, the maximum error of the HAW model of magnesium sulfate 

is around 1.4%, the minimum error is about 0.001%, and the average error of the HAW model of 

magnesium sulfate is 0.66%. Further, the maximum error of the HAW model of MnO2-1 is around 

7.72%, the minimum error is about 0.001%, and the average error of the HAW model of MnO2-1 

is 1.88%. The maximum error of the HAW model of MnO2-2 is around 18.98%, the minimum error 

is about 0.013%, and the average error of the HAW model of MnO2-2 is 4.43%. Moreover, the 

maximum error of the HAW model of MnO2-3 is around 1.18%, the minimum error is about 
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0.005%, and the average error of the HAW model of MnO2-3 is 0.28%. While the maximum error 

of the HAW model of MnO2-4 is around 0.6%, and the minimum error is about 0.003%, the average 

error of the HAW model of MnO2-4 is 0.197%. Furthermore, the maximum error of the HAW 

model of MnO2-5 is around 7.55%, the minimum error is about 0.003%, and the average error of 

the HAW model of MnO2-5 is 0.75%. In conclusion, the highest average error is around 4.43% 

observed in MnO2-2. Thus, the HAW model is applicable. 

 

Relative	error	% =
|	Simulation − 	Experimental|

	Experimental × 100 

 
 

Table 4.3 Relative error for porous materials. 

Porous Materials Maximum error % Minimum error % Average for all the 
relative error points % 

Copper Chloride 1.28605756 % 0.0251514 % 0.49353302% 
Copper Sulfate 0.76765625 % 0.01021925% 0.31534476% 
Magnesium Sulfate 1.33724095 % 0.0013657 % 0.6653724% 
MnO2-1 7.72054771 % 0.00105762 % 1.87852984 % 
MnO2-2 18.98215032 % 0.01256066 %  4.43189426 % 
MnO2-3 1.17658301% 0.00475691 %  0.2812752 % 
MnO2-4 0.59118143 % 0.00259515 %  0.19742851 % 
MnO2-5 7.55239379 % 0.00348977 %  0.74558886 % 

4.2   Absorption of Moisture 

The moisture absorption rate by specific porous materials depends on various factors such as 

temperatures, relative humidity, thickness, and time. It is not easy to estimate the absorption of 

moisture rate. However, it is easy to determine the highest quantity of water that could be absorbed 

under given conditions. Consequently, this section displays the simulated water content for each 

material and the amount of time in minutes, along with the depth in meters (m) for each material, 

and a three-dimensional surface that plots to map three variables: Water Content (θ), Depth (m), 

and Time (min). 

Figure 4.14 shows the absorbed water content of copper chloride against time (min) for three 

different thicknesses, i.e., 0.004 m, 0.008 m, and 0.012 m. It can be seen in the graph that after the 

(4.1)	
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time of 200 min; with a thickness of 0.004 m, the water content is close to the saturation point 

(~97.7%), for the thickness of 0.008 m, the maximum saturation obtained was about 95.7%, and 

in the case of thickness of 0.012 m, the maximum saturation hydration rate was around 94.2%. A 

maximum saturation of ~99% was obtained after 400 min for a thickness of 0.004 m. A maximum 

saturation hydration rate of ~99% was obtained after 600 min for a thickness of 0.008 m. For the 

thickness of 0.012 m, maximum saturation of ~99% was obtained after 800 min. However, after 

1000 min, the maximum saturation rate appears constant for all three thicknesses. Thus, it can be 

concluded that when the thickness is smaller, the water content of copper chloride reaches a higher 

saturation point quickly. Consequently, Copper chloride has a high-water capacity, and it is an 

excellent water absorbent.  

 

Figure 4.14 Water content of copper chloride against time (Absorption). 

 
Figure 4.15 shows the water content of copper chloride against depth (m) for three different time 

durations i.e., 10 min, 30 min, and 70 min. For all the three-time durations, the curves begin at the 

boundary condition of the water content of copper chloride at ~100% at a depth of 0 m. With the 
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increase of depth, the saturation hydration rate reduces. For the depth of 0.01 m, the water content 

reaches 82% for a time of 10 min. Similarly, for 30 min and 70 min, the water content of copper 

chloride reduces to 86% and 90%, respectively, at a depth of 0.01 m. It can be seen from the graph 

that when the time is 10 min, the water content reaches the initial condition of 79% at a depth of 

0.04 m. When the time is increased to 30 min, the water content reaches 80% at a depth of 0.04 m 

i.e., the boundary condition.  When the time is increased to 70 min, the water content reaches 82% 

at a depth of 0.04 m i.e., the boundary condition. Therefore, it can be concluded that at a lower time 

i.e., quick process, the water content reaches the initial condition of 79% at a lower depth. 

 

 

Figure 4.15 Water content of copper chloride against depth (Absorption). 

 
Figure 4.16 shows copper chloride contours of capturing water from the atmosphere. The 

thickness also impacts the rate of absorption of porous material. The porous absorbs more water 

when the thickness of porous is thinner. The contours show that initially, the material contains no 
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moisture (blue color shows copper chloride thickness). With time, the copper chloride will absorb 

moisture from the atmosphere until it reaches the maximum level of humidity (indicated by the 

yellow color). Here, the water content ranges from 0.79 to 1.  Depth ranges from 0 to 0.4 m, and 

time in minutes varies from 0 to 1000. 

 

Figure 4.16 Three-dimensional water content of copper chloride (Absorption). 

 

Figure 4.17 shows when the time reaches a value of 200 min; the water content reaches 84% 

for a thickness of 0.0125 m. Similarly, for the thickness of 0.025 m, the water content reaches 

83.2% at a time of 200 min. For the thickness of 0.05 m, the water content reaches 82%. It can be 

seen in the graph that with the thickness of 0.0125 m, the water content is close to the boundary 

and reaches saturation point (~84.5%) after a time of 400 min. For the thickness of 0.025 m, the 

maximum saturation obtained was about~84.5% after about 600 min. In the case of a thickness of 

0.05 m, the maximum saturation hydration rate was around 84.5% after 800 min.  However, after 

1000 m, the maximum saturation rate appears constant for all three thicknesses (~85%). Thus, it 
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can be concluded that when the thickness is smaller, the water content of copper sulfate reaches a 

higher saturation point quickly.    

 

Figure 4.17 Water content of copper sulfate against time (Absorption). 

 
Figure 4.18 shows the water content of copper sulfate against depth (m) for three different time 

durations i.e., 32 min, 50 min, and 100 min. For all the three-time durations, the curves begin at the 

boundary condition of the water content of copper sulfate at 85% at a depth of 0 m. With the increase 

of depth, the saturation hydration rate reduces. For the depth of 0.05 m, the water content reaches a 

value of 77% for a time of 20 min. Similarly, for the time of 50 min and 100 min, the water content 

of copper sulfate reduces to 78.7% and 80%, respectively, at a depth of 0.05 m. It can be seen from 

the graph that when the time is 20 min, the saturation rate reaches the value of 73% at a depth of 

0.15 m. When the time is increased to 50 min, the water content reaches 77% at a depth of 0.15 m 

i.e., the boundary condition.  When the time is increased to 100 min, the water content reaches 79% 
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at a depth of 0.15 m i.e., the boundary condition. Therefore, it can be concluded that at a lower time 

i.e., quick process, the water content reaches a lower value. 

 

 

Figure 4.18 Water content of copper sulfate against depth (Absorption). 

 

Figure 4.19 shows copper sulfate contours of capturing water from the atmosphere. The 

thickness also impacts the rate of absorption of porous material. The porous absorbs more water 

when the thickness of the porous is thinner. The contours show that initially, the material contains 

no moisture (blue color shows copper sulfate thickness). Over time, the copper sulfate will absorb 

moisture from the atmosphere till it reaches the maximum level of humidity (indicated by the yellow 

color). Here, the water content ranges from 0.73 to 0.85.  Depth ranges from 0 to 0.15 m, and time 

in minutes varies from 0 to 1000. 
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Figure 4.19 Three-dimensional water content of copper sulfate (Absorption). 

