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Preface

In an era where water scarcity is an increasingly pressing global concern, the pursuit 
of efficient and sustainable desalination technologies has become not only a scientific 
imperative but also a societal necessity. This book, “Advances in Desalination Insights”, 
is crafted to serve as a comprehensive guide and a source of inspiration for researchers, 
engineers, policymakers, and all those engaged in the noble quest of providing clean 
and accessible freshwater from the vast expanse of seawater.

The journey through the pages of this book commences with an exploration of solar-
driven interfacial evaporation. Solar-driven interfacial evaporation represents a para-
digm shift in desalination, leveraging the sun’s power through advanced photothermal 
materials and innovative evaporator designs. As detailed in the opening chapter, remark-
able strides have been made in enhancing the evaporation efficiency and salt resistance of 
SDIE systems, heralding a new era of green desalination possibilities. This sets the stage 
for subsequent discussions on the progress of heat-localized solar evaporation, which 
delves deeper into the mechanisms and optimizations of this technology, highlighting its 
potential to achieve high evaporation efficiencies and its application in solar stills.

The development path of solar thermal seawater desalination technology is com-
prehensively mapped. Traditional desalination methods have long been plagued by 
issues such as high energy consumption and environmental impacts. In contrast, 
solar-powered alternatives offer a glimmer of hope. This chapter dissects the vari-
ous direct and indirect solar desalination techniques, analyzing their strengths and 
weaknesses and laying a roadmap for future advancements, focusing on enhancing 
efficiency, reducing costs, and promoting large-scale implementation.

The book focuses on membrane separation processes as we transition from solar-based 
technologies. These processes are the workhorses of modern desalination with various 
industry applications. The in-depth exploration of membrane principles, structures, 
materials, and preparation techniques provides a fundamental understanding of their 
role in desalination and paves the way for future innovations in this critical area.

Adsorbents for water desalination offer another promising avenue. With the global 
demand for freshwater surging, adsorption techniques have emerged as a viable 
option due to their potential for high salt removal efficiency and low environmental 
footprint. This chapter evaluates the latest adsorbent materials, from activated car-
bons to advanced nanomaterials like carbon nanotubes and graphene, shedding light 
on their properties and potential applications while also addressing the challenges 
associated with their synthesis and use.

Integrating machine learning in desalination is a rapidly evolving field, and our 
book dedicates a chapter to this exciting intersection. Machine learning is revo-
lutionizing how we understand and optimize evaporation performance in porous 
media. Restructuring porous media structure information, establishing coefficient 



IV

relationships, predicting heat and mass transfer fields, and optimizing structures 
are key to unlocking greater efficiency and control in desalination processes.

Desalinated seawater re-mineralization is an often overlooked but crucial aspect of the 
desalination process. After removing salts, the water requires careful re-mineralization 
to ensure its suitability for distribution and consumption. The chapter on this topic uti-
lizes mathematical models to elucidate the effects of materials and parameters on water 
quality, providing essential guidance for maintaining the integrity of the water supply.

Finally, the book culminates in a perspective chapter on the desalination system per-
formance index and artificial intelligence. We gain a holistic view of the desalination 
landscape by introducing performance indices for reverse osmosis desalination plants 
and assessing their environmental impact. The integration of artificial intelligence 
offers a tantalizing prospect for enhancing productivity, reducing costs, and mitigat-
ing environmental harm, pointing the way forward for the future of desalination.

We hope this book will inform and ignite a spark of innovation among its readers. 
It is designed to be a reference that can be revisited time and again as the field of 
desalination continues to evolve. Whether you are a seasoned researcher seeking the 
latest breakthroughs or a newcomer eager to understand the fundamentals, this book 
is intended to be your trusted companion on this journey of discovery and progress.

Huijin Xu
School of Merchant Marine,

Shanghai Maritime University,
Shanghai, China

Xiaokun Gu
School of Energy and Materials,
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Shanghai, China

Qing Li
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Chapter 1

Solar-Driven Interfacial 
Evaporation: Advances  
and Opportunities
Yunqi Li, Haixiang Feng, Yu Qiu and Qing Li

Abstract

Solar-driven interfacial evaporation (SDIE) is a desalination technology based on 
interface heating and evaporation, which provides a potential strategy for developing 
green, environmentally protective, and economically efficient desalination. By now, 
the evaporation performances of solar-driven interfacial evaporation systems have 
been significantly improved due to the developments of photothermal materials and 
evaporator structures. Herein, the up-to-date approaches and results are summarized 
and elaborated on the mechanism of efficient photothermal conversion achieved by 
photothermal materials. The principle of enhancing the evaporation performance of 
SDIE systems has been systematically studied, and the existing feasible salt-resistant 
strategies for long-term desalination are summarized. Finally, the current challenges 
and outlooks of SDIE technology are discussed, providing a possible path for the 
development of this technology.

Keywords: solar-driven interfacial evaporation, photothermal conversion, evaporation 
performance, desalination, salt-resistant

1.  Introduction

Water stands as the cornerstone of sustaining human life, fostering socio-economic 
progress, and enhancing material civilization. It intertwines deeply with diverse 
production endeavors and the day-to-day lives of individuals. Nevertheless, amidst the 
relentless economic expansion and burgeoning population, humanity’s thirst for water 
resources continues to escalate. Compounding this challenge, environmental pollu-
tion and the unsustainable exploitation of water resources have culminated in water 
scarcity crises of varying intensities across numerous nations and regions, particularly 
in the Middle East and North Africa, where extreme water dearth is a perpetual reality 
[1]. For coastal metropolises and island nations, harnessing advanced desalination 
technologies to transform ocean waters into potable freshwater represents a viable 
solution to mitigate freshwater shortages [2]. However, conventional desalination 
methods, including reverse osmosis (RO) [3], multi-stage flash [4], and lectrodialysis 
[5], grapple with drawbacks like prodigious energy consumption, intricate and costly 
infrastructure requirements, and greenhouse gas (GHG) emissions, hindering their 



Advances in Desalination Insights

2

widespread adoption in economically challenged regions. Hence, the urgent pursuit of 
novel desalination technologies that are cost-effective, energy-efficient, eco-friendly, 
sustainable, and highly productive holds paramount significance in reconciling the 
desalination-energy consumption paradox and alleviating the global freshwater crisis. 
By vigorously investing in such innovations, we can pave the way for a more secure 
and sustainable water future.

Solar energy, an abundant and pristine resource, has been harnessed since 
antiquity, contributing immensely to the advancement of human civilization. 
Photothermal conversion, a pivotal mode of harnessing this energy, not only provides 
the power for the natural processes of hydrological cycles and atmospheric circulation 
but also offers a beacon of hope in addressing water scarcity. Solar-driven evapora-
tion, leveraging solar energy exclusively as its power source, circumvents the need 
for fossil fuels, thereby reconciling the conflict between freshwater availability and 
energy consumption. According to the position of photothermal materials in liquid 
media, the early solar-driven evaporation systems can be divided into two categories: 
bottom-heating system and bulk heating system (Figure 1a and b) [6]. The bottom-
heating system is a solar-driven evaporation system in which sunlight usually needs 
to pass through the bulk water to be absorbed by the photothermal materials at the 
bottom surface (Figure 1a). This evaporation system requires heating the entire water 
body, resulting in significant heat loss, and its evaporation efficiency is only 30–45% 
[7]. The bulk heating system is a solar-driven evaporation system that directly 
absorbs and converts solar energy through nanoparticles dispersed in the fluids 
(Figure 1b) and can generate steam without heating the bulk water to boiling point. 
However, this system also faces the challenges of difficult pumping, easy aggregation, 
and deposition of nanofluids [8, 9].

In recent years, researchers have devoted significant efforts toward the develop-
ment of advanced and highly efficient solar-driven evaporation systems, notably 
the interfacial heating system (depicted in Figure 1c). A pivotal moment occurred 
in 2014 when Prof. Chen’s team at MIT and Prof. Deng’s team from Shanghai 
Jiao Tong University concurrently published groundbreaking articles in Nature 
Communications [10] and Small [11], introducing the novel concept of interfacial 
evaporation at the air-water interface, respectively. The solar-driven interfacial 

Figure 1. 
Solar-driven evaporation through various forms of solar heating. (a) Bottom-heating system in which solar is 
absorbed by a solar absorber and converted into thermal energy to heat the bulk water from the bottom. (b) Bulk-
heating system in which homogeneously dispersed solar absorbers (nanoparticles) convert incident solar photons 
into thermal energy to heat the bulk water. (c) Interfacial-heating system in which the solar-thermal conversion 
and evaporation are localized at the air-liquid interface.
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evaporation (SDIE) system distinguishes itself from other solar-driven evaporation 
systems by precisely locating the conversion of solar energy into thermal energy at the 
air-liquid interface, only heating the water at the interface thereby reducing heat loss 
and achieving excellent evaporation performance and efficient photothermal conver-
sion efficiency. Furthermore, the effective evaporation process inherent in SDIE 
systems keeps the surface temperature of the absorbing material relatively low, which 
in turn mitigates convective and radiative heat losses at the material’s surface [6].

A conventional solar-driven interfacial evaporation system adopts a bilayer 
structure, as illustrated in Figure 2. The top layer comprises a solar-absorbing layer 
designed to efficiently capture and convert solar energy into heat, while simultane-
ously permitting the passage of steam through its surface without substantial contact 
with the underlying bulk water. The bottom layer serves a dual purpose: it restricts 
the conduction of heat generated by the photothermal materials into the bulk water, 
ensuring minimal heat loss, and provides mechanical stability and support for the 
solar-absorbing layer. Furthermore, this bottom layer necessitates a microporous 
structure featuring interconnected channels to efficiently supply water to the heated 
region, fostering rapid and stable evaporation rates.

In the past decade, this technology has experienced rapid development, with evap-
oration efficiency increasing to over 90% under conventional solar concentration, 
mainly enable by the continuous improvement and innovation of new photothermal 
materials and evaporator structural engineering [12–15]. The emergence of these new 
photothermal materials is mainly benefited from the continuous progress and devel-
opment of modern nanotechnology in materials science. The vast majority of these 
photothermal materials has a light absorption rate of over 95% [16], which provides a 
guarantee for efficient solar-driven interface evaporation. Furthermore, a reasonable 
evaporator structure design has also made an important contribution to minimizing 
the system’s heat loss. With the continuous development of solar-driven interfacial 
evaporation technology, it is possible to provide new insights for the application of 
the energy industry in modern society. Currently, solar-driven interface evaporation 
technology has achieved zero greenhouse gas emissions while providing clean water, 
making it an attractive advantage in addressing clean energy demand, water scarcity, 
and global warming issues.

Figure 2. 
The overall structural scheme of a typical bilayer interfacial solar-driven evaporation device.
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This chapter provides a detailed introduction to the development of solar-driven 
interfacial evaporation technology, including the selection of various types of photo-
thermal materials and supporting substrates and structural engineering strategies to 
improve thermal efficiency, and points out the opportunities and challenges faced by 
the further development of this technology.

2.  Design principles to high evaporation performance

The evaporation performance of solar-driven interfacial evaporation systems is 
closely related to three factors, namely the solar absorption, thermal management 
and water transport [17]. It is worth noting that these three factors are closely related 
rather than independent of each other. The use of reasonable photothermal structure 
design to synergistically match these factors is intuitively important for optimiz-
ing the evaporation performance of the interfacial evaporation system. Therefore, 
this section first introduces the performance evaluation indicators of the interfacial 
evaporation system and then describes in detail three key strategies to improve evapo-
ration performance: (i) efficient solar absorption; (ii) rapid and sufficient water 
transport; and (iii) excellent thermal management.

2.1 Evaluation indicators for evaporation performance

The performance of the solar-driven interfacial evaporation (SDIE) system is 
critically evaluated through two key indicators: evaporation rate and evaporation 
efficiency. The evaporation rate represents the mass variation of the SDIE system 
per unit time and unit area, which can be mathematically quantified using Eq. (1). 
In addition, evaporation efficiency measures the fraction of incoming solar flux that 
is effectively converted into stored thermal energy within the generated vapor, a 
calculation facilitated by Eq. (2). Both indicators provide valuable insights into the 
system’s operational effectiveness and efficiency.

 
∆

=
⋅
mM

S t  (1)

 η =
0

eva

opt

Mh
C P  (2)

where M refers to the evaporation rate of water, △m refers to the mass changes of 
the system, S is the projected area of the evaporator, t is the running time of the sys-
tem, η refers to the evaporation efficiency, heva is the total liquid-vapor phase-change 
enthalpy (including the sensible heat), P0 is the nominal solar irradiation value of 
1 kW m−2, and Copt represents the optical concentration.

The theoretical limit of the evaporation rate of water under 1 kW m−2 illumination 
is 1.47 kg m−2 h−1 (3600 × 1 kW m−2/2450 kJ kg−1 ≈ 1.47 kg m−2 h−1). Nevertheless, 
numerous evaporator systems reported in literature exhibit evaporation rates surpass-
ing this theoretical limit, leading to evaporation efficiencies that exceed 100% [18]. 
Consequently, when assessing the actual evaporation efficiency of a system, it is 
imperative to account for the environmental energy absorbed by the system and the 
variations in the enthalpy of water evaporation. Taking these factors into account, the 
precise evaporation efficiency of the system can be accurately calculated by
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where Mdark refers to the evaporation rate of water in dark conditions and hact is the 
verily liquid-vapor phase-change enthalpy.

2.2 Efficient solar absorption

In a solar-driven interfacial evaporation system, when sunlight illuminates on the 
photothermal materials, they are absorbed and converted into thermal energy, which 
is used to heat the water at the air-liquid interface, a process known as solar heat 
localization. Thus, photothermal materials with a wide spectrum of solar absorption 
and efficient conversion of solar energy into heat to drive water evaporation are the 
key factors in achieving efficient solar-driven interfacial evaporation [6]. So far, 
hundreds types of photothermal materials have been developed and explored, which 
can be classified into carbon-based materials, plasmonic particles, and semiconductor 
materials based on the differences in photothermal conversion mechanisms [19–22].

2.2.1 Carbon-based materials

Carbon based materials typically exhibit strong solar absorption abilities and 
can convert solar energy into thermal energy through lattice vibrations. As shown 
in Figure 3a, in carbon-based materials, loosely held electrons can be easily excited 

Figure 3. 
The photothermal conversion mechanism and corresponding spectral absorption wavelength range of different 
types of photothermal materials. (a) Carbon-based materials. (b) Semiconductor materials. (c) Plasmonic 
particles.
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from π orbitals to π* orbitals even with a small amount of energy input. When the 
photon energy of the incident light matches the possible electron transitions within 
the molecule, the excited electrons are lifted from the ground state (highest occupied 
molecular orbital, HOMO) to a higher energy orbital (lowest unoccupied molecular 
orbital), causing the excited electrons to relax back to the ground state and release 
heat [23, 24].

Because of their high solar absorption across a wide range of wavelengths (range 
from 250 nm to 2500 nm) and relatively low cost, carbon-based materials have been 
widely used in the field of solar-driven interfacial evaporation, such as graphene [25, 
26], graphene oxide (GO) [27], reduced graphene oxide (rGO) [28], carbