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Abstract: Atmospheric water harvesting (AWH) can provide clean and safe drinking water in remote
areas. The present study provides a comprehensive review of adsorption-based AWH by using
the scientometric approach. The publication types are mainly composed of articles and reviews,
accounting for 75.37% and 11.19% of the total, respectively. Among these publications, ~95.1% were
published in English and came from 154 different journals which demonstrates that researchers
have shown a great interest in this field. However, much less contribution has been received thus
far on this topic from Pakistan. Therefore, this study aims to explore a solar-driven adsorption-
based AWH system in terms of varying relative humidity (RH), solar irradiance, and various types of
adsorbent materials. Geospatial mapping and Monte Carlo simulations are carried out to integrate the
operational parameters of the system and materials with Pakistan’s climatic conditions to forecast the
AWH potential (L/m2/d). Probability distribution of 100,000 trials is performed by providing lower,
mode, and upper values of the independent parameters. The possible outcomes of the adsorbed
volume of water are determined by generating random values for the independent parameters within
their specified distribution. It was found that MIL-101 (Cr) achieved the highest water-harvesting
rate (WHR) of 0.64 to 3.14 (L/m2/d) across Pakistan, whereas the WHR was lowered to 0.58 to 1.59,
0.83 to 0.94, and 0.45 to 1.26 (L/m2/d) for COF-432, zeolite, and silica gel, respectively. Furthermore,
parameter optimization and sensitivity analysis are performed to finalize the boundary conditions
of the adsorption-based AWH system by ensuring the maximum volume values within the desired
specification limits (1–4 L/m2/d).
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1. Introduction

Ensuring safe and clean water plays a significant role in the world’s social, economic,
and environmental growth. The changing trend in climate change facilitates floods and
droughts which have direct and negative consequences for human life. Flood is considered
one of the most common natural disasters that can cause deaths, community displacement,
and damage to infrastructure [1]. Flood risk assessment serves as an essential tool to
mitigate the devastating impacts of flooding, which can assist law and decision makers to
investigate the high-risk areas of flooding [2]. Recently, different hydraulic and hydrologic
models have been used for flood prediction and risk assessment around the world [3,4]. The
natural and social factors influence the atmospheric hydrological cycle which maintains the
regional water balance [5–7]. In contrast, the hydrological condition such as heavy rainfall
influence the landslide process that can pose serious threats to human lives [8]. Hence,
various statistical and physical modeling methods have been used for the prediction of
landslides [9–11]. Despite all these methods, climate change is likely to impact freshwater
resources, and therefore, it is predicted that by 2050, half of the world’s population will
experience severe water stress due to the depletion of water resources [12]. According
to the United Nations’ Sustainable Development Goals, reliable access to fresh drinking
water is formally recognized as an international priority by 2030 [13]. Unfortunately, more
than half of the global population have no access to safely managed drinking water and
this situation is getting worse day by day, particularly in developing countries [14]. The
poor-quality groundwater can cause adverse health effects via drinking water [15–17]. As
reported by the International Monetary Fund (IMF), Pakistan has been ranked third among
the severe water-stressed countries [18]. The country is in a situation of water crisis as
the surface water availability has decreased from ~5260 to ~1000 cubic meters per capita
during the period of 1951 to 2016 [19]. This projection of water shortage is expected to fall
by about ~860 cubic meters in 2025 [20]. Pakistan has been declared a water-scarce country
not only due to the water shortage scenarios but according to the water poverty index; the
inaccessibility of safe and clean drinking water is also taking the country to absolute scarce
conditions [21].

Currently, ~40% of the country’s population has access to safe drinking water while
the remaining ~60% of the population is forced to consume unsafe water as shown in
Figure 1. Various sources of contamination including sewerage, fertilizers, and toxic
chemicals from industrial effluents are responsible for ~80% of all diseases and ~30% of
deaths in the country [22–24]. According to Figure 1, only ~7% improvement was observed
between 2015 and 2020 to provide access to safe water and it is projected that by 2030,
the country will reach the point where only ~53% of the population will have access
to safe and clean drinking water. Moreover, the Pakistan Council of Research in Water
Resources (PCRWR) conducted several national projects in different cities in four provinces
(i.e., Punjab, Sindh, Balochistan, and Khyber Pakhtunkhwa) and in Gilgit city to monitor
drinking water quality, and found ~61% of the samples unsafe for drinking as shown in
Figure 2 [25]. For sustainable development goals (SDGs) target 6.1, to which Pakistan has
committed, there is an immediate need to speed up the water improvement processes by
implementing different protection measures and water-related technologies. Following the
above scenarios, the provision of safe and clean drinking water is an urgent matter for water-
stressed countries. Desalination has been proven as a practical solution to provide fresh
potable water but its application is only limited to coastal areas [26,27]. The annual global
costs of achieving SDG targets 6.1 and 6.2 were evaluated to cost about USD 114 billion
per year [28]. In this regard, atmospheric water-harvesting (AWH) technologies emerged
as viable solutions to provide fresh drinking water to unserved communities [29]. The
AWH efficiency depends on the air quality and whether it holds enough water vapors or
experiences bad haze and fog events due to aerosol pollution levels. In recent years, the
prevention and prediction of haze have attracted the focus of researchers. In the literature,
various methods that include multivariate statistical, chemical transformation, and remote
sensing imagery have been used to predict haze events [30–32]. A haze prediction model
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based on a recurrent neural network was developed in which the time-based algorithm
obtained accurate results [33]. AWH is the collection of water from the air and can be
classified as (1) fog harvesting (rely on climatic conditions where relative humidity (RH) is
100%), (2) atmospheric water generators (condensation below the dew point temperature),
and (3) adsorption-based process (vapor capture using desiccant materials). In adsorption-
based AWH systems, water vapor molecules adsorb onto desiccant materials; these water
vapors are then released from the adsorbents by applying a temperature or pressure swing,
powered by low-grade energy sources (e.g., solar thermal or waste heat) [34–36]. This
process significantly reduces the sensible heat and the specific energy consumption for
condensation under arid conditions, thus making AWH a viable strategy for generating
fresh water [36]. So far, several desiccant materials including silica gel, zeolites, and
metal–organic frameworks (MOFs) have been developed for AWH [37–39]. The maximum
adsorption capacities are required for efficient water harvesting, and a steep uptake in
between 10 and 30% relative humidity (i.e., Type IV or Type V isotherm) is desirable
because it allows water adsorption at low relative humidity and allows regeneration of
the materials under mild conditions [37,40,41]. However, conventional desiccant materials
require high temperatures (>160 ◦C) to harvest the maximum amount of water [42,43]. The
suitable selection criteria of adsorbents for AWH are related to several factors including
working capacity, sorption kinetics, cycling stability, temperature and/or pressure swing,
and thermal conductivity [37]. The water adsorption uptake is considered one of the key
features of desiccant materials and enough literature is available on the materials [44–46].
Therefore, the authors intend to provide a comprehensive review of the main characteristics
of adsorption-based AWH publications based on bibliometric analysis. Furthermore,
this study focuses on the investigation of a solar-driven AWH system in which solid
desiccant materials are selected over liquid desiccants due to availability, simplicity of
system design, non-toxicity reasons, and safety over ~5–40 regeneration cycles and up to
10,000–100,000 h [47–49]. Lastly, the material, system, and climatic parameters are evaluated
to maximize the AWH potential across Pakistan.
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Figure 2. Drinking water quality status at different locations in Pakistan, reproduced from the
literature [25].

2. Bibliometric Background of Adsorption-Based AWH

The bibliographic approach is the quantitative investigation of published scientific
literature which focuses on the publication history, patterns of institutes and countries, re-
search themes, specific areas/topics, and authors’ contributions in different journals [50]. In
this paper, the data were retrieved from the database of Scopus by Elsevier on 31 May 2022.
The time range was selected from 1967 to 2022 and these search terms were investigated
(“Atmospheric water” OR “Water harvesting” OR “Water from air” OR “Water harvesting
from air” OR “Atmospheric water generators”). According to the results, 8613 publications
related to the search domain were identified in which the main document types were
divided into articles (6579), conference papers (1358), reviews (280), book chapters (252),
reports, letters, editorials, and short surveys (144). These research results were further
restricted to the adsorption-based AWH publications by incorporating these terms in the
search query (“Desiccant” OR “Adsorbent” OR “Sorbent” OR “Adsorption”). Among these
results, 268 publications were identified that met this search criterion. The results showed
that ~95.1% of the articles were published in the English language, followed by Chinese
with ~4.1%. Overall, the publishing trend for these articles is presented in Figure 3 in which
the number of publications per year has increased since 2015, which clearly shows that the
researchers started taking interest in this field. From 1967 to 2010, the annual publications
on this search query were similar, and very limited articles were published every year.
From 2010 to 2022, there was an obvious increase in the number of publications per year.
Viewing these articles, 45 countries or regions published at least one article on this topic of
adsorption-based AWH. As shown in Figure 3, the China and United States published the
highest number of articles compared with other regions of the world and accounted for
~59.7% of the total publications. According to these results, over 160 affiliations took part in
publishing articles in which the Shanghai Jiao Tong University holds the highest position.
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Figure 3. Illustration of the number of publications per year, number of publications by country, and
percentage distribution of publication types on adsorption-based AWH in Scopus database from 1967
to 2022.

The Ministry of Education China and the University of California, Berkeley occupied
the second and third places, respectively. The top 20 most cited publications in the field
of adsorption-based AWH are summarized in Table 1. From a citation point of view, the
article published in a “Science” journal achieved the highest citation number, while most
articles in Table 1 are associated with the “Advanced Materials” journal. Furthermore,
these research results came from 154 different journals in which “ACS Applied Materials
& Interfaces”, “Nano Energy”, and “Energy Conversion and Management” had the most
articles published. The co-occurrence analysis of keywords was analyzed using VOSviewer
software in which the threshold value of the co-occurrence was set as 3 and, consequently,
312 items were examined by visualization as shown in Figure 4. In Figure 4, the size of
the circles shows the occurrences of the selected keywords. The more a keyword was
co-selected in published articles, the larger the label and the circle of an item. The keywords
“water conservation”, “water harvesting”, and “atmospheric humidity” had the greatest
strength. The circles in the same color cluster showed that these publications had a similar
theme. The network visualization of co-keywords clearly illustrated seven distinct clusters
in which each cluster represented a subfield within a field of adsorption-based AWH.
According to the above statistics, the adsorption technology has been explored globally
for AWH; however, this concept of the application is still new to the research focus of
Pakistan. So far, only three journal articles have been published from Pakistan on this
search criterion [34,35,51]. All these articles are related to the review category and none of
them have mapped the AWH potential across Pakistan. Therefore, this study has presented
a potential feasibility of adsorption-based AWH across Pakistan.
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Table 1. Few most cited publications in the field of adsorption-based AWH in Scopus database.

No. Citations Title Journal Year References

1 902 Water Harvesting from Air with Metal-Organic
Frameworks powered by Natural Sunlight Science 2017 [52]

2 324 Metal–Organic Frameworks for Water Harvesting
from Air Advanced Materials 2018 [37]

3 304 Adsorption-based Atmospheric Water Harvesting
Device for Arid Climates

Nature
communications 2018 [53]

4 227 Progress and Expectation of Atmospheric Water
Harvesting Joule 2018 [54]

5 168 Super Moisture-Absorbent Gels for All-Weather
Atmospheric Water Harvesting Advanced Materials 2019 [55]

6 166 Rapid Cycling and Exceptional Yield in a
Metal-Organic Framework Water Harvester ACS Central Science 2019 [56]

7 162 MOF Water Harvesters Nature
Nanotechnology 2020 [36]

8 151
The Effects of Surface Wettability on the Fog and

Dew Moisture Harvesting Performance on Tubular
Surfaces

Scientific Reports 2016 [57]

9 145
Tunable Water and CO2 Sorption Properties in

Isostructural Azine-based Covalent Organic
Frameworks through Polarity Engineering

Chemistry of
Materials 2015 [58]

10 140
Hybrid Hydrogel with High Water Vapor Harvesting
Capacity for Deployable Solar-Driven Atmospheric

Water Generator

Environmental
Science and
Technology

2018 [59]

11 120 Harnessing Solar-Driven Photothermal Effect toward
the Water–Energy Nexus Advanced Science 2019 [60]

12 105
Solar Energy Triggered Clean Water Harvesting from
Humid Air Existing above Sea Surface Enabled by a

Hydrogel with Ultrahigh Hygroscopicity
Advanced Materials 2019 [61]

13 105 Atmospheric Water Harvesting: A Review of
Material and Structural Designs

ACS Materials
Letters 2020 [62]

14 102
Adsorption-based Atmospheric Water Harvesting:
Impact of Material and Component Properties on

System-Level Performance

Accounts of
Chemical Research 2019 [63]

15 99 Harvesting Water from Air: Using Anhydrous Salt
with Sunlight

Environmental
Science and
Technology

2018 [64]

16 95 Recent Developments in Solid Desiccant Coated Heat
Exchangers—A Review Applied Energy 2018 [65]

17 95 Water Production from Air using Multi-Shelves
Solar Glass Pyramid System Renewable Energy 2007 [66]

18 87 Water Harvesting from Air with a Hygroscopic Salt
in a Hydrogel–Derived Matrix

Communications
Chemistry 2018 [38]

19 85
Efficient Solar-Driven Water Harvesting from Arid
Air with Metal–Organic Frameworks Modified by

Hygroscopic Salt

Angewandte
Chemie—

International
Edition

2020 [67]

20 84
Improving Atmospheric Water Production Yield:
Enabling Multiple Water Harvesting Cycles with

Nano Sorbent
Nano Energy 2020 [68]
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3. Materials and Methods
3.1. Adsorption-Based AWH System

A solar-driven adsorption-based AWH system with a volume of 1m3 was assumed in
this study in which a constant airflow was present. Figure 5 shows the schematic of the
proposed system that performs adsorption, desorption, and condensation processes. The
water-harvesting phenomenon in the system comprises (i) water vapor adsorption at night
(at low temperature and high relative humidity), (ii) water vapor desorption during the day
(at a high temperature within the confined space), and (iii) water vapor condensation (at low
temperature). In the literature, several desiccant materials have been proposed for AWH in-
cluding silica gel, zeolites, metal–organic frameworks (MOFs) covalent organic frameworks
(COFs), and other organic and inorganic materials of hygroscopic nature [37,52,69–71]. In
this analysis, microporous desiccant materials (i.e., silica gel and zeolite), one MOF of the
highest water adsorption capacity (MIL-101 (Cr)), and one COF with the lowest activation
energy (COF-432) were studied to evaluate the AWH potential across Pakistan. Table 2
represents the selected desiccant materials’ properties where the adsorption isotherm data
of MIL-101 (Cr) and COF-432 were used directly from the literature [69,72,73].
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where 𝑞𝐷𝑖
 is the adsorption capacity (kg of vapors/kg of desiccant) of adsorbent, 𝑆𝑆𝐴𝐷 is 
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Table 2. Desiccant material properties used for AWH potential across Pakistan.

Units Silica Zeolite MIL-101 COF-432 References

Desiccant diameter (mm) 4 4 4 4 Assumption

Desiccant bulk
density (kg/m3) 750 650 350 875 [69,72,74]

Specific surface area (m2/g) 830 600 5900 895 [75–77]

Specific site density (sites/nm2) 12.8 12.8 N/A N/A [78]

Langmuir constant 0.05 0.8 N/A N/A Calculated

Bed depth (mm) 10 10 10 10 [79]

Mass of desiccants in
a system (kg) 4.8 4.16 2.24 5.728 Calculated

Activation energy (kJ/mol) 35 70 65 10 [75,79,80]

3.2. Adsorption Modeling

In this study, the desiccant materials were investigated using a Langmuir isotherm
model (Equation (1)), as described in the literature [81].

q =
qmaxkLCe

1 + kLCe
(1)

where q is the adsorption capacity (kg /kg), qmax represents the maximum adsorption
capacity (kg/kg), kL is the Langmuir adsorption constant (volume/kg of adsorbent), and
Ce is the equilibrium concentration (g/volume). Although various isotherm theories can
predict the adsorption capacities of various classes of materials, in this study, the water
adsorption capacities of adsorbents at both low and high relative humidity were measured
using Langmuir adsorption isotherm (Equation (2)), as described in the literature [81].

qDi =

[
SSAD × SSDD × 1

Na
× MWH2O

][
kL RH

1 + (kL RH)

]
(2)

where qDi is the adsorption capacity (kg of vapors/kg of desiccant) of adsorbent, SSAD is
the specific surface area of adsorbent (m2/kg), SSDD is the specific site density of adsorbent
(molecules/nm2), Na is the Avogadro’s number (6.023 × 1023 molecules), and MWH2O is
the molecular weight of water (0.018 kg/mol) [82]. In addition, a set of Equations (3)–(5)
were used to determine the water vapors that can be adsorbed by the specific desiccant
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material. Equation (6) calculated the number of adsorbents (ND) contained within the
system volume, by using a packing density of spheres (0.64) and the height of the desiccant
bed (h). The mass of adsorbents in the system was calculated using Equation (7). Finally,
the volume of water adsorbed in the system (L/m2) was calculated using Equation (8), as
described in the literature [81].

VD =
πdD

3

6
(3)

mD = ρD × VD (4)

water adsorbed by 1 desiccant material = qD × mD (5)

ND = 0.64 × 1m2 f ootprint × h
VD

(6)

mass o f adsorbents in system = mD × ND (7)

volume o f water adsorbed in system = ND × water adsorbed by 1 desiccant (8)

where VD, dD, mD, ρD, ND and h represent the volume of adsorbent (m3), the diameter of
adsorbent (mm), the mass of adsorbent (kg), the density of adsorbent (kg/m3), number
of adsorbents available in the system, and height of the adsorbent bed (mm), respectively.
Desorption energy is required for the regeneration of adsorbents which could be performed
either by reverse pressure from a vacuum or by heating the adsorbent to its maximum
regeneration temperature to conquer the required activation energy

(
EdesD

)
. Heating the

adsorbents which are particularly used for the AWH is the most common method to desorb
water vapors [53,64]. In this regard, the required energy to desorb water vapors contained
in a system was calculated using Equation (9) [81].

QdesD = EdesD × qD × mass o f adsorbents in system × 1
MWH2O

(9)

where QdesD and EdesD represent the required desorption energy to desorb the water vapor
molecules (kJ/m2) and the required activation energy for desorption (kJ/mol), respectively.
If QdesD is available, then all the adsorbed water vapor molecules will be desorbed (Equation
(8). However, when the required desorption energy is not available, then Equation (10) can
be used to determine the partial desorption of water vapor molecules. Furthermore, the
maximum water volume that can be desorbed by the available solar energy was calculated
using Equation (11) [81].

volume o f water desorbed f rom adsorbents by available solar energy = available solar energy
required desorption energy×

volume o f water adsorbed to adsorbents in a system
(10)

maximum water volume that can be desorbed =
available solar energy

EdesD ×
(

1
MWH2O

) (11)

3.3. Simulation Analysis

Monte Carlo simulation is extremely flexible and a valuable tool to model and simulate
any system that can be influenced by random numbers. The number of random scenarios is
generated and gathered to finalize the system performance. In this study, the Monte Carlo
simulation was performed to understand the AWH potential within the conceptual system
volume. A range of possible outcomes of the volume of water was generated along with
the independent parameters. A triangular distribution was assigned to each independent
parameter because it performs better when limited data are available to perform statistical
modeling to fit a specified probability distribution [83–85]. The probability distribution
of 100,000 trials was performed based on the provided lower, mode, and upper values in
the probability distribution. Table 3 shows the independent parameters with a range of
values assigned in triangular distribution for AWH. The possible outcomes of the volume
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values were calculated by random sampling of the independent parameters within their
probability distribution. Furthermore, the parameter optimization and sensitivity analysis
were performed to finalize the boundary conditions of the solid desiccant-based AWH
system by ensuring the maximum number of outcomes of the volume values within the
desired specification limits of 1–4 L/m2/d, by keeping in mind the individual’s drinking
water needs of about 15.5 cups (3.7 L).

Table 3. Independent parameters showing a range of values in distribution for Monte Carlo simulation.

Parameters Units
Distribution

Values in Distribution
References

Lower Mode Upper

SSAD (m2/g) Triangular 100 600 6000 [72,86]

SSDD (sites/nm2) Triangular 0.5 × 1010 1 × 1010 1.28 × 1010 [78]

ρD kg/m3 Triangular 300 600 900 [38,87]

dD mm Triangular 0.001 0.003 0.005 [38,87]

h mm Triangular 0.001 0.005 0.01 [63]

kL Triangular 0.01 0.1 1 Calculated

RH % Triangular 1 50 100 Assumption

qD (kg/kg) Triangular 0.019 0.55 2.5 Calculated

m kg/m2 Triangular 0.2 1.9 6.1 Calculated

Edes (kJ/mol) Triangular 2 35 80 [75,80,88]

4. Results and Discussion
4.1. Geospatial Mapping

This paper presents the potential of AWH across Pakistan using different desiccant
materials easily available across the country. Following the above scenarios, the provision
of safe and clean drinking water is an urgent matter for the country. Water extraction from
the air could potentially improve the quantity and quality of potable/drinking water. AWH
potential starts with the estimation of ambient spatiotemporal details for a region. Pakistan
is in southwest Asia with the lofty Himalayas and Karakorum in the northern region,
while the southern part of the country is surrounded by the Arabian sea. According to the
National Centers for Environmental Prediction (NCEP) datasets, the average maximum
and minimum temperatures for Pakistan are 37.16 ◦C and −20 ◦C in June and January,
respectively [89]. Similarly, the RH and solar radiation range from 7.56% to 96.79% and
162.08 to 429.01 W/m2 respectively, throughout the year [89]. The cold dry winter season
in Pakistan lasts from mid-November to mid-March, the hot dry spring season varies from
mid-March to May, the summer monsoon season varies from June to mid-September, and
the autumn season lasts from mid-September to mid-November. The southwesterly cur-
rents (monsoon) provide heavy rainfall to Pakistan’s eastern region in the summer, whereas
the southwesterly winds (western disturbances) result in heavy rains to Pakistan’s western
region in the winter. Heavy rains from local thunderstorms spurred on by the convec-
tional uplifting of air parcels in the country’s extreme north region are due to local heating.
Furthermore, the cold winter season is characterized by low mean monthly temperature,
high humidity, gentle breeze, moderate rains, and low sunshine hours, whereas the hot
spring season is described as that in which the mean monthly temperature exceeds 30 ◦C
and which has high sunshine hours, low humidity, and high wind speeds. The transition
from the relatively dry spring season to the monsoon season in Pakistan is associated with
strongly disturbed weather and is characterized by high humidity, maximum sunshine
hours, and high wind speed. Lastly, the autumn season concludes with low rainfall and
moderate temperature. This kind of analysis indicates the amount of water available in the
atmosphere in a day. In this study, the adsorption capacities of silica gel and zeolite were
calculated using Equation (2) with material parameters mentioned in Table 2. However, the
adsorption capacities of MIL-101 (Cr) and COF-432 were directly obtained from the adsorp-
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tion isotherm data available in the literature [48,69,72]. It was assumed that the desiccant
materials adsorb water vapor molecules and attain a saturation level overnight; therefore,
wind speed of vapor over the adsorbents and adsorption kinetics are not considered in
this study. This assumption is considered valid because the desiccant materials achieve
the saturation conditions typically within 10 min to 4 h [52,63,73,90]. The volume of water
adsorbed by the specific desiccant material was calculated using Equations (2)–(8), with
the material properties described in Table 2. Figure 6 shows the AWH potential of silica
gel across Pakistan. According to Figure 6, the mountainous ranges along the northern
border of the country could potentially be highly suitable for AWH from the point-of-view
of water-harvesting rate (WHR). However, in the desert and plain southern areas, due
to unforgiving ambient conditions, the performance of the silica-gel-based AWH system
decreases. In summer and autumn, the lowest WHR (i.e., 0.45 to 0.78 L/m2/d) by silica gel
occurs in the dry Western Plateau region of Pakistan. In contrast, the dry Western Plateau
region experiences high WHR (i.e., 0.78 to 1.10 L/m2/d) in the winter and spring seasons.
The spatial variation in climate across Pakistan significantly impacts the WHR. Silica gel
performed relatively better across Pakistan in arid regions (i.e., RH < 40%).
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Other adsorbent materials such as zeolite, MOF, and COF could potentially address
this shortcoming. Figure 7 shows the AWH potential of zeolite across Pakistan. It can be
seen that the zeolite has a constant WHR (i.e., 0.89 to 0.94 L/m2/d) across Pakistan. The
slightly lower values of WHR (i.e., 0.83 to 0.85 L/m2/d) occur in the dry Western Plateau
region in the autumn season. The maximum water production occurs for MIL-101 (Cr).
Figure 8 shows the AWH potential of MIL-101 (Cr) across Pakistan. In summer, northern
dry and wet mountains (in Azad Jammu and Kashmir and parts of Khyber Pakhtunkhwa)
along with northern irrigated plain areas show the highest WHR (i.e., 2.64 to 3.14 L/m2/d)
by MIL-101-Cr. Furthermore, the southern irrigated plain, Suleman Piedmont, western dry
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mountains, and sandy desert areas of Pakistan deliver less WHR (i.e., 1.64 to 2.64 L/m2/d)
in summer. MIL-101 (Cr) produces WHR (i.e., 0.64 to 1.64 L/m2/d) in summer and
autumn, and WHR (i.e., 1.64 to 2.14 L/m2/d) in winter and spring for the dry Western
Plateau region of Pakistan. Figure 9 shows the AWH potential of COF-432 across Pakistan.
According to Figure 9, COF-432 follows the same geospatial trend as other desiccant
materials by producing the maximum WHR (i.e., 1.39 to 1.59 L/m2/d) in northern areas of
Pakistan. Concerning the adsorption isotherms of silica gel and zeolite, both are promising
candidates for AWH in arid regions (i.e., RH < 40%), whereas MIL-101 (Cr) is useful in
those regions where RH > 40%. On the other hand, COF-432 shows a water adsorption
isotherm without hysteric behavior and with a steep step at low relative humidity (i.e.,
RH < 40%). Although the WHR of COF-432 is less than the MIL-101 (Cr), its other factors
such as highest water adsorption cycling stability, low regeneration energy barrier, and
low heat of adsorption have already established it as the most suitable desiccant material
for AWH in the literature [69]. The desorption energy of individual desiccant material
was calculated using Equation (9). Figure 10 shows the desorption energy requirements
for selected desiccants. According to Figure 10, silica gel and COF-432 materials show
desorption energy requirements in the range of 580 to 2726 kJ/m2, whereas zeolite requires
from 2726 to 4873 kJ/m2. Additionally, MIL-101 (Cr) requires the highest desorption energy
which varies from 7000 to 11,312 kJ/m2. The available solar irradiance in Pakistan can
only desorb the adsorbed water vapor molecules from the silica gel, zeolite, and COF-432
completely. However, for MIL-101 (Cr), the available solar irradiance can only desorb the
adsorbed water vapor molecules in the summer season, whereas around half a fraction of
adsorbed water could be desorbed in the remaining seasons. Therefore, the volume of water
desorbed by available solar energy was calculated for MIL-101 (Cr) using Equation (10).
The volume of water desorbed from MIL-101 (Cr) by available solar energy in the winter
season varies from 1.52 to 1.60 L/m2/d in the northern dry and wet mountains along
with the northern irrigated plain. However, the volume of water adsorbed by MIL-101
(Cr) in winter varied from 2.64 to 3.14 L/m2/d (Figure 8) in Mountainous ranges. It was
seen that solar energy limits the AWH potential yield; therefore, the maximum volume
of water that can be desorbed by available solar thermal energy can be calculated across
Pakistan. Furthermore, regions with limited solar radiation should consider alternative
off-grid sources (i.e., wind and geothermal) for the desorption of water vapor molecules. In
this study, Equation (11 was applied to calculate and map the AWH potential as a function
of available solar energy and Edes of 10 kJ/mol, which is the Edes of COF-432. However,
the maximum AWH potential can also be mapped for silica, zeolite, and MIL-101 (Cr) by
defining their respective activation energies. Figure 11 shows the maximum AWH potential
as a function of desorption across Pakistan. According to Figure 11, the AWH potential is
highest in summer with WHR varying from 19.01 to 21.30 L/m2/d, 16.73 to 19.01 L/m2/d
in spring, 14.45 to 16.73 L/m2/d in autumn, and 9.88 to 12.16 L/m2/d in winter across
Pakistan. These calculations show that the suitable way to choose a desiccant material
for solar AWH is to first analyze solar desorption potential rather than the desiccant’s
adsorption properties.
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Figure 11. Season-wise geospatial mapping showing the maximum volume of water that can be
desorbed when Edes = 10 kJ/mol across Pakistan.

4.2. Simulation Results

The results of AWH potential based on the selected desiccant materials (i.e., silica,
zeolite, MIL-101 (Cr), and COF-432) are mapped in Figures 6–11; however, in the literature,
a number of different desiccant materials have been developed for AWH. Furthermore, the
output results were limited owing to the selected material properties. Therefore, Monte
Carlo simulations were performed to highlight the effects of different combinations of
material properties to maximize the AWH potential within the conceptual system. The
number of random combinations of the independent variables was generated against the
volume of water adsorbed (L/m2/d) using Equation (8). A probability distribution of
100,000 trials was performed to achieve the desired specification limits of 1–4 L/m2/d
based on the values assigned in Table 3. Figure 12 shows the cumulative AWH potential
of a proposed system where the y-axis shows the number of combinations producing a
volume of water adsorbed (indicated on the x-axis). The lower specification limit (LSL) and
upper specification limit (USL) are the acceptable values for a variable or a process, and in
this case, it was set to 1–4 L/m2/d. According to Figure 12, ~55% (54,912) combinations
of independent variables yielded less than 1 L/m2/d of output, whereas ~45% (45,088) of
combinations yielded more than 1 L/m2/d of the volume of water. It is worth mentioning
that ~56.4% of combinations of the volume results fall outside of the desired specification
limits. Additionally, Figure 13 shows the marginal distribution of the volume of water
adsorbed (L/m2/d) in a system against the combinations of independent parameters (SSAD,
SSDD, ρD, kL, h, and dD). According to Figure 13, the proposed adsorption-based AWH
system achieved a maximum volume of 8.88 L/m2/d with a mean value of 1.15 L/m2/d.
It is worth mentioning that histograms (green and red color) in the marginal plotting
represents the frequency of x and y values to visualize the distribution of both the axes.
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Parameter optimization allows the identification of the optimal input settings for the
independent parameters within a range of distributions. Parameter optimization of input
parameters was performed based on the values assigned in Table 4. Figure 14 shows the
parameter optimization of the independent parameters to minimize the no. of volume
values that fall outside of the specification limits in which the y-axis shows the number
of combinations, and the x-axis represents the volume of water adsorbed. According
to Figure 14, ~17.8% (17,758) of the combinations of independent variables produced
less than 1 L/m2/d of output, whereas ~82.2% (82,242) of the combinations generated
more than 1 L/m2/d of the volume of water. It is worth mentioning that after parameter
optimization, only ~33.14% of the combinations of the volume values fall outside of the
desired specification limits (1–4 L/m2/d). During parameter optimization modeling, it
was observed that SSAD has the greatest impact on keeping the desired output values
within the specification limits following some effect of SSDD, ρD, and h,. Additionally,
sensitivity analysis was carried out by identifying the input parameters which show the
most impact on the output results. By considering the results, this analysis was performed
by changing the percentage in standard deviations of SSAD, SSDD, ρD, and h. Table 4
shows the new distribution values resulting in the sensitivity analysis. Figure 15 shows
the sensitivity analysis of the selected independent parameters that shows the maximum
impact on minimizing the no. of volume values which fall outside of the specification
limits. According to Figure 15, ~19.2% (19,174) of combinations of independent variables
yielded less than 1 L/m2/d of output, whereas ~80.8% (80,826) of combinations produced
more than 1 L/m2/d of the volume of water.

It is worth mentioning that after sensitivity analysis, only ~19.66% of combinations of
the volume values fall outside of the desired specification limits (1–4 L/m2/d). Additionally,
Figure 16 shows the binned scattering of the volume of water adsorbed (L/m2/d) in a
system against the combinations of independent parameters (SSAD, SSDD, ρD, kL, h, and
dD). According to Figure 16, the proposed AWH system achieved a maximum volume of
5.44 L/m2/d with a mean value of 1.68 L/m2/d. As a result, the maximum number of
independent parameter combinations was obtained which can easily serve an individual’s
drinking water requirement. A final Monte Carlo simulation was performed to calculate the
desorption energy requirements using Equation (9) based on the values assigned in Table 3.
Figure 17 shows the cumulative distribution of minimum desorption energy requirements
for selected desiccants. The resulting values varied from 21.1 kJ/m2 to 52,905.18 kJ/m2

with a mean value of 6047.1 kJ/m2.
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Table 4. Parameter optimization and sensitivity analysis of independent parameters with a new
range of values in distribution for Monte Carlo simulations.

Parameter Optimization

Parameters Distribution

Parameter Optimization
(New Values in Distribution) Search Range Preceding Values in the Distribution

Lower Mode Upper Low High Lower Mode Upper

SSAD Triangular 400 900 6300 200 900 100 600 6000

SSDD Triangular 0.5 × 1010 1 × 1010 1.28 × 1010 - - 0.5 × 1010 1 × 1010 1.28 × 1010

ρD Triangular 427 727 1027 400 800 300 600 900

dD Triangular 0.00131 0.00331 0.00531 0.002 0.004 0.001 0.003 0.005

h Triangular 0.003 0.008 0.012 0.001 0.008 0.001 0.005 0.01

kL Triangular 0.01 0.1 1 - - 0.01 0.1 1

RH Triangular 1 50 100 - - 1 50 100
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Table 4. Cont.

Sensitivity Analysis

Parameters Distribution

Sensitivity Analysis
(New Values in Distribution)

% Change in Standard
Deviation Preceding Values in the Distribution

Lower Mode Upper Lower Mode Upper

SSAD Triangular 650 900 3600 −50% 400 900 6300

SSDD Triangular 0.75 × 1010 1 × 1010 1.14 × 1010 −50% 0.5 × 1010 1 × 1010 1.28 × 1010

ρD Triangular 577 727 877 −50% 427 727 1027

dD Triangular 0.00131 0.00331 0.00531 - 0.00131 0.00331 0.00531

h Triangular 0.006 0.007 0.010 −50% 0.003 0.008 0.012

kL Triangular 0.01 0.1 1 - 0.01 0.1 1

RH Triangular 1 50 100 - 1 50 100Sustainability 2022, 14, x FOR PEER REVIEW 19 of 26 
 

 

Figure 14. Parameter optimization of independent variables to minimize the no. of volume values 

falling outside of the specification limits, calculated by Monte Carlo simulations over 100,000 trials 

with the distribution of values indicated in Table 4. 

 

Figure 15. Sensitivity analysis of independent variables that impact mostly on minimizing the no. 

of volume values falling outside of the specification limits. 

It is worth mentioning that after sensitivity analysis, only ~19.66% of combinations 

of the volume values fall outside of the desired specification limits (1–4 L/m2/d). Addi-

tionally, Figure 16 shows the binned scattering of the volume of water adsorbed (L/m2/d) 

in a system against the combinations of independent parameters (SSAD, SSDD, 𝜌𝐷, kL, ℎ, 

and dD). According to Figure 16, the proposed AWH system achieved a maximum volume 

of 5.44 L/m2/d with a mean value of 1.68 L/m2/d. As a result, the maximum number of 

independent parameter combinations was obtained which can easily serve an individual’s 

drinking water requirement. A final Monte Carlo simulation was performed to calculate 

the desorption energy requirements using Equation (9) based on the values assigned in 

Table 3. Figure 17 shows the cumulative distribution of minimum desorption energy re-

quirements for selected desiccants. The resulting values varied from 21.1 kJ/m2 to 

52,905.18 kJ/m2 with a mean value of 6047.1 kJ/m2. 

Figure 14. Parameter optimization of independent variables to minimize the no. of volume values
falling outside of the specification limits, calculated by Monte Carlo simulations over 100,000 trials
with the distribution of values indicated in Table 4.

Sustainability 2022, 14, x FOR PEER REVIEW 19 of 26 
 

 

Figure 14. Parameter optimization of independent variables to minimize the no. of volume values 

falling outside of the specification limits, calculated by Monte Carlo simulations over 100,000 trials 

with the distribution of values indicated in Table 4. 

 

Figure 15. Sensitivity analysis of independent variables that impact mostly on minimizing the no. 

of volume values falling outside of the specification limits. 

It is worth mentioning that after sensitivity analysis, only ~19.66% of combinations 

of the volume values fall outside of the desired specification limits (1–4 L/m2/d). Addi-

tionally, Figure 16 shows the binned scattering of the volume of water adsorbed (L/m2/d) 

in a system against the combinations of independent parameters (SSAD, SSDD, 𝜌𝐷, kL, ℎ, 

and dD). According to Figure 16, the proposed AWH system achieved a maximum volume 

of 5.44 L/m2/d with a mean value of 1.68 L/m2/d. As a result, the maximum number of 

independent parameter combinations was obtained which can easily serve an individual’s 

drinking water requirement. A final Monte Carlo simulation was performed to calculate 

the desorption energy requirements using Equation (9) based on the values assigned in 

Table 3. Figure 17 shows the cumulative distribution of minimum desorption energy re-

quirements for selected desiccants. The resulting values varied from 21.1 kJ/m2 to 

52,905.18 kJ/m2 with a mean value of 6047.1 kJ/m2. 

Figure 15. Sensitivity analysis of independent variables that impact mostly on minimizing the no. of
volume values falling outside of the specification limits.



Sustainability 2022, 14, 12582 19 of 24
Sustainability 2022, 14, x FOR PEER REVIEW 20 of 26 
 

 

Figure 16. Binned scattering of the volume of water collected by the AWH system after sensitivity 

analysis, calculated by Monte Carlo simulations over 100,000 trials against (a) SSAD (specific surface 

area), (b) SSDD (specific site density), (c) ρD (bulk density), (d) kL (Langmuir constant), (e) h (bed 

depth), and (f) dD (desiccant diameter). 

 

Figure 17. Cumulative distribution of minimum desorption energy requirements for selected desic-

cants calculated by Monte Carlo simulations over 100,000 trials. 

  

Figure 16. Binned scattering of the volume of water collected by the AWH system after sensitivity
analysis, calculated by Monte Carlo simulations over 100,000 trials against (a) SSAD (specific surface
area), (b) SSDD (specific site density), (c) ρD (bulk density), (d) kL (Langmuir constant), (e) h (bed
depth), and (f) dD (desiccant diameter).

Sustainability 2022, 14, x FOR PEER REVIEW 20 of 26 
 

 

Figure 16. Binned scattering of the volume of water collected by the AWH system after sensitivity 

analysis, calculated by Monte Carlo simulations over 100,000 trials against (a) SSAD (specific surface 

area), (b) SSDD (specific site density), (c) ρD (bulk density), (d) kL (Langmuir constant), (e) h (bed 

depth), and (f) dD (desiccant diameter). 

 

Figure 17. Cumulative distribution of minimum desorption energy requirements for selected desic-

cants calculated by Monte Carlo simulations over 100,000 trials. 

  

Figure 17. Cumulative distribution of minimum desorption energy requirements for selected desic-
cants calculated by Monte Carlo simulations over 100,000 trials.



Sustainability 2022, 14, 12582 20 of 24

5. Conclusions

This research is the first of its kind to present the solar-based AWH potential across
Pakistan using various readily available desiccant materials as no analysis has yet mapped
the potential of AWH across the country. The principles of Monte Carlo simulation and
adsorption/desorption modeling were adopted to calculate the AWH potential (L/m2/d)
across Pakistan. Among desiccant materials, MIL-101 (Cr) yielded the highest WHR (i.e.,
0.64 to 3.14 L/m2/d) across Pakistan, whereas the desorption energy requirement varied
from 7000 to 11,312 kJ/m2. It was found that the available solar irradiance in Pakistan can
completely desorb the adsorbed water vapor molecules from silica gel, zeolite, and COF-
432. However, for MIL-101 (Cr), the available solar irradiance can only desorb the adsorbed
water vapor molecules in the summer season, whereas around half a fraction of adsorbed
water could be desorbed in the remaining seasons. Furthermore, the AWH potential
(Edes = 10 kJ/mol) is highest in summer with the WHR varying from 19.01 to 21.30 L/m2/d
across Pakistan. This analysis shows that the suitable way to choose a desiccant material
for solar AWH is to first analyze the solar desorption potential of the region rather than
the desiccant’s adsorption properties. It was concluded after repetitive simulations of
parameter optimization and sensitivity analysis that only ~19.66% of the combinations
of volume values fall outside of the desired specification limits (1–4 L/m2/d). Moreover,
the Monte Carlo simulation achieved a maximum volume of 5.44 L/m2/d with a mean
value of 1.68 L/m2/d. It is worth mentioning that solar-driven AWH systems have the
potential to be low-cost. The research should focus on developing new desiccant materials
which should possess high Langmuir constant values (kL > 0.1) to attain a steep adsorption
isotherm so that the AWH potential will be maximized in arid regions. Furthermore, the
low activation energy (Edes) can minimize the Qdes and increase the desorption potential.
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