 

Figure 4.20 shows the absorbed water content of magnesium sulfate against time (min) for three 

different thicknesses i.e., 0.01 m, 0.05 m, and 0.1 m. It can be seen in the graph that when the 

thickness is 0.01 m, the water content of magnesium sulfate reaches saturation point (~86.2%). For 

the thickness of 0.05 m, the maximum saturation obtained was about 84.6 %, and in the case of 

thickness of 0.1 m, the maximum saturation hydration rate was around 83.5% after 200 min. When 

the time reaches the value of 400 min, the water content reaches about 86.7% for a thickness of 

0.01 m. For the thickness of 0.05 m, the water content reaches 86.4% at 600 min. For the thickness 

of 0.1 m, the water content reaches 86%. After 1000 min, the saturation hydration rate achieved for 

all three thicknesses is approximately the same (~87%). Thus, it can be concluded that when the 

thickness is smaller, the water content of magnesium sulfate reaches a higher saturation point 

quickly.   
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Figure 4.20 Water content of magnesium sulfate against time (Absorption). 

 
Figure 4.21 shows the water content of magnesium sulfate against depth (m) for three different 

time durations i.e., 1 min, 5 min, and 25 min. For these time durations, the curves begin at the 

boundary condition of the water content of magnesium sulfate at 87%. With the increase of depth, 

the saturation hydration rate reduces. For the depth of 0.05 m, the water content reaches a value of 

70% for a time of 1 min. Similarly, for 5 min and 25 min, the water content of magnesium sulfate 

reduces to 74.5% and 79.2%, respectively, at a depth of 0.05 m. It can be seen from the graph that 

when the time is 1 min, the saturation rate reaches the value of 68% at a depth of ~0.16 m. When 

the time is increased to 5 min, the water content reaches 72% at a depth of 0.16 m i.e., the boundary 

condition.  When the time is increased to 25 min, the water content reaches 77% at a depth of 0.16 

m i.e., the boundary condition. Therefore, it can be concluded that at a lower time i.e., quick process, 

the water content reaches a lower value. 
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Figure 4.21 Water content of magnesium sulfate against depth (Absorption). 

 

Figure 4.22 shows magnesium sulfate contours of capturing water from the atmosphere. The 

thickness also impacts the rate of absorption of porous material. The porous absorbs more water 

when the thickness of the porous is thinner. The contours show that initially, the material contains 

no moisture (blue color shows magnesium sulfate thickness). Over time, the magnesium sulfate will 

absorb moisture from the atmosphere till it reaches the maximum level of humidity (indicated by 

the yellow color). Here, the water content ranges from 0.68 to 0.87.  Depth ranges from 0 to 0.16 

m, and time in minutes varies from 0 to 1000. 
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Figure 4.22 Three-dimensional water content of magnesium sulfate (Absorption). 

 

Figure 4.23 shows the absorbed water content of MnO2-1 against time (min) for three different 

thicknesses i.e., 0.013 m, 0.027 m, 0.067 m. It can be seen in the graph that the water content of 

MnO2-1 after the time of 100 min reaches saturation point ~18.5% when the thickness is 0.013 m, 

and for the thickness of 0.027 m, the maximum saturation obtained was about 17.8 %. In the case 

of a thickness of 0.067 m, the maximum saturation hydration rate was around 16.8%. When the 

time reaches the value of 150 min, the water content reaches about 18.8% for a thickness of 0.013 

m. For the thickness of 0.027 m, the water content reaches 18.7% at 200 min. For the thickness of 

0.067 m, the water content reaches 18.5%. After 250 min, the saturation hydration rate achieved for 

all three thicknesses is approximately the same (~19%) after 300 min. Thus, it can be concluded 

that when the thickness is smaller, the water content of Mn02-1 reaches a higher saturation point 

quickly.    
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Figure 4.23 Water content of MnO2-1 against time (Absorption). 

 
Figure 4.24 shows the water content of MnO2-1 against depth (m) for three different time 

durations i.e., 3 min, 7.5 min, and 15 min. For these time durations, the curves begin at the boundary 

condition of the water content of MnO2-1 at 19.3%. With the increase of depth, the saturation 

hydration rate reduces. For the depth of 0.02 m, the water content reaches a value of 8% for a time 

of 3 min. Similarly, for 7.5 min and 15 min, the water content of MnO2-1 reduces to 11% and 13%, 

respectively, at a depth of 0.02 m. It can be seen from the graph that when the time is 7.5 min, the 

saturation rate reaches the value of 6.3% at a depth of 0.08 m. When the time is increased to 7.5 

min, the water content reaches 8.5% at a depth of 0.08m i.e., the boundary condition.  When the 

time is increased to 15 min, the water content reaches 10.5% at a depth of 0.08 m i.e., the boundary 

condition. Therefore, it can be concluded that at a lower time i.e., quick process, the water content 

reaches a lower value. 
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Figure 4.24 Water content of MnO2-1 against depth (Absorption). 

 

Figure 4.25 shows MnO2-1 contours of capturing water from the atmosphere. The thickness also 

impacts the rate of absorption of porous material. The porous absorbs more water when the 

thickness of the porous is thinner. The contours show that initially, the material contains no moisture 

(blue color shows MnO2-1 thickness). With the passage of time, the MnO2-1 will absorb moisture 

from the atmosphere till it reaches the maximum level of humidity (indicated by the yellow color). 

Here, the water content ranges from 0.053 to 0.193.  Depth ranges from 0 to 0.08 m, and time in 

minutes varies from 0 to 300. 
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Figure 4.25 Three-dimensional water content of MnO2-1 (Absorption). 

 
Figure 4.26 shows the absorbed water content of MnO2-2 against time (min) for three thicknesses 

i.e., 0.003 m, 0.006 m, and 0.02 m. For the thickness of 0.003 m, the water content of MnO2-2 is 

close to the boundary and reaches the value of 15.8% after ~150 min. However, as the thickness 

increases, the maximum saturation is lower and requires more time. The maximum saturation rate 

achieved for the thickness of 0.006 m is 15.7% after 200 min, and for the thickness of 0.02m, it is 

15.6% after 300 min. When the time reaches the value of 400 min, the water content reaches about 

16% for all the thickness values. Thus, it can be concluded that when the thickness is smaller, the 

water content of Mn02-2 reaches a higher saturation point quickly.  
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Figure 4.26 Water content of MnO2-2 against time (Absorption). 

 

Figure 4.27 shows the water content of MnO2-2 against depth (m) for three different time 

durations i.e., 0.5 min, 2 min, and 10 min. It can be seen from the graph that the curves start at the 

boundary from the water content value of 16%. It is evident from the graph that at lower values of 

time, the hydration rate is reduced at a lower depth. For 0.5 min, the water content is reduced to 

7.7% at a depth of 0.005m. For 2 min, the water content is reduced to 9.9 % at a depth of 0.005m. 

For 10 min, the water content is reduced to 12% at a depth of 0.005m. It can be seen from the graph 

that when the time is 0.5 min, the saturation rate reaches the value of 6.8% at a depth of 0.02 m. 

When the time is increased to 2 min, the water content reaches 8.8% at a depth of 0.02 m. When 

the time is increased to 10 min, the water content reaches 10.9% at a depth of 0.02 m. Therefore, it 

can be concluded that at a lower time i.e., quick process, the water content reaches a lower value. 
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Figure 4.27 Water content of MnO2-2 against time (Absorption). 

 

Figure 4.28 shows MnO2-2 contours of capturing water from the atmosphere. The thickness also 

impacts the rate of absorption of porous material. The porous absorbs more water when the 

thickness of the porous is thinner. The contours show that initially, the material contains no moisture 

(blue color shows MnO2-2 thickness). Over time, the MnO2-2 will absorb moisture from the 

atmosphere till it reaches the maximum level of humidity (indicated by the yellow color). Here, the 

water content ranges from 0.06 to 0.16.  Depth ranges from 0 to 0.02 m, and time in minutes varies 

from 0 to 400. 
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Figure 4.28 Three-dimensional water content of MnO2-2 (Absorption). 

 
Figure 4.29 shows the absorbed water content of MnO2-3 against time (min) for three different 

thicknesses i.e., 0.017 m, 0.025 m, 0.042 m. For the thickness of 0.017 m, the water content of 

MnO2-3 is close to the boundary and reaches the value of 9.4% after 50 min. At the same time of 5 

min, the maximum saturation rate achieved for the thickness of 0.025 m is 9%, and for the thickness 

of 0.042 m, it is 8.6%.  After 150 min, the saturation hydration rate achieved for all three thicknesses 

is approximately the same, i.e., 10%. Thus, as the thickness increases, the maximum saturation 

achieved is lower and requires more time. It can be concluded that when the thickness is smaller, 

the water content of MnO2-3 reaches a higher saturation point quickly.    
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Figure 4.29 Water content of MnO2-3 against time (Absorption). 

 
Figure 4.30 shows the water content of MnO2-3 against depth (m) for three different time 

durations i.e., 0.75 min, 3.75 min, and 7.5 min. For these time durations, the curves begin at the 

boundary condition of the water content of MnO2-3 at 10%. With the increase of depth, the 

saturation hydration rate reduces. For the depth of 0.02 m, the water content reaches a value of 4.2% 

for a time of 0.75 min. Similarly, for a time of 3.75 min and 7.5 min, the water content of MnO2-3 

reduces to 5.5% and 6.3%, respectively, at a depth of 0.02 m. It can be seen from the graph that 

when the time is 0.75 min, the saturation rate reaches the value of 3.8% at a depth of 0.05m. When 

the time is increased to 3.75 min, the water content reaches 4.4% at a depth of 0.05m i.e., the 

boundary condition.  When the time is increased to 7.5 min, the water content reaches 5.2% at a 

depth of 0.05 m i.e., the boundary condition. Therefore, it can be concluded that at a lower time i.e., 

quick process, the water content reaches a lower value. 
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Figure 4.30 Water content of MnO2-3 against depth (Absorption). 

 

Figure 4.31 shows MnO2-3 contours of capturing water from the atmosphere. The thickness also 

impacts the rate of absorption of porous material. The porous absorbs more water when the 

thickness of the porous is thinner. The contours show that initially, the material contains no moisture 

(blue color shows MnO2-3 thickness). Over time, the MnO2-3 will absorb moisture from the 

atmosphere till it reaches the maximum level of humidity (indicated by the yellow color). Here, the 

water content ranges from 0.038to 0.1.  Depth ranges from 0 to 0.05 m, and time in minutes varies 

from 0 to 150. 
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Figure 4.31 Three-dimensional water content of MnO2-3 (Absorption). 

 

 
Figure 4.32 shows the absorbed water content of MnO2-4 against time (min) for three different 

thicknesses, i.e., 0.025, 0.05 m, and 0.125 m. For the time of 100 min, the water content of MnO2-

4 is near the boundary and reaches the value of 5.138% at a thickness of 0.025m, and the maximum 

saturation rate achieved for the thickness of 0.05 m is 4.8%, and for thickness of 0.125 m, it is 4.5%. 

After 300 min, the saturation hydration rate achieved for thicknesses 0.025 m and 0.05 m is about 

5.4%, and for thickness 0.125, it is about 5%. As the thickness increases, the maximum saturation 

is lower and requires more time. Thus, it can be concluded that when the thickness is smaller, the 

water content of MnO2-4 reaches a higher saturation point quickly.     
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Figure 4.32 Water content of MnO2-4 against time (Absorption). 

 

Figure 4.33 shows the water content of MnO2-4 against depth (m) for three different time 

durations i.e., 6 min, 15 min, and 30 min. For all the three-time durations, the curves begin at the 

boundary condition of the water content of MnO2-4 at 5.4% at a depth of 0 m. With the increase of 

depth, the saturation hydration rate reduces. For the depth of 0.05 m, the water content reaches 

2.28% for a time of 6 min. Similarly, for 15 min and 30 min, the water content of MnO2-4 reduces 

to 3.26% and 3.9%, respectively, at a depth of 0.05 m. It can be seen from the graph that when the 

time is 30 min, the water content reaches the initial condition of 1.8% at a depth of 0.15 m. When 

the time is increased to 15 min, the water content reaches 2.7% at a depth of 0.15 m i.e., the 

boundary condition.  When the time is increased to 30 min, the water content reaches 3.35% at a 

depth of 0.15 m i.e., the boundary condition. Therefore, it can be concluded that at a lower time i.e., 

quick process, the water content reaches the initial condition of 1.8% at a lower depth. 
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Figure 4.33 Water content of MnO2-4 against time (Absorption). 

 
Figure 4.34 shows MnO2-4 contours of capturing water from the atmosphere. The thickness also 

impacts the rate of absorption of porous material. The porous absorbs more water when the 

thickness of the porous is thinner. The contours show that initially, the material contains no moisture 

(blue color shows MnO2-4 thickness). Over time, the MnO2-4 will absorb moisture from the 

atmosphere till it reaches the maximum level of humidity (indicated by the yellow color). Here, the 

water content ranges from 0.0108 to 0.054.  Depth ranges from 0 to 0.15 m, and time in minutes 

varies from 0 to 300.  
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Figure 4.34 Three-dimensional water content of MnO2-4 (Absorption). 

 

Figure 4.35 shows the absorbed water content of MnO2-5 against time (min) for three different 

thicknesses i.e., 0.025 m, 0.05 m, and 0.1 m. For the thickness of 0.025 m, the water content of 

MnO2-5 is near the boundary and reaches the value of 1.7% after 100 min, and after the same time, 

but for the thickness of 0.05 m, the maximum saturation rate achieved is 1.6%, and for the thickness 

of 0.1 m, it is 1.5%. As the thickness increases, the maximum saturation achieved is lower and 

requires more time. After 300 min, the saturation hydration rate achieved for all different 

thicknesses is about 1.7%. Thus, it can be concluded that when the thickness is smaller, the water 

content of MnO2-5 reaches a higher saturation point quickly.  
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Figure 4.35 Water content of MnO2-5 against time (Absorption). 

 

Figure 4.36 shows the water content of MnO2-5 against depth (m) for three different time 

durations i.e., 0.3 min, 2 min, and 8 min. For these time durations, the curves begin at the boundary 

condition of the water content of MnO2-5 at 1.7%. With the increase of depth, the saturation 

hydration rate reduces. For the depth of 0.1 m, the water content reaches a value of 0.23% for 0.3 

min. Similarly, for 2 min and 8 min, the water content of MnO2-5 reduces to 0.48% and 0.82%, 

respectively, at a depth of 0.1 m. It can be seen from the graph that when the time is 0.3 min, the 

saturation rate reaches the value of 0.17% at a depth of 0.3m. When the time is increased to 2 min, 

the water content reaches 0.36% at a depth of 0.3m i.e., the boundary condition.  When the time is 

increased to 8 min, the water content reaches 0.64% at a depth of 0.3 m i.e., the boundary condition. 

Therefore, it can be concluded that at a lower time i.e., quick process, the water content reaches a 

lower value. 
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Figure 4.36 Water content of MnO2-5 against depth (Absorption). 

 
Figure 4.37 shows MnO2-5 contours of capturing water from the atmosphere. The thickness also 

impacts the rate of absorption of porous material. The porous absorbs more water when the 

thickness of the porous is thinner. The contours show that initially, the material contains no moisture 

(blue color shows MnO2-5 thickness). Over time, the MnO2-5 will absorb moisture from the 

atmosphere till it reaches the maximum level of humidity (indicated by the yellow color). Here, the 

water content ranges from 0.001 to 0.017.  Depth ranges from 0 to 0.3 m, and time in minutes varies 

from 0 to 300. 
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Figure 4.37 Three-dimensional water content of MnO2-5 (Absorption). 

 

Figure 4.38 shows the absorbed water content of SWS-1L against time (min) for three different 

thicknesses i.e., 0.03 m, 0.05 m, and 0.08 m. For 500 min, the water content of SWS-1L is near the 

boundary and reaches the value of 80% at 0.03 m, and the maximum saturation rate achieved for 

the thickness of 0.05 m is 76%, and for thickness of 0.08 m, it is 70%. After 2000 min, the saturation 

hydration rate achieved for all three thicknesses is approximately the same. Thus, it can be 

concluded that when the thickness is smaller, the water content of SWS-1L reaches a higher 

saturation point quickly. 
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Figure 4.38 Water content of SWS-1L against time (Absorption). 

 
Figure 4.39 shows the water content of SWS-1L against depth (m) for three different time 

durations i.e., 2, 20, and 80 min. It can be seen from the graph that the curves start at the boundary 

from the water content value of 95%. It is evident from the graph that at lower values of time, the 

hydration rate is reduced at a lower depth. For 2 min, the water content is reduced to 9.5% at a depth 

of 0.02m.  For a time of 20 min, the water content is reduced to 32% at a depth of 0.02 m. For 80 

min, the water content is reduced to 54% at a depth of 0.02 m. It can be seen from the graph that 

when the time is 2 min, the saturation rate reaches the value of 4.3% at a depth of 0.1m. When the 

time is increased to 20 min, the water content reaches 13.9% at a depth of 0.1m i.e., the boundary 

condition.  When the time is increased to 80 min, the water content reaches 30.4% at a depth of 0.1 

m i.e., the boundary condition. Therefore, it can be concluded that at the lower time i.e., quick 

process, the water content reaches a lower value. 
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Figure 4.39 Water content of SWS-1L against depth (Absorption). 

 

Figure 4.40 shows SWS-1L contours of capturing water from the atmosphere. The thickness also 

impacts the rate of absorption of porous material. The porous absorbs more water when the 

thickness of the porous is thinner. The contours show that initially, the material contains no moisture 

(blue color shows SWS-1L thickness). Over time, the SWS-1L will absorb moisture from the 

atmosphere till it reaches the maximum level of humidity (indicated by the yellow color). Here, the 

water content ranges from 0.043 to 0.95.  Depth ranges from 0 to 0.1 m, and time in minutes varies 

from 0 to 2000.  
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Figure 4.40 Three-dimensional water content of SWS-1L (Absorption). 

 
Figure 4.41 shows the absorbed water content of SWS-2C against time (min) for three different 

thicknesses i.e., 0.02 m, 0.025 m, 0.042 m. For the thickness of 0.02 m, the water content of SWS-

2C is near the boundary and reaches the value of 80.7% after 100 min, and at the same time, but for 

the thickness of 0.025 m, the maximum saturation rate achieved is 74%, and for thickness of 0.042 

m, it is 67%. As the thickness increases, the maximum saturation achieved is lower and requires 

more time. After 400 min, the saturation hydration rate achieved for all three thicknesses is 

approximately the same (~98%). Thus, it can be concluded that when the thickness is smaller, the 

water content of SWS-2C reaches a higher saturation point quickly.  
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Figure 4.41 Water content of SWS-2C against time (Absorption). 

 
Figure 4.42 shows the water content of SWS-2C against depth (m) for three different time 

durations i.e., 4, 20, and 40 min. It can be seen from the graph that the curves start at the boundary 

from the water content value of 98%. It is evident from the graph that at lower values of time, the 

hydration rate is reduced at a lower depth. For 4 min, the water content is reduced to 18.4% at a 

depth of 0.02m.  For a time of 20 min, the water content is reduced to 43% at a depth of 0.02 m. 

For a time of 40 min, the water content is reduced to 58% at a depth of 0.02m. It can be seen from 

the graph that when the time is 4 min, the saturation rate reaches the value of 18% at a depth of 

0.05m. When the time is increased to 20 min, the water content reaches 31% at a depth of 0.05 m 

i.e., the boundary condition.  When the time is increased to 40 min, the water content reaches 45% 

at a depth of 0.05 m i.e., the boundary condition. Therefore, it can be concluded that at a lower time 

i.e., quick process, the water content reaches a lower value. 
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Figure 4.42 Water content of SWS-2C against depth (Absorption). 

 
Figure 4.43 shows SWS-2C contours of capturing water from the atmosphere. The thickness 

also impacts the rate of absorption of porous material. The porous absorbs more water when the 

thickness of the porous is thinner. The contours show that initially, the material contains no moisture 

(blue color shows SWS-2C thickness). With time, the SWS-2C will absorb moisture from the 

atmosphere till it reaches the maximum level of humidity (indicated by the yellow color). Here, the 

water content ranges from 0.018 to 0.98.  Depth ranges from 0 to 0.05, and time in minutes varies 

from 0 to 400. 
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Figure 4.43 Three-dimensional water content of SWS-2C (Absorption). 

 

Figure 4.44 shows the absorbed water content of SWS-2EG against time (min) for three different 

thicknesses i.e., 0.03m, 0.04 m, and 0.07 m. For the time of 500 min, the water content of SWS-

2EG is near the boundary and reaches the value of 83% thickness of 0.03 m, and the maximum 

saturation rate achieved for the thickness of 0.04 m is 80%, and for thickness of 0.07 m, it is 75 %. 

Thus, as the thickness increases, the maximum saturation is lower and requires more time.  After 

1500 min, the saturation hydration rate achieved for all three thicknesses is approximately the same 

(~93%). Thus, it can be concluded that when the thickness is smaller, the water content of SWS-

2EG reaches a higher saturation point quickly.  
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Figure 4.44 Water content of SWS-2EG against time (Absorption). 

 
Figure 4.45 shows the water content of SWS-2EG against depth (m) for three different time 

durations i.e., 4, 15, and 60 min. It can be seen from the graph that the curves start at the boundary 

from the water content value of 93%. It is evident from the graph that at lower values of time, the 

hydration rate is reduced at a lower depth. For 4 min, the water content is reduced to 11% at a depth 

of 0.02m.  For 15 min, the water content is reduced to 26% at a depth of 0.02m. For a time of 60 

min, the water content is reduced to 50% at a depth of 0.02m. It can be seen from the graph that 

when the time is 4 min, the saturation rate reaches the value of 4% at a depth of 0.08m. When the 

time is increased to 15 min, the water content reaches 10% at a depth of 0.08m i.e., the boundary 

condition.  When the time is increased to 60 min, the water content reaches 26% at a depth of 0.08 

m i.e., the boundary condition. Therefore, it can be concluded that at a lower time i.e., quick process, 

the water content reaches a lower value. 

 



 83 

 

Figure 4.45 Water content of SWS-2EG against depth (Absorption). 

 
Figure 4.46 shows SWS-2EG contours of capturing water from the atmosphere. The thickness 

also impacts the rate of absorption of porous material. The porous absorbs more water when the 

thickness of the porous is thinner. The contours show that initially, the material contains no moisture 

(blue color shows SWS-2EG thickness). With time, the SWS-2EG will absorb moisture from the 

atmosphere till it reaches the maximum level of humidity (indicated by the yellow color). Here, the 

water content ranges from 0.016 to 0.93.  Depth ranges from 0 to 0.08 m, and time in minutes varies 

from 0 to 1500. 
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Figure 4.46 Three-dimensional water content of SWS-2EG (Absorption). 

 
4.3   Comparison Between Porous Materials 

In this section, time is standardized for comparing porous materials. In Figure 4.47, there are 

three gradients for three different porous materials. The first curve with the dark blue color shown 

explains copper chloride. The second curve with the red color shown describes copper sulfate. The 

third curve with the black shown defines magnesium sulfate. Points on these curves show at what 

time (in min) and how much water content is sorption in that material. It can be seen from the graph 

that copper chloride, among porous materials, has the highest initial value of water content as well 

as the saturation point. Thus, the rise in water content for material copper chloride is maximum and 

lies above all other materials shown. The water content of all three materials increases rapidly 

during the initial stage. Magnesium sulfate has a lower initial value than all other materials, but its 

saturation point exceeds the copper sulfate's saturation point. 
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Figure 4.47 Comparison between the porous material I (Absorption). 

 
Figure 4.48 shows five gradients for MnO2s. The first curve with the light green color shows 

MnO2-1. The second curve with the light blue color shows MnO2-2. The third curve with dark blue 

shows MnO2-3. The fourth curve with red shows MnO2-4. The fifth curve with pink shows MnO2-

5. Points on these curves show at what time (in min) and how much water content is sorption in that 

material. It can be seen from the graph that MnO2-5 has the lowest initial value of water content, 

about 0.001, as well as the saturation point, which is around 0.017. In addition, MnO2-4 has an 

initial water content value of approximately 0.0108 and a saturation point of about 0.04. 

Furthermore, MnO2-3 has the initial and saturation value of water content are about 0.038 and 0.09. 

MnO2-2 has the initial and saturation value of water content are approximately 0.06 and 0.12. 

MnO2-1 has an initial value close to MnO2-2's initial value, but its saturation point exceeded and 

reached around 0.18. 
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Figure 4.48 Comparison between the porous material II (Absorption). 

 
Figure 4.49 shows three gradients for SWSs. The first curve with the dark blue color describes 

SWS-2C. The second curve with the pink color shown describes SWS-2EG. The third curve with 

the light blue shown defines SWS-1L. Points on these curves indicate time in min and water content 

absorbed by porous materials. It can be seen from the graph that all the SWSs approximately have 

the same initial values; however, SWS-2C has the best water content, around 90%. Thus, the rise 

in water content for material SWS-2C is maximum and lies above all other materials shown. Then, 

SWS-2EG has a higher saturation point than SWS-1L, around 65%. 
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Figure 4.49 Comparison between the porous material III (Absorption). 

 
To compare and quantify the percentage change for porous materials during the absorption 

process, all porous materials were gathered together in Figure 4.50 below. It shows that SWS-2C 

has a low initial value, but it lies above all other materials. Variants of MnO2s show the lowest 

water content in a similar span. However, copper chloride has a percentage change of around 

25.31%. On the other hand, copper sulfate has a percentage change of approximately 16.44%, which 

is the lowest percentage change. Furthermore, magnesium sulfate has a percentage change of 

around 27.94%. 
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Figure 4.50 Comparison between the porous material (Absorption). 

4.4   Dehydration of Saturated Porous Materials 

Several parameters, such as thermal conductivity, specific heat capacity, thickness, and time, 

influence the rate of absorbed water dehydration when a particular amount of porous material is 

used. The comparison above divided the materials into three parts depending on the absorption 

behavior; as a result, one material was chosen from each category to apply the dehydration model. 

As a result, the simulated dehydrated water for porous materials is shown in this section, along with 

the depth (m), time (min), and Heat (K).  

Figure 4.51 shows the absorbed water of copper chloride against heat (K) for three different time 

durations i.e., 30, 20, and 10 min. It can be seen from the graph that the curves start at the boundary 

from the water content value of 100%. It is evident from the graph that as heat increases, water 

content decreases; thus, it has an opposite relationship. It is clear from the graph that at higher values 

of time, the dehydration rate is increased at a higher heat. For 30 min, the water content is reduced 



 89 

to 89% at the heat of 320 K. For 20 min, the water content is reduced to 90.5% at the heat of 320 

K. For 10 min, the water content is reduced to 92% at the heat of 320 K. Therefore, when the heat 

reached 370.2 K, water content at 10 min reached around 90%, at time 20 min reached ~88%, and 

at 30 min reached ~86.5%. 

 

Figure 4.51 Dehydration of copper chloride. 

 
Figure 4.52 shows the heat (K) of copper chloride against time (min) for three different 

thicknesses i.e., 0.4, 0.03, and 0.02 m. It is evident from the graph that a lower thickness reached a 

higher heat faster. Thus, for the thickness of 0.4 m, the heat is increased to 305 K at 50 min. 

However, for the thickness of 0.03 m, the heat is increased to 310 K at 50 min. As well as, for the 

thickness of 0.02 m, the heat is increased to 325 K at 50 min. In addition, at a time of 200 min: the 

thickness of 0.02 m reached 370 K, the thickness of 0.03 m reached 345 K, and the thickness of 0.4 

m reached 325 K. 



 90 

 

Figure 4.52 Heat (K) Vs. Time (m) of copper chloride. 

 
Figure 4.53 shows the water content of copper chloride against time (min) for three different 

thicknesses, i.e., 0.004 m, 0.008 m, and 0.012 m. It can be seen from the graph that the curves start 

at the boundary from the water content value of 100%. It is evident from the graph that the water 

content decreases over time during the dehydration process. It can be seen in the graph that after 

the time of 50 min; with a thickness of 0.004 m, the water content is decreased to the point of 81%, 

for the thickness of 0.008 m, the water content is reduced to the point of 84%, and in the case of 

thickness of 0.012 m, the water content is decreased to the point of ~86%. However, after 200 min, 

the water content decreased to 81%, 83%, and 81% at a thickness of 0.004, 0.008, and 0.012 m. 

Thus, it can be concluded that when the thickness is smaller, the water content reaches a dehydration 

point quickly. 
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Figure 4.53 Dehydration of copper chloride over time. 

 
Figure 4.54 shows a three-dimensional surface plot mapping three variables: dehydrated water 

content (θ) of copper chloride, time (min), and heat (K). Here, the dry water content ranges from 

0.8 to 1. heat ranges from 300 to 370 K, and time in minutes varies from 0 to 200. It is clear from 

the graph that a thinner layer of material heats more quickly than a thicker one. On top of that, it is 

clear from this graph that the amount of water present reduces over time as the dehydration process 

continues. 
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Figure 4.54 Three-dimensional of water content of copper chloride (Dehydration) (a). 

 
Figure 4.55 shows a three-dimensional surface plot mapping three variables: dehydrated water 

content (θ) of copper chloride, time (min), and depth (m). Here, the dry water content ranges from 

0.8 to 1. Depth ranges from 0 to 0.4, and time in minutes varies from 0 to 200. The graph shows 

that the amount of water in the porous material reduces over time as the dehydration process 

progresses. Further, the water content reached a dehydration threshold much more rapidly when the 

depth was less. 
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Figure 4.55 Three-dimensional of water content of copper chloride (Dehydration) (b). 

 
Figure 4.56 shows the absorbed water of SWS-1L against heat (K) for three different time 

durations i.e., 60, 40, and 20 min. It can be seen from the graph that the curves start at the boundary 

from the water content value of 95%. It is evident from the graph that as heat increases, the water 

content decreases; thus, it has an opposite relationship. It is clear from the graph that at higher values 

of time, the dehydration rate is increased at a higher heat. For 60 min, the water content is reduced 

to 20% at the heat of 330 K. For 40 min, the water content is reduced to 35% at the heat of 330 K. 

For 20 min, the water content is reduced to 55% at the heat of 330 K. Therefore, when the heat 

reached 370.3 K, water content at 20 min reached around 25%, at time 40 min reached ~20%, and 

at 60 min reached ~10%. 
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Figure 4.56 Dehydration of SWS-1L. 

 

Figure 4.57 shows the heat (K) of SWS-1L against time (min) for three different thicknesses i.e., 

0.09, 0.08, and 0.07 m. It is evident from the graph that a lower thickness reached a higher heat 

faster. Thus, for the thickness of 0.09 m, the heat is increased to 321 K at the time of 100 min. 

However, for the thickness of 0.08 m, the heat is increased to 325 K at the time of 100 min. As well 

as, for the thickness of 0.07 m, the heat is increased to around 330 K at 100 min. In addition, at a 

time of 400 min: the thickness of 0.07 m reached about 375 K, the thickness of 0.08 m reached 360 

K, and the thickness of 0.09 m reached 340 K. 
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Figure 4.57 Heat (K) Vs. Time (m) for SWS-1L. 

 
Figure 4.58 shows the water content of SWS-1L against time (min) for three different 

thicknesses, i.e., 0.01 m, 0.03 m, and 0.04 m. It can be seen from the graph that the curves start at 

the boundary from the water content value of 95%. It is evident from the graph that the water content 

decreases over time during the dehydration process. It can be seen in the graph that after the time 

of 100 min; with a thickness of 0.01 m, the water content is decreased to the point of 10% and 

stayed at this level until it reached 400 min, for the thickness of 0.03 m, the water content is reduced 

to the point of 23%. In the case of a thickness of 0.04 m, the water content is decreased to 60%. 

However, after 400 min, the water content decreased to 18% and 23% at a thickness of 0.03 and 

0.04 m. Thus, it can be concluded that when the thickness is smaller, the water content reaches a 

dehydration point quickly. 
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Figure 4.58 Dehydration of SWS-1L over time. 

 
Figure 4.59 shows a three-dimensional surface plot mapping three variables: dehydrated water 

content (θ) of SWS-1L, time (min), and heat (K). Here, the dry water content ranges from 0.043 to 

0.95. heat ranges from 320 to 372 K, and time in minutes varies from 0 to 400. It is clear from the 

graph that a thinner layer of material heats more quickly than a thicker one. On top of that, it is clear 

from this graph that the amount of water present reduces over time as the dehydration process 

continues. 
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Figure 4.59 Three-dimensional of water content of SWS-1L (Dehydration) (a). 

 
Figure 4.60 shows a three-dimensional surface plot mapping three variables: dehydrated water 

content (θ) of SWS-1L, time (min), and depth (m). Here, the dry water content ranges from 0.043 

to 0.95. Depth ranges from 0 to 0.1, and time in minutes varies from 0 to 400. The graph shows that 

the amount of water in the porous material reduces over time as the dehydration process progresses. 

Further, the water content reached a dehydration threshold much more rapidly when the depth was 

less. 
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Figure 4.60 Three-dimensional of water content of SWS-1L (Dehydration) (b). 

 
 

Figure 4.61 shows the absorbed water of MnO2-1 against heat (K) for three different time 

durations i.e., 15, 41, and 5 min. It can be seen from the graph that the curves start at the boundary 

from the water content value of 20%. It is evident from the graph that as heat increases, the water 

content decreases; thus, it has an opposite relationship. It is clear from the graph that at higher values 

of time, the dehydration rate is increased at a higher heat. For 15 min, the water content is reduced 

to 10% at the heat of 330 K. For 10 min, the water content is reduced to 11% at the heat of 330 K. 

For the time of 5 min, the water content is reduced to 14% at the heat of 330 K. Therefore, when 

the heat reached 370.3 K, water content at 5 min reached around 11%, 10 min reached ~9%, and 

15 min reached ~7.5%. 
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Figure 4.61 Dehydration of MnO2-1. 

 
Figure 4.62 shows the heat (K) of MnO2-1 against time (min) for three different thicknesses i.e., 

0.09, 0.08, and 0.07 m. It is evident from the graph that a lower thickness reached a higher heat 

faster. Thus, for the thickness of 0.09 m, the heat is increased to 330 K at 20 min. However, for the 

thickness of 0.08 m, the heat is increased to 335 K at the time of 20 min. As well as, for the thickness 

of 0.07 m, the heat is increased to around 340 K at the time of 20 min. In addition, at a time of 100 

min: the thickness of 0.07 m reached about 370 K, the thickness of 0.08 m reached 365 K, and the 

thickness of 0.09 m reached around 360 K. 
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Figure 4.62 Heat (K) Vs. Time (m) for MnO2-1. 

 
Figure 4.63 shows the water content of MnO2-1 against time (min) for three different 

thicknesses, i.e., 0.01 m, 0.02 m, and 0.03 m. It can be seen from the graph that the curves start at 

the boundary from the water content value of 20%. It is evident from the graph that the water content 

decreases over time during the dehydration process. It can be seen in the graph that after the time 

of 20 min; with a thickness of 0.01 m, the water content is decreased to the point of 7%, for the 

thickness of 0.02 m, the water content is reduced to the point of 8%, and in the case of thickness of 

0.03 m, the water content is decreased to the point of 10%. However, after 100 min, the water 

content reduced to 6%, 7%, and 8% at a thickness of 0.01, 0.02, and 0.03 m. Thus, it can be 

concluded that when the thickness is smaller, the water content reaches a dehydration point quickly. 
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Figure 4.63 Dehydration of MnO2-1 over time. 

 
Figure 4.64 shows a three-dimensional surface plot mapping three variables: dehydrated water 

content (θ) of MnO2-1, time (min), and heat (K). Here, the dry water content ranges from 0.05 to 

0.2. heat ranges from 320 to 370 K, and time in minutes varies from 0 to 100. It is clear from the 

graph that a thinner layer of material heats more quickly than a thicker one. On top of that, it is clear 

from this graph that the amount of water present reduces over time as the dehydration process 

continues. 
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Figure 4.64 Three-dimensional of water content of MnO2-1 (Dehydration) (a). 

 
Figure 4.65 shows a three-dimensional surface plot mapping three variables: dehydrated water 

content (θ) of MnO2-1, time (min), and depth (m). Here, the dry water content ranges from 0.05 to 

0.2. Depth ranges from 0 to 0.08, and time in minutes varies from 0 to 100. The graph shows that 

the amount of water in the porous material reduces over time as the dehydration process progresses. 

Further, the water content reached a dehydration threshold much more rapidly when the depth was 

less. 
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Figure 4.65 Three-dimensional of water content of MnO2-1 (Dehydration) (b). 

 
The three porous materials were collected together in Figure 4.66 to compare and quantify the 

percentage change for each porous material throughout the dehydration process. SWS-1L has the 

largest percentage change, at roughly 2109.3%, while copper chloride has the lowest, at around 

25.32%. MnO2-1, on the other hand, has a percentage change of approximately 264.15%. 
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Figure 4.66 Comparison between the porous material (Dehydration). 
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5. Chapter 5: Conclusion and Recommendation 
 
5.1   Conclusion 

Harvesting water from the atmosphere is becoming the most viable option for supplying 

freshwater as water is abundant in the atmosphere. Porous materials in HAW are the preferred 

means of water extraction from the atmosphere. The designs require little energy, are 

environmentally friendly, and are cheap. However, the efficiency of an atmospheric water 

harvesting system depends on relative humidity, temperature, water sorption capacity based on the 

adsorption phenomenon, and other factors. This thesis developed a reliable mathematical model for 

water moisture absorption by porous materials to simulate and analyze HAW harvesting. In 

addition, a mathematical model for the dehydration of absorbed moisture from porous materials 

was established. A collection of governing partial differential equations, including the conservation 

mass equation, momentum equation (Darcy's law), heat (energy) equation, associated 

parameterizations, and initial/boundary conditions, make up the mathematical model. The model 

also includes phase-change gas-liquid physics, which simulates a two-phase fluid flow. The 

mathematical model was numerically solved. Different times, thicknesses, and other crucial 

characteristics are considered in the simulated model. A dataset compiled from the literature 

containing 11 porous materials has been tested to produce water from the air. A series of empirical 

models to relate relative humidity and water content have been proposed and combined with the 

governing to close the mathematical system. A comparison with experimental results was also made 

to demonstrate the simulation model's validity, and the relative error was computed. The findings 

reveal that the mathematical model proposed accurately predicts water content during the 

absorption and dehydration processes. 

Furthermore, the simulation findings demonstrate that when the depth is smaller during the 

absorption process, the water content reaches a greater saturation point fast, i.e., quick process. 

However, a lesser thickness achieves a higher heat more quickly during the dehydration process, 

and as heat increases, the water content drops; hence, the water content reduces over time. Finally, 

the HAW model's highest average error is roughly 4.43% compared to experimental data observed 

in MnO2-2. As a result, the HAW model is appropriate. 
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5.2   Recommendations 

The increment in global population associated with the radical change within the climate reduces 

the source of drinking water. Besides, the layer of groundwater is also decreasing day by day. 

Consequently, the population requires as many as possible alternative sources, as water is the 

planet's lifeline. This section suggests a prototype for the HAW model. The proposal prototype 

depends on porous material, electric heater, and host material. The prototype consists of a tank that 

expresses a host material that fills with a porous material. The first phase requires modifying the 

heater by using a sensory system that makes the cover open when the electricity supply is 

disconnected to let porous material absorb relative humidity (Figure 5.1). In addition, after the 

porous material has been saturated, the cover will be closed. After connecting with an electric 

socket, the heater will automatically start to work and cause evaporation of the water content 

residing within the porous material. After a certain period, the evaporated water content will be 

deposited within a tank. Fresh drinking water will start to tip from the system's outlet using a 

drainage system (Figure 5.2). The solution is perfect for a small family or an office with 5-10 

employees. But, thinking bigger can save a significant amount of people. In addition, it is 

environmentally friendly, and it is straight and simple. 

 

Figure 5.1 Harvesting Atmospheric Water Prototype (a). 
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Figure 5.2 Harvesting Atmospheric Water Prototype (b). 
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Abstract—Access to freshwater is becoming increasingly 
difficult due to a lack of sources, such as lakes, rivers, and 
groundwater. To resolve water scarcity, Harvesting Atmospheric 
Water (HAW) has emerged as a promising alternative water 
source, particularly for arid areas. However, the efficiency of an 
atmospheric water harvesting system depends on relative 
humidity, temperature, water sorption capacity based on the 
adsorption phenomenon, and other factors. This paper aims to 
develop a mathematical model to simulate and analyze 
atmospheric water harvesting using copper chloride. The 
simulation results show that the proposed mathematical modeling 
predicts well the water content. The water content reaches 
saturation at different times, depending on the depth. 

Keywords—Atmospheric water, porous material, water content, 
relative humidity. 

I. INTRODUCTION AND LITERATURE REVIEW 
Climate change is modifying weather and water patterns 

globally, which has resulted in water scarcity and drought in 
some areas of the world and flooding in some other areas. At the 
current scenario and trend, UNICEF [1] reported that by 2025 
two-thirds of the world's population will be affected by water 
scarcity while all ecosystems worldwide will suffer much more. 
Furthermore, the recent COVID-19 pandemic has highlighted 
the crucial role of sanitation, hygiene, and proper access to clean 
water. The UN reported that in 2020, 26% of people lack safely 
managed drinking water, 46% lack safely managed sanitation, 
and 29% lack basic hygiene [2]. For many years, the United 
Nations (UN) has addressed the global challenge created by the 
lack of water supply and increased water resources for humans, 
agriculture, and industry. These activities started by the UN-
Water Conference back in 1977, followed by many summits and 
actions related to water supply, sanitation, environment, water 
for sustainable development, and finally the 2030 agenda for 
Sustainable Development Goals (SDG) with SDG6 "Ensure 
availability and sustainable management of water and sanitation 
for all." In a report published on July 2021 [3], the 
WHO/UNICEF estimated that billions of people will lack access 
to safe drinking water, sanitation, and hygiene services by 2030 
unless progress towards achieving universal access to water and 
sanitation is quadrupled. The report noted some progress as the 
global population using safe drinking water increased from 70% 
to 74% between 2016 and 2020. 

To resolve water scarcity, the scientific community is 
exploring three main techniques: groundwater extraction, 
desalination of saltwater, and rainwater collection [4]. All these 
techniques require the availability of liquid water; however, in 
areas where there is a lack of liquid water, harvesting water from 
the atmosphere becomes the most viable option for supplying 
freshwater as water is abundant in the atmosphere. Researchers 
actively proposed different experimental techniques to reduce 
water shortages [5], [6]. Desalination technology requires an 
accessible brackish water source and specialized personnel for 
operation and maintenance, limiting the technologies' 
application circumstances [7]. Harvesting water from the 
atmosphere, on the other hand, is possible anywhere powered by 
a local renewable energy source, particularly in desert places 
such as Saudi Arabia [8]. Sultan et al.[9] compared the two 
methods, including vapor compression and adsorption, and 
found that Atmospheric Water Harvesting (AWH) through 
adsorption is cheaper, ecologically friendly, and requires low 
thermal energy. Adeyaniun [10] developed a device for AWH to 
extract water molecules, change the phase to liquid from vapor 
while involving air concentration through a porous, particularly 
solid. Another device to extract water from the air using 
adsorption materials was developed by Sleiti et al. [11]. The 
harvester produced 800 ml for a 25 mm thickness, but the device 
still needs some improvements, as reported by the authors. Li 
and Shi et al. [12] used anhydrous salts copper chloride, copper 
sulfate, and magnesium sulfate with very low humidity (15%). 
Other technologies used sorption technology, condensation 
technology, and hybrid technology [13]. But, limited success has 
been produced when harvesting water vapor from low relative 
humidity. Recently, Sibie et al. [14] investigated different 
anhydrous salts such as magnesium sulfate, copper chloride, and 
copper sulfate to simulate and model the water absorption 
capacities. The study compared and modeled the results with 
experimental results under static and dynamic relative humidity. 
Many other techniques have been attempted to harvest water 
from the atmosphere; however, to the best of the authors' 
knowledge, no numerical simulation has been devoted to 
analyzing atmospheric water harvesting using porous materials. 
This paper aims to build a robust mathematical model to 
simulate and analyze atmospheric water harvesting (AWH) 
using copper chloride. The remainder of the present paper is 
structured as follows: section two outlines the research 
methodology and presents the mathematical modeling; section 



 117 

 
 
 

This paper aims to build a robust mathematical model to 
simulate and analyze atmospheric water harvesting (AWH) 
using copper chloride. The remainder of the present paper is 
structured as follows: section two outlines the research 
methodology and presents the mathematical modeling; section 
three outlines the findings and discussion, and section four 
highlights the major conclusions of the study. 

I. MATHEMATICAL MODELING 
A mathematical model has been constructed to describe 

water moisture absorption. The governing equations, including 
conservation equations and associated parameterizations, were 
developed using porous materials to represent water moisture 
absorption. Milly's equations [15] are introduced to describe the 
total moisture balance; then, the two-phase harvesting 
atmospheric water model is built on this foundation (liquid, 
vapor). 

The quantity of moisture in a porous medium, i.e., water in 
liquid and/or vapor phase, is expressed in terms of volumetric 
moisture content. Since water exists in both liquid and gaseous 
phases, in porous media, the overall moisture balance is 
expressed according to Milly [15],  

																									 "
"#
(ρ&θ + ρ)θ*) = − "

".
q0																											(1)	

where ρ&(kgm45) is the density of the liquid water, 
ρ)	(kgm45)is the density of water vapor, θ the volumetric water 
content, θ* the gas phase volumetric air content, z is the vertical 
space coordinate positive upwards, and finally, 
q0	(Kg	m47s49) represents the porous moisture flux in both 
vapor and liquid phases. The water vapor and formed water 
liquid flow in the porous material can be described by the 
contribution of two terms, Fick's first law of diffusion and 
Darcy's law, and given by [16], 

q0 = q& + q) = −ρ&k
":

".
− D<

"=>
".

                          (2) 

where q& is the liquid flux (Kg	m47s49), q)  is the vapor flux 
(Kg	m47s49), k is the hydraulic conductivity (m	s49), h is the 
hydraulic head (m), and D<	  is molecular diffusivity of water 
vapor ((m7s49). The liquid flow is represented by the first term 
on the right-hand side (RHS) in equation (2). Because water 
vapor density is a function of matric potential and temperature, 
the last part in the equation reflects the water vapor flow. We 
consider the isothermal case only. Since the independent and 
dependent variables are linked, we introduced a 
parameterization equation for the gas and liquid phases. 

The relationship between relative humidity and the hydraulic 
head is described by Philip and De Vries [17], 

                         H@ = exp D
:E

FGH
I                                      (3) 

where RK is the specific gas constant for water vapor (4615.5 
JKg49K49), g is the gravitational acceleration (ms47), and T is 
the temperature (K). Applying the chain rule of equation (3) 
yields,  
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= FGH

EMN

"MN
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                                        (4) 

For the gas phase, the density of water vapor, ρK  is 
calculated using Philip and De Vries' formula [17], 

                         ρK = ρOKH@                                     (5) 
where  ρOK (kgm45) is the density of the saturated water vapor 
and H@ is the relative humidity. The saturated vapor density is a 
temperature-dependent quantity that may be determined using 
the following formula [18], 

ρOK =
9PQR

H
exp D31.3716 −

XP9Y.Z[

H
− 7.92495 × 1045TI   (6) 

The water vapor diffusivity in porous materials, D< , is 
defined by Milly and Eagleson [19], 

               D< = θ*D*                              (7) 

where D* (m7s49) is the water vapor diffusivity in the air at a 
temperature T (K) [20], 

D* = 2.12 × 104c D
H

7Z5.9c
I
7
                    (8) 

To create a relationship between the relative humidity and 
the water content, we used the work of Li et al. [12]. Using the 
appropriate best-fit formula for the relative humidity and water 
content is given by, 

H@ = 3227.1θ5 − 7724.1θ7 + 6158.8θ − 1635.2      (9) 
 

A. Initial and Boundary Conditions 
At the initial time t = 0 for all z, the water content fulfills 

initial conditions of the form, 

g(h, j = 0) = gP                              (10) 

such that values of gP = 0.8 [21]. 
Furthermore, solution components require the following 

boundary conditions: 

g(h = 0, j) = gkl                              (11) 

where 

g#m = 0.98 
This boundary condition is a Neumann type and represents 

no flow boundary. 
no

np
(h = q, j) = 0                               (12) 

II. RESULT AND DISCUSSION 
The above mathematical equations along with initial and 

boundary conditions are solved numerically using the built-in 
MATLAB Code “pdepe” (parabolic and elliptic) [21] in which 
the Galerkin finite element method has been implemented. The 
moisture absorption for copper chloride (CuCl2) is considered. 
The model has been validated against reproduced experimental 
results [22], as shown in Fig. 1 with good agreement. The 
physical parameters that were used in the model have been 
presented in Table I. 
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Fig. 1. Comparison with experimental results of copper chloride.  

TABLE I.  PHYSICAL PARAMETERS 

Parameter Symbol Unit Value 
Depth L [m] 0.02 

Hydraulic Conductivity K [m	s%&] 5.5556 × 10%&& 
Time t [min] 100 

Density of Water ρ/ [kgm%2] 997 

Temperature T [K] 320 

Porosity ε [-] 0.37 

 

The water content of copper chloride against time [min] with 

different depths has been shown in Fig. 2. As seen in the graph, 

close to the boundary with a depth of 0.002 m, the water content 

became very close to the saturation point (~95%) after 11 min. 

Also, at a depth of 0.003 m, the maximum saturation hydration 

rate was around 94% after 22 min. Moreover, after 30 min, the 

maximum saturation of 90% had obtained at depth 0.005 m. 

However, after 100 min, at 0.002 m, the water content reached 

saturation point (~98%), at a depth of 0.003 m  had received the 

maximum saturation hydration rate of around 97% and the 

maximum saturation of 96% had obtained at depth 0.005 m. In 

conclusion, the water content reaches the highest saturation 

point faster at a smaller depth.  

 

Fig. 2. Water vapor absorption curve of CuCl2. 

The relationship between water content and relative 

humidity is conducted to thoroughly investigate the water vapor 

absorption capabilities. Fig. 3 describes the water content versus 

relative humidity of copper chloride. An increase in the relative 

humidity led to growth in the water content. The increase in 

relative humidity slowed down after it reached 50% while the 

water content continued to grow until it reached saturation 

(97%). 

 

Fig. 3. Water Content vs. Relative Humidity of CuCl2. 

Fig. 4 shows the water content of copper chloride as a 

function of depth. The graph shows that the water content 

decreased rapidly while increased depth, but at a certain point, 

the water content became almost constant. 

 

Fig. 4. Water Content vs. Depth of CuCl2. 

I. CONCLUSION 

Groundwater extraction, desalination of saltwater, and 

rainwater collecting are three of the key strategies being 

investigated by the scientific community to resolve water 

scarcity in the world. Harvesting water from the atmosphere is 

becoming the most viable option for supplying freshwater as 

water is abundant in the atmosphere. Access to freshwater is 

becoming easier using Harvesting Atmospheric Water (HAW) 

has emerged as a promising alternative water source,
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      particularly for arid areas. The use of porous materials in 
AWH is the preferred means of water extraction from the 
atmosphere for various reasons. For instance, the designs require 
little energy, are environmentally friendly, and are cheap. The 
studies are also making the systems more competitive than the 
existing ones. However, the efficiency of an atmospheric water 
harvesting system depends on relative humidity, temperature, 
water sorption capacity based on the adsorption phenomenon, 
and other factors. This paper investigated the new technique of 
Atmospheric Water Harvesting (AWH) by building a robust 
mathematical model describing the water moisture absorption 
using porous materials. The governing equations including 
conservation equations and associated parameterizations were 
developed to represent water moisture absorption considering 
different scenarios and case studies. Different times and depths 
were supplied on the estimated model to show the impact of the 
main parameters on the simulated model utilizing copper 
chloride. Based on the results of water content versus time, after 
100 minutes, the water content in copper chloride reached 
saturation (98%). Furthermore, depths had a substantial impact 
on the absorption rates of the salt. The salt absorbs more 
moisture at a shallower depth (closer to the surface). The 
simulation results show that the proposed mathematical 
modeling predicts well the water content. More work is being 
done to simulate and analyze atmospheric water harvesting 
using other types of salts, such as magnesium sulfate and copper 
sulfate, and to compare the results of the current computed 
model with experimental laboratory results, as well as to 
perform sensitivity analysis on these three salts to see how 
depths, porosities, hydraulic conductivities, temperatures, and 
relative humidity affect moisture absorption. 
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