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Abstract

Nowadays, atmospheric water harvesting (AWH) became very essential to 
provide fresh potable water. This technique is in practice since 1900 (US661944A) 
by Edger S. Belden. Atmospheric water is a source of freshwater with 13000 trillion 
liters availability of water at any time and can be utilized in overcoming water short-
age, especially in arid and rural areas. It holds up the water molecules in the form of 
vapors and accounts for adding 10% of all freshwater present on the earth. Mainly, 
the two most common methods have been used for the extraction of atmospheric 
water. First, the ambient air is cooled below the dew point temperature, and second 
in which the moisture in atmospheric air is adsorbed/absorbed using desiccant 
materials. Conventional vapor compression, thermoelectric cooling, dew, and fog 
water harvesting based systems/technologies possess some limits in terms of energy 
requirements, less efficiency, and high cost. However, the adsorption based AWH 
technology is relatively cheaper, environment friendly, and can be operated by a low-
grade thermal energy source. The limited availability of commercial instruments to 
harvest atmospheric water using adsorbents indicates a lack of fundamental studies. 
The fundamental research on water adsorption, adsorption kinetics, regeneration 
conditions, and water collecting surface designs has not gained as much interest 
as required in the field of atmospheric water harvesting. In this regard, this book 
chapter discusses and presents the progress in the field of adsorbent materials and 
system designs along with the future directions to accelerate the commercialization 
of this technology.

Keywords: adsorption, desiccant dehumidification, atmospheric water harvesting, 
energy-efficient adsorbents, thermal energy, condensation

1. Introduction

Globally, water scarcity is considered one of the prime issues in the upcoming 
decades. Almost 2.1 billion people are lacking access to clean and fresh water [1]. 
Figure 1 shows the water-stressed areas in the world. Middle East, Asia, South 
America, and some parts of Africa face water scarcity. Therefore, many studies 
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have been investigated to supply enough water with cheaper, and portable meth-
ods [3, 4]. These methods include desalination, wastewater treatment, sewage 
recycling, and water harvesting from the atmosphere. The energy consumption 
in desalination systems is very high that is almost 50% of the cost, and make 
this technology inappropriate in most situations [5]. Also, seawater desalination 
is not suitable for remote areas and has many environmental problems. Thus, 
portable systems with less energy consumption are needed. Atmospheric water 
harvesting can be considered as a potential resource of fresh water in remote areas 
[6]. For this purpose, many researchers have introduced innovations for water 
production from humid air technology. This can be done by many ways i.e., using 
vapor compression cycle (VCC) [7–10], thermoelectric cooling (TEC) [11, 12], 

Figure 2. 
Summary of various technologies for water production from humid air available in the literature [28].

Figure 1. 
World map showing the water-stressed areas by 2040 reproduced from [2].
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absorption/adsorption refrigeration [13, 14], wind power with VCC [15], using 
solar chimneys [16, 17], using membranes [18, 19], and using adsorbent materials 
[20–27]. Figure 2 summarized the various technologies investigated in the litera-
ture for producing water from the humid air. The purpose of all these technologies 
is to produce water and are using worldwide depending on the conditions and the 
requirements. Among all these technologies, desiccant based atmospheric water 
harvesting (AWH) shows a great potential to extract enough amount of drinkable 
water with less energy consumption [6]. The adsorption based AWH is possible in 
dry and desert regions with the lowest relative humidity. This technology utilizes 
renewable energy sources (solar, wind, and low-grade biomass) which ultimately 
lead towards the cheapest and most efficient systems. This chapter focuses on 
the fundamentals and principles of adsorption based AWH. The progress and 
perspectives and associated adsorption based AWH systems are also discussed in 
this study. Moreover, energy-efficient desiccant materials along with the recently 
developed new generation MOFs for AWH are also highlighted in this study. The 
main purpose of this chapter is to introduce the importance of AWH by employing 
various efficient desiccant materials.

2. Atmospheric water harvesting

2.1 Conventional AWH

Atmospheric water harvesting could be considered as a huge renewable source 
of water that can provide enough amount of water, but unfortunately is ignored 
[29]. Conventional water harvesting was started first when a Russian forester built 
a stone condenser during 1905 and 1912 and was considered as the early Greek dew 
condenser [30, 31]. Ziebold tested with this type of condenser and named as “the 
aerial wells”, but unfortunately, this project was failed and the expected amount of 
water was not produced due to the low thermal conductivity and low heat capac-
ity [32]. In 1957, a review was carried out on the absorption of water by the plants 
[33]. Since then several studies have been carried out focusing on the fog and dew 
harvesting by the plants and animals [34].

2.2 Modern AWH

Modern AWH shifted towards the innovations, methods, and technologies 
that can provide a significant amount of water in remote areas [35]. As mentioned 
earlier in the introduction section, various new methods have been proposed for 
AWH i.e., VCC, TEC, using membrane and adsorbent materials. Among these, the 
fog water was first collected with the help of nets in 1956 [36]. Shi et al. replaced 
these traditional meshes with vertically arranged wires to avoid the problems of 
clogging [37]. Dew water collection considered as the alternative approach because 
it is not majorly affected by climatic conditions and can provide water in most of 
the ambient environment [38]. A lot of advancements have been done in the designs 
of active condensers after the commercialization of mechanical refrigerators in 
the 1980s. The desiccant based dew water harvesting was taken into consideration 
in the Nineteenth century, in which the various desiccant materials capture the 
moisture from the atmosphere during the night, and then releases the moisture in 
vapor form during the day. This method has been proved the most energy-efficient 
and reliable technology because it employs solar energy and can provide water 
anywhere and anytime in the world.
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3. Water vapor parameters in atmospheric air

Atmospheric air is a mixture of nitrogen, oxygen, and argon gas, and water 
vapors with varying contents. The relative humidity (Φ), absolute humidity (ω), 
and the dew point temperature (Td) are considered as the most essential parameters 
of the air which can be used as the source of water. The relative humidity (Φ) 
represents the ratio of the partial pressure of water vapor (Pw) to the saturation 
pressure (Ps), while the absolute humidity (ω) represents the maximum amount 
of water that can be extracted from the air. The relative humidity can be expressed 
using (Eq. (1)) found in the literature [39, 40].

 
( )
w

s

P

P T
Φ =  (1)

where, Φ represents the relative humidity, Pw denotes the partial pressure of 
water vapor, and Ps represents the saturation pressure. The relation between relative 
humidity, absolute humidity, temperature, and total air pressure can be described 
using (Eq. (2)) found in the literature [40].
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The dew point temperature (Td) can be determined from (Eq. (2)) by solving for 
T at Φ = 1 for given air pressure and absolute humidity. The water vapor saturation 
pressure (Ps) at any temperature (T) can be described using (Eq. (3)), while the 
total air pressure (P) can be described using (Eq. (4)) found in the literature [40].
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 a wP P P= +  (4)

Total air pressure (P) is the sum of the partial pressure of dry air (Pa) and the 
vapor pressure of water in the air (Pw). The moist air enthalpy can be described 
using (Eqs. (5)–(7)) given in the literature [40].

 a wvH H Hω= +  (5)

 ,a p aH C T=  (6)

 ( ) ,0wv wv p wvH H C C T= ° +  (7)

where Ha term represents the enthalpy of dry air, Hwv term represents the enthalpy 
of the presence of water vapor, and Cp,a denotes the heat capacity of air (kJ kg−1 C).

4. Principles of adsorption based AWH

Adsorption based AWH is unique in its way that it utilizes the desiccant materi-
als to capture water vapors from the air and shows higher thermal efficiencies as 
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compared to the traditional AWH systems. The main advantage is that the desic-
cant materials can be regenerated by solar thermal energy and the condensation 
process can occur at ambient conditions [41, 42]. Figure 3 shows the adsorption 
based AWH process which consists of two stages. In the first stage, the desiccant 
material in contact with the ambient air at night which adsorbs the water vapors. 
In the second stage, the desiccant material is packed into a closed system where a 
significant amount of heat is provided to regenerate the desiccant material. Due to 
the regeneration process, the material desorbs the water vapors, and the collected 
vapors will be condensed into liquid form. With this approach, the AWH can be 
possible in low relative humidity areas. A lot of advancement has been done in the 
material designs, and system developments. Figure 4 shows the dual-stage AWH 
device mechanism and prototype introduced in the literature [44]. A novelty in this 
device was that two adsorbent layers were used to improve the water production 
per day. The latent of condensation from the upper stage was used for the desorp-
tion purpose of the bottom stage. With this approach, the thermal efficiency can 
be improved, and this system can become more suitable for daily purposes. AQSOA 
Z01, zeolite material was experimentally tested and showed that a prototype can 
harvest up to 0.77 L/m2/day with an 18% increase as compared to the single-stage 
AWH device [44]. The results found that a temperature of 90°C on the solar 
absorber area can give a maximum water production for AQSOA Z01.

Figure 3. 
Adsorption-based AWH process consists of two stages. (a) Adsorption stage (water vapors from the ambient 
air adsorbed in the adsorbent). (b) Desorption stage (water vapors desorbed from the adsorbent and condensed 
into liquid form) [43].

Figure 4. 
Illustration of dual stage adsorption based AWH device. (a) Mechanism of dual stage adsorption based 
AWH in which adsorption process occurs during night when ambient air in contact with the adsorbent layer, 
while the desorption process occurs during day when device is closed, and heat is supplied to regenerate the 
adsorbent layer. (b) Dual stage AWH prototype consists of convection cover, solar absorber, adsorbent layer, 
and condenser [44].
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5. Progress and perspectives in adsorption based AWH

Adsorption based AWH is a vital technology that can provide cost-effective 
water in arid areas. The vapor concentration in this technology can be achieved 
through desiccant materials which ad/absorb and desorb the water vapors from the 
air [45]. In this context, efficient desiccant materials are a key research priority and 
various materials have been developed. First, it was believed that the solid desiccant 
AWH systems can extract enough amount of water but requires a large amount of 
material which makes these systems very expensive [46]. Also, the operating costs 
of air blowers to circulate the air for both adsorption and desorption purposes make 
this system less attractive. However, the development of next-generation MOFs, 
nano-porous organic materials, and various composite desiccant materials shows 
great potential for AWH systems. Figure 5 shows the recent progress in adsorp-
tion based AWH systems. Ideal desiccant material should possess the required 
properties of stability, hydrophilicity, and pore diameter. Adsorption capacities 
and densities are of great importance in any practical application [51, 52]. The 
desiccant materials with type IV and type V isotherms are most suitable for this 
application [43]. During the adsorption process, the materials adsorption capacity 
should linearly increase with relative humidity, while in the desorption process, 
the materials desorption capacity should drop steeply with the increased tempera-
ture. In this regard, progress has been made and Kallenberger et al. developed a 
composite material by incorporating the calcium chloride into an alginate-derived 
matrix [53]. The water uptake capacity of this material was almost linear with 
relative humidity and when adsorption temperature increases to 65°C, the water 
uptake capacity drops which shows that the desiccant material can be regenerated 
at low temperatures. Also, recently developed MOFs show this type of flexibility to 
harvest enough amount of water at the lowest relative humidity conditions [27, 54]. 
After the desorption process, the inlet air of the condenser is the outlet air of the 
desorber. It is worth noting that both the desorption and condensation temperature 

Figure 5. 
Adsorption based AWH systems published in the literature. (a) Solar glass desiccant box type system [47]. 
(b and c) MOFs based AWH systems [48, 49]. (d) Packed columns desiccant matrix based AWH system 
mechanism [50].
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should be carefully chosen to balance the specific water production per day per unit 
collector area (SWP), and the specific energy consumption per unit mass water 
production (SEC). In this regard, Tu et al. developed a powerful tool to determine 
the proper desorption and condensation temperature [46]. Figure 6 shows the 
optimal condensing temperature on the psychrometric chart in which the inlet air 
of the condenser is denoted by I (Ti, di), and the condensation states of the humid 
air are denoted by the stars on the saturated line. The tangent of the angle (θ) and 
SEC can be described using (Eqs. (8) and (9)) given in the literature [46].

 i cond

i cond

T T
tan

d d

−
θ =

−
 (8)

 T
p

d

SEC C tan h fg

 ε
= × θ+ ε 

 (9)

It is noted that when the line through the point I (Ti, di) is tangent to the satu-
rated line, then the angle (θ) is at the smallest value, and therefore the condensing 
temperature at given inlet conditions for a minimum value of SEC can be obtained 
at the tangent point. An appropriate heat source and airflow rate can be chosen to 
find the optimum outlet air conditions of the desorber by using this tool.

6. Energy-efficient desiccant materials for AWH

6.1 Silica gel and hygroscopic salts based AWH materials

Energy efficient materials must have high capacity of adsorbing and desorb-
ing water from the air [55]. Heidari et al. investigated a novel desiccant based 

Figure 6. 
The optimal condensing temperature on the psychrometric chart developed in the literature [46].
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evaporative cooling system for production of water [56]. The results showed that the 
silica gel-based system can harvest up to 585 L of water during a week. Milani et al. 
investigated a small scale air cooled silica gel based wheel dehumidifier for extrac-
tion of water from the atmosphere [57]. It was found that the system can generate 
more than 5.2 L of water per day in the ambient conditions of Sydney. A simulation 
model on TRNSYS was also built and found that the system can generate a cumula-
tive of 18.5kL of water in the ambient conditions of Abu Dhabi, 10kL of water 
in London, and 13.8kL for the ambient conditions of Sydney. Similarly, various 
desiccant materials based on the hygroscopic salts were also investigated to produce 
water from humid air. Table 1 shows the silica gel and hygroscopic salts-based 
materials used in atmospheric water harvesting systems. Hamed et al. investigated 
a system based on sandy bed impregnated with calcium chloride for atmospheric 
water harvesting [59]. The system was exposed to ambient air to absorbs the water 
vapors in the night and the desiccant material was covered with the glass layer where 
regeneration process will occur, and water vapors condensed into liquid form. It was 
found that the system can provide 1 L per m2 of water per day. Wang et al. investi-
gated a semi open system with a novel composite sorbent of LiCl with active carbon 
felt (ACF) for water production from humid air [61]. The system was tested at dif-
ferent experimental conditions and found that 14.7 kg, 13.6 kg, and 12.5 kg of water 
was obtained at conditions of 85%, 75%, and 65% relative humidity, respectively.

6.2 Zeolites based AWH materials

Zeolites are the family of porous crystalline and hydrated aluminosilicates that 
are widely used as the adsorbents in many applications. These materials can extract 
water from air at low relative pressures due to their affinity with water [62]. As 
zeolite materials have a framework structure, a high temperature is required to 
regenerate and desorb the water vapors. Table 2 shows the summary of some poten-
tial zeolite materials with efficient adsorption capacities. Furukawa et al. studied 
the zeolite 13X and found that it can harvest water up to 0.40 g/g at low relative 
pressures [63]. The adsorption properties of Li-X zeolite and Na-X were investigated 
and found that these materials can be employed to extract water from air [64]. 
The results found that Li-X and Na-X can extract up to 0.244 g/g and 0.192 g/g 
respectively. The kind of ion in this type of zeolites not only influences the amount 
of adsorbed water but also the energy densities and heat of adsorption. Despite the 
high performance, the energy requirements for desorption purpose restricts the 
zeolite materials to be used in AWH systems [52].

Adsorbent Material Quantity Water harvesting 

capacity

Reference

Silica gel Desiccant wheel 585 L during a week [56]

Hygroscopic salts CaCl2/cloth 1.5 L/m2 day [58]

CaCl2/cloth sand 1 kg 2.32 L/m2 day [26]

CaCl2/sand 1 kg 1 L/m2 day [59]

LiCl/sand 90 mL/day, 115 mL/day [24]

CaCl2/saw wood/

vermiculite

40–140 mL/kg/day [60]

LiCl/active carbon felt 40.8 kg 14.7 L [22]

Table 1. 
Summary of various silica gel and hygroscopic salts based desiccant materials for atmospheric water harvesting 
found in the literature.
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6.3 MOFs based AWH materials

MOFs have been researched for their water capture properties and they were found 
to be highly promising and energy efficient materials. Several members of the MOF 
family showed unprecedented water uptake property [63]. Specifically, zirconium 
MOFs made from Zr6O4(OH)4(-CO2)n secondary building units and carboxylate 
organic linkers showed very interesting properties in water adsorption [66]. MOF-841 
was investigated and showed the maximum water uptake and maintained its structure 
over 80 adsorption–desorption cycles [63]. A similar trend was observed in other 
zirconium MOF named as MOF-801 which showed a water uptake at 10% relative 
humidity. Motivated by these results, MOF-801 based device was built and tested in 
Arizona, desert [49]. The device was consisted of two boxes, the inner box was open 
and holds the MOF material while, the outer box has a lid. The outer lid was open at 
night to allow the MOF-801 to in contact with ambient air and hold the water mol-
ecules in its pores and then the lid was closed in day and device was exposed to sunlight 
to regenerate the MOF material. This device was delivered 200–300 mL of water/
kg of MOF/day at 20-40oC temperature and 5–40% relative humidity. This device 
showed remarkable results and proved as a first device in the history to extract water 
from the desert air. Table 3 shows the water harvesting capacities of potential MOFs. 
It can be seen that Co2Cl2BTDD material delivered 0.82 g of water/g of MOF under 
5–30% relative humidity conditions [68]. It was found that the pore diameter of this 
material was above the critical diameter for water capillary action which enabled water 
uptake at the limit of reversibility. Figure 7 shows the framework structures of some 
potential MOFs used in AWH systems. The key in all MOFs is the framework structure 
which allow to trap water from low relative humidity conditions. The water harvest-
ing through MOFs was moved to next level after the development of MOF-303 based 
device which showed extraordinary results at low relative humidity conditions and also 
exhibit adsorption and desorption cycles each on the scale of minutes [54]. This device 
was first tested in a laboratory and later in Mojave Desert at conditions of 10% relative 
humidity and 27°C and it delivered 0.7–1.0 L of water/kg of MOF/day [54]. It is clear 
from the discussion that MOFs can be considered as the potential and energy efficient 
materials for AWH. With these MOFs based AWH systems, not only clean water can be 
harvested in any climate but also to make this concept more mobile and dispensed [66].

6.4 Other AWH materials

Other adsorbent materials for AWH that have been interested and investigated 
in the last decade are nano porous super gels and super hygroscopic gels [72–74]. 
The main factors of these type of materials include the effective capturing of 
water molecules, high efficiency storage, and fast water desorption abilities under 
different climatic conditions [28]. Figure 8 shows the nano-porous super hygro-
scopic hydrogel employed to harvest water from highly humid atmosphere zones 
[73]. This hydrogel was made up of Zn and O atoms in a unique ratio of 1:1.1.  

Adsorbent Material Water harvesting capacity Reference

Zeolite Zeolite 13X 0.40 g water/g zeolite [63]

Li-X-Zeolite 0.244 g water/g zeolite [64]

Na-X 0.192 g water/g zeolite [64]

AQSOA type zeolites 0.1–0.3 kg water/kg zeolite [65]

Table 2. 
Zeolite based desiccant materials for atmospheric water harvesting found in the literature.
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It was found that this synthesized hydrogel has a high-water uptake of over 420% 
of its own weight. A steep increase in water absorption at high relative humidity 
of over 80% was shown by the hydrogel which makes it suitable for extraction of 
water from the humid air. The hydrogel showed the excellent stability for more 
than 1000 absorption/desorption cycles. It was concluded from the calculations 
that the absorption cycles of 15 min and desorption of 5 min could give the 

Figure 7. 
Illustration of MOFs structures used in AWH systems.

Adsorbent Material Relative 

humidity (%)

Water harvesting 

capacity

Reference

Metal–Organic 

Framework

MOF-801 20 2.8 L [27]

MOF-303 0.175 L/kg [67]

MOF-841 5–35 44 wt% [63]

Co2Cl2BTDD 5–30 0.82 g/g [68]

UiO-66 40 0.052 g/g [69]

Banasorb-22 0.08 g/g [70]

Cr-soc-MOF-1 70 1.95 g/g [71]

HSO3-UiO-66 0.038 g/g [69]

IRMOF-1 0.11 g/g [70]

Table 3. 
Metal–organic framework based desiccant materials for atmospheric water harvesting found in the literature.
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Figure 8. 
Nano-porous super hygroscopic hydrogel-based AWH. (a) The hydrogel is made up of Zn:O ratio 1:1.1 (blue 
balls for zinc atoms, yellows balls for oxygen atoms). (b) SEM image of the hydrogel showing porous network. 
(c-d) The prototype developed for the absorption characteristics of the hydrogel by floating on the sea surface. 
(e) Schematic of the AWH system based on super hygroscopic hydrogel reproduced from [73].

Figure 9. 
Super moisture-absorbent gel-based AWH. (a) Illustration of the AWH process (moisture captured by the 
SMAG and releases water under room temperature). (b) Schematic showing the moisture absorption enabled 
by the SMAGs. (c) Schematic showing the express and normal modes for water harvesting reproduced 
from [72].
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maximum fresh water of over 14 L/kg of hydrogel/day. Similarly Figure 9 shows 
the illustration of super moisture-absorbent gel water harvesting process [72]. 
The super absorbent gel consists of poly-NIPAM framework which ultimately 
expands the internal area of the gel and serves as a pathway for water during 
desorption process. It was found that this super absorbent gel in saturated condi-
tion can directly release 50% of the absorbed water within 15–20 min once it is 
slightly heated to 40oC (denoted the “express mode”). After this phase, the water 
can be collected via condensation process (denoted the “normal mode”). The 
super moisture absorbent gel showed two water releasing modes and both can be 
powered by solar radiation. The super gel-based prototype was also investigated, 
and it was found that it can produced about 20 and 55 L of water in 60% and 90% 
relative humidity, respectively. These hydrogels-based systems can be considered 
as the low energy consumption and cost-effective.

7. Conclusions

The supply of freshwater to a rapidly growing world population is a great 
societal challenge. In this regard, several technologies have been developed 
and currently in use worldwide, but the advancements of additional methods 
for freshwater generation is very crucial to effectively address the global water 
scarcity. For this purpose, this chapter highlights the importance of adsorp-
tion based AWH which utilizes the desiccant materials to capture water vapors 
from the atmosphere and condenses into liquid form. The important water 
vapor parameters in ambient air are discussed in this study. The fundamental 
principles of adsorption based AWH are reviewed, moreover, the progress 
and perspectives in this technology also explained from the viewpoints of 
newly developed desiccant materials and the modified AWH systems designs. 
The study explores the energy efficient desiccant materials which are already 
employed in AWH systems. From the literature, it was found that the recently 
developed MOFs are promising due to their flexible nature and tailorable archi-
tectures and can harvest water from the atmospheric air at low relative humidity 
conditions. Some newly developed hygroscopic gels are also showing great 
potential to utilized in AWH systems. It was found that the temporal and spatial 
restrictions for AWH and as well as the energy requirements can also be reduced 
if the appropriate adsorbents are selected. The adsorption based AWH systems 
ensures no bulky equipment, more environment-friendly and cost effective. 
Thus, this study presents a comprehensive knowledge on AWH through adsor-
bent materials.

Acknowledgements

This work is carried out in the Department of Agricultural Engineering, 
Bahauddin Zakariya University, Multan-Pakistan. The work is financially supported 
by the Director Research/ORIC grants of Bahauddin Zakariya University (Multan), 
awarded to Principal Investigator Dr. Muhammad Sultan.

Conflict of interest

The authors declare no conflict of interest.



13

Adsorption-Based Atmospheric Water Harvesting: Technology Fundamentals…
DOI: http://dx.doi.org/10.5772/intechopen.97301

Author details

Muhammad Sultan1*†, Muhammad Bilal1†, Takahiko Miyazaki2,3, Uzair Sajjad4  
and Fiaz Ahmad1

1 Department of Agricultural Engineering, Bahauddin Zakariya University, Multan, 
Pakistan

2 Department of Advanced Environmental Science and Engineering, Faculty of 
Engineering Sciences, Kyushu University, Fukuoka, Japan

3 International Institute for Carbon-Neutral Energy Research (WPI-I2CNER), 
Kyushu University, Fukuoka, Japan

4 Department of Mechanical Engineering, National Chiao Tung University, 
Hsinchu, Taiwan

*Address all correspondence to: muhammadsultan@bzu.edu.pk

† These authors contributed equally to this work.

© 2021 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms 
of the Creative Commons Attribution License (http://creativecommons.org/licenses/
by/3.0), which permits unrestricted use, distribution, and reproduction in any medium, 
provided the original work is properly cited. 



14

Technology in Agriculture

[1] United Nations. (2018). n.d. https://
doi.org/http://www.un.org/en/sections/
issues-depth/water/.

[2] Maddocks A, Young RS, Reig P. 2015 
Ranking the world’s most water-stressed 
countries in 2040. World Resour Inst 26.

[3] Lundqvist J, Andersson A, 
Johannisson A, Lavonen E, Mandava G, 
Kylin H, et al. 2019 Innovative drinking 
water treatment techniques reduce the 
disinfection-induced oxidative stress and 
genotoxic activity. Water Res 155:182-92.

[4] Srithar K, Rajaseenivasan T. 2018 
Recent fresh water augmentation 
techniques in solar still and HDH 
desalination–A review. Renew Sustain 
Energy Rev 82:629-44.

[5] Ahmed FE, Hashaikeh R, Hilal N. 
2019 Solar powered desalination–
Technology, energy and future outlook. 
Desalination 453:54-76.

[6] Bilal M, Sultan M, Miyazaki T. 2020 
Spatiotemporal Investigation of 
Atmospheric Water Harvesting Potential 
Using Response Surface Methodology for 
Multan (Pakistan) and Fukuoka (Japan).

[7] Zhang RX, Zang RQ, Liu JX. 2016 
Study on properties of water extraction 
from cooled air system under all 
operating conditions. Cryog Supercond 
44:51-5.

[8] Zolfagharkhani S, Zamen M, 
Shahmardan MM. 2018 Thermodynamic 
analysis and evaluation of a gas 
compression refrigeration cycle for fresh 
water production from atmospheric air. 
Energy Convers Manag 170:97-107. 
https://doi.org/10.1016/j.enconman. 
2018.05.016.

[9] Habeebullah BA. 2009 Potential use 
of evaporator coils for water extraction 
in hot and humid areas. Desalination 
237:330-45. https://doi.org/10.1016/j.
desal.2008.01.025.

[10] Al-Farayedhi AA, Ibrahim NI, 
Gandhidasan P. 2014 Condensate as a 
water source from vapor compression 
systems in hot and humid regions. 
Desalination 349:60-7.

[11] Cao D, Zou Y. 2016 System 
Optimization of Water Exaction from 
Air by Semiconductor Cooling Air [J]. 
Build Energy Environ 35:71-3.

[12] Eslami M, Tajeddini F, Etaati N. 2018 
Thermal analysis and optimization of a 
system for water harvesting from humid 
air using thermoelectric coolers. Energy 
Convers Manag 174:417-29. https://doi.
org/10.1016/j.enconman.2018.08.045.

[13] Scrivani A, Bardi U. 2008 A study of 
the use of solar concentrating plants for 
the atmospheric water vapour extraction 
from ambient air in the Middle East and 
Northern Africa region. Desalination 
220:592-9.

[14] Ibrahim NI, Al-Sulaiman FA, 
Saidur R. 2016 Performance assessment 
of water production from solar cooling 
system in humid climate. Energy 
Convers Manag 127:647-55.

[15] Solís-Chaves JS, Rocha-Osorio CM, 
Murari ALL, Lira VM, Sguarezi Filho AJ. 
2018 Extracting potable water from 
humid air plus electric wind generation: 
A possible application for a Brazilian 
prototype. Renew Energy 121:102-15.

[16] Alexander B. 2011 Production of 
Freshwater and Energy from Earth’s 
Atmosphere. Smart Grid Renew Energy  
2011.

[17] Kashiwa BA, Kashiwa CB. 2008 The 
solar cyclone: A solar chimney for 
harvesting atmospheric water. Energy 
33:331-9. https://doi.org/10.1016/j.
energy.2007.06.003.

[18] Bergmair D, Metz SJ, De Lange HC, 
van Steenhoven AA. 2014 System 

References



15

Adsorption-Based Atmospheric Water Harvesting: Technology Fundamentals…
DOI: http://dx.doi.org/10.5772/intechopen.97301

analysis of membrane facilitated water 
generation from air humidity. 
Desalination 339:26-33. https://doi.
org/10.1016/j.desal.2014.02.007.

[19] Zhao B, Wang LY, Chung TS. 2019 
Enhanced membrane systems to harvest 
water and provide comfortable air via 
dehumidification & moisture 
condensation. Sep Purif Technol 
220:136-44. https://doi.org/10.1016/j.
seppur.2019.03.034.

[20] Liu JY, Wang JY, Wang LW, Qi Y. 
2016 Performance test of sorption 
air-to-water device. CIESC J 67:46-50.

[21] Ji JG, Wang RZ, Li LX. 2007 New 
composite adsorbent for solar-driven 
fresh water production from the 
atmosphere. Desalination 212:176-82. 
https://doi.org/10.1016/j.desal.2006. 
10.008.

[22] Wang JY, Liu JY, Wang RZ, Wang LW. 
2017 Experimental research of composite 
solid sorbents for fresh water production 
driven by solar energy. Appl Therm Eng 
121:941-50. https://doi.org/10.1016/j.
applthermaleng.2017.04.161.

[23] Kabeel AE. 2007 Water production 
from air using multi-shelves solar glass 
pyramid system. Renew Energy 
32:157-72.

[24] Srivastava S, Yadav A. 2018 Water 
generation from atmospheric air by 
using composite desiccant material 
through fixed focus concentrating solar 
thermal power. Sol Energy 169:302-15.

[25] Talaat MA, Awad MM, Zeidan EB, 
Hamed AM. 2018 Solar-powered 
portable apparatus for extracting water 
from air using desiccant solution. 
Renew Energy 119:662-74. https://doi.
org/10.1016/j.renene.2017.12.050.

[26] William GE, Mohamed MH, 
Fatouh M. 2015 Desiccant system for 
water production from humid air using 
solar energy. Energy 90:1707-20. https://
doi.org/10.1016/j.energy.2015.06.125.

[27] Kim H, Rao SR, Kapustin EA, 
Zhao L, Yang S, Yaghi OM, et al. 2018 
Adsorption-based atmospheric water 
harvesting device for arid climates. Nat 
Commun 9:1-8. https://doi.org/10.1038/
s41467-018-03162-7.

[28] Salehi AA, Ghannadi-Maragheh M, 
Torab-Mostaedi M, Torkaman R, 
Asadollahzadeh M. 2020 A review on the 
water-energy nexus for drinking water 
production from humid air. Renew 
Sustain Energy Rev 120:109627. https://
doi.org/10.1016/j.rser.2019.109627.

[29] Wahlgren R V. 2001 Atmospheric 
water vapour processor designs for 
potable water production: a review. 
Water Res 35:1-22.

[30] Nikolayev V, Beysens D, Gioda A, 
Milimouk I, Katiushin E, Morel J-P. 1996 
Water recovery from dew.

[31] Kogan B, Trahtman A. 2003 The 
moisture from the air as water resource 
in arid region: hopes, doubts and facts. J 
Arid Environ 53:231-40.

[32] Beysens D, Milimouk I. 2000 The 
case for alternative fresh water sources. 
Pour Les Resour Altern En Eau, Secher 
11:1-16.

[33] Stone EC. 1957 Dew as an ecological 
factor: I. A review of the literature. 
Ecology 38:407-13.

[34] Malik FT, Clement RM, Gethin DT, 
Krawszik W, Parker AR. 2014 Nature’s 
moisture harvesters: A comparative 
review. Bioinspiration and Biomimetics 
9. https://doi.org/10.1088/1748-3182/ 
9/3/031002.

[35] Shabir F, Sultan M, Miyazaki T, 
Saha BB, Askalany A, Ali I, et al. 2020 
Recent updates on the adsorption 
capacities of adsorbent-adsorbate pairs 
for heat transformation applications. 
Renew Sustain Energy Rev 119:109630. 
https://doi.org/10.1016/j.rser.2019.109630.



Technology in Agriculture

16

[36] Gultepe I, Tardif R, Michaelides SC, 
Cermak J, Bott A, Bendix J, et al. 2007 Fog 
research: A review of past achievements 
and future perspectives. Pure Appl 
Geophys 164:1121-59.

[37] Shi W, Anderson MJ, Tulkoff JB, 
Kennedy BS, Boreyko JB. 2018 Fog 
harvesting with harps. ACS Appl Mater 
Interfaces 10:11979-86.

[38] Khalil B, Adamowski J, Shabbir A, 
Jang C, Rojas M, Reilly K, et al. 2016 A 
review: dew water collection from 
radiative passive collectors to recent 
developments of active collectors. 
Sustain Water Resour Manag 2:71-86.

[39] Gabler R, Petersen J, Trapasso L, 
Sack D. 2008 Physical geography. Nelson 
Education; .

[40] Cengel YA, Boles MA. 2007 
Thermodynamics: An Engineering 
Approach 6th Editon (SI Units). The 
McGraw-Hill Companies, Inc., 
New York; .

[41] Sultan M, Miyazaki T, Saha BB, 
Koyama S. 2016 Steady-state 
investigation of water vapor adsorption 
for thermally driven adsorption based 
greenhouse air-conditioning system. 
Renew Energy 86:785-95. https://doi.
org/10.1016/j.renene.2015.09.015.

[42] Sultan M, El-Sharkawy II, 
Miyazaki T, Saha BB, Koyama S, 
Maruyama T, et al. 2015 Insights of 
water vapor sorption onto polymer 
based sorbents. Adsorption 21:205-15.

[43] LaPotin A, Kim H, Rao SR, 
Wang EN. 2019 Adsorption-Based 
Atmospheric Water Harvesting: Impact 
of Material and Component Properties 
on System-Level Performance. Acc 
Chem Res 52:1588-97. https://doi.
org/10.1021/acs.accounts.9b00062.

[44] LaPotin A, Zhong Y, Zhang L, 
Zhao L, Leroy A, Kim H, et al. 2020 
Dual-Stage Atmospheric Water 

Harvesting Device for Scalable Solar-
Driven Water Production. Joule:1-17. 
https://doi.org/10.1016/j.joule.2020.09. 
008.

[45] Shabir F, Sultan M, Niaz Y, 
Usman M, Ibrahim SM, Feng Y, et al. 
2020 Steady-state investigation of 
carbon-based adsorbent-adsorbate pairs 
for heat transformation application. 
Sustain 12. https://doi.org/10.3390/
su12177040.

[46] Tu Y, Wang R, Zhang Y, Wang J. 
2018 Progress and Expectation of 
Atmospheric Water Harvesting. Joule 
2:1452-75. https://doi.org/10.1016/j.
joule.2018.07.015.

[47] Kumar M, Yadav A. 2015 
Experimental investigation of design 
parameters of solar glass desiccant box 
type system for water production from 
atmospheric air. J Renew Sustain Energy 
7. https://doi.org/10.1063/1.4922142.

[48] Kim H, Yang S, Rao SR, Narayanan S, 
Kapustin EA, Furukawa H, et al. 2017 
Water harvesting from air with metal-
organic frameworks powered by natural 
sunlight. Science (80- ) 356:430.

[49] Fathieh F, Kalmutzki MJ, 
Kapustin EA, Waller PJ, Yang J, 
Yaghi OM. 2018 Practical water 
production from desert air. Sci Adv 
4:1-10. https://doi.org/10.1126/sciadv.
aat3198.

[50] Wang JY, Wang RZ, Tu YD, 
Wang LW. 2018 Universal scalable 
sorption-based atmosphere water 
harvesting. Energy 165:387-95. https://
doi.org/10.1016/j.energy.2018.09.106.

[51] Sultan M, Miyazaki T, Koyama S, 
Khan ZM. 2018 Performance evaluation 
of hydrophilic organic polymer sorbents 
for desiccant air-conditioning 
applications. Adsorpt Sci Technol 
36:311-26. https://doi.org/10.1177/ 
0263617417692338.



17

Adsorption-Based Atmospheric Water Harvesting: Technology Fundamentals…
DOI: http://dx.doi.org/10.5772/intechopen.97301

[52] Sultan M, El-Sharkawy II, 
Miyazaki T, Saha BB, Koyama S. 2015 
An overview of solid desiccant 
dehumidification and air conditioning 
systems. Renew Sustain Energy Rev 
46:16-29. https://doi.org/10.1016/j.
rser.2015.02.038.

[53] Kallenberger PA, Fröba M. 2018 
Water harvesting from air with a 
hygroscopic salt in a hydrogel–derived 
matrix. Commun Chem 1:6-11. https://
doi.org/10.1038/s42004-018-0028-9.

[54] Hanikel N, Prévot MS, Fathieh F, 
Kapustin EA, Lyu H, Wang H, et al. 
2019 Rapid Cycling and Exceptional 
Yield in a Metal-Organic Framework 
Water Harvester. ACS Cent Sci 5:1699-
706. https://doi.org/10.1021/acscentsci. 
9b00745.

[55] Sultan M, El-Sharkawy II, 
Miyazaki T, Saha BB, Koyama S, 
Maruyama T, et al. 2016 Water vapor 
sorption kinetics of polymer based 
sorbents: Theory and experiments. Appl 
Therm Eng 106:192-202.

[56] Heidari A, Roshandel R, 
Vakiloroaya V. 2019 An innovative solar 
assisted desiccant-based evaporative 
cooling system for co-production of water 
and cooling in hot and humid climates. 
Energy Convers Manag 185:396-409.

[57] Milani D, Qadir A, Vassallo A, 
Chiesa M, Abbas A. 2014 Experimentally 
validated model for atmospheric water 
generation using a solar assisted 
desiccant dehumidification system. 
Energy Build 77:236-46. https://doi.
org/10.1016/j.enbuild.2014.03.041.

[58] Gad HE, Hamed AM, 
El-Sharkawy II. 2001 Application of a 
solar desiccant/collector system for 
water recovery from atmospheric air. 
Renew Energy 22:541-56.

[59] Hamed AM, Aly AA, Zeidan E-SB. 
2011 Application of solar energy for 
recovery of water from atmospheric air 

in climatic zones of Saudi Arabia. Nat 
Resour 2:8.

[60] Kumar M, Yadav A, Mehla N. 2019 
Water generation from atmospheric air 
by using different composite desiccant 
materials. Int J Ambient Energy 40:343-9.

[61] Wang JY, Wang RZ, Wang LW, 
Liu JY. 2017 A high efficient semi-open 
system for fresh water production from 
atmosphere. Energy 138:542-51. https://
doi.org/10.1016/j.energy.2017.07.106.

[62] Hanif S, Sultan M, Miyazaki T. 2019 
Effect of relative humidity on thermal 
conductivity of zeolite-based 
adsorbents: Theory and experiments. 
Appl Therm Eng 150:11-8.

[63] Furukawa H, Gándara F, Zhang YB, 
Jiang J, Queen WL, Hudson MR, et al. 
2014 Water adsorption in porous 
metal-organic frameworks and related 
materials. J Am Chem Soc 136:4369-81. 
https://doi.org/10.1021/ja500330a.

[64] Jänchen J, Ackermann D, Stach H, 
Brösicke W. 2004 Studies of the water 
adsorption on zeolites and modified 
mesoporous materials for seasonal storage 
of solar heat. Sol Energy 76:339-44.

[65] Teo HWB, Chakraborty A, Fan W. 
2017 Improved adsorption 
characteristics data for AQSOA types 
zeolites and water systems under static 
and dynamic conditions. Microporous 
Mesoporous Mater 242:109-17.

[66] Xu W, Yaghi OM. 2020 Metal 
− Organic Frameworks for Water 
Harvesting from Air, Anywhere, 
Anytime. https://doi.org/10.1021/
acscentsci.0c00678.

[67] Fathieh F, Kalmutzki MJ, 
Kapustin EA, Waller PJ, Yang J, 
Yaghi OM. 2018 Practical water 
production from desert air. Sci Adv 
4:1-10. https://doi.org/10.1126/sciadv.
aat3198.



Technology in Agriculture

18

[68] Rieth AJ, Yang S, Wang EN, Dincă M. 
2017 Record atmospheric fresh water 
capture and heat transfer with a material 
operating at the water uptake reversibility 
limit. ACS Cent Sci 3:668-72.

[69] Trapani F, Polyzoidis A, Loebbecke S, 
Piscopo CG. 2016 On the general water 
harvesting capability of metal-organic 
frameworks under well-defined climatic 
conditions. Microporous Mesoporous 
Mater 230:20-4.

[70] Wu T, Shen L, Luebbers M, Hu C, 
Chen Q, Ni Z, et al. 2010 Enhancing the 
stability of metal–organic frameworks 
in humid air by incorporating water 
repellent functional groups. Chem 
Commun 46:6120-2.

[71] Abtab SMT, Alezi D, Bhatt PM, 
Shkurenko A, Belmabkhout Y, 
Aggarwal H, et al. 2018 Reticular 
chemistry in action: A hydrolytically 
stable MOF capturing twice its weight in 
adsorbed water. Chem 4:94-105.

[72] Zhao F, Zhou X, Liu Y, Shi Y, Dai Y, 
Yu G. 2019 Super Moisture-Absorbent 
Gels for All-Weather Atmospheric Water 
Harvesting. Adv Mater 31:1806446.

[73] Nandakumar DK, Zhang Y, Ravi SK, 
Guo N, Zhang C, Tan SC. 2019 Solar 
energy triggered clean water harvesting 
from humid air existing above sea 
surface enabled by a hydrogel with 
ultrahigh hygroscopicity. Adv Mater 
31:1806730.

[74] Nandakumar DK, Ravi SK, Zhang Y, 
Guo N, Zhang C, Tan SC. 2018 A super 
hygroscopic hydrogel for harnessing 
ambient humidity for energy 
conservation and harvesting. Energy 
Environ Sci 11:2179-87. https://doi.
org/10.1039/c8ee00902c.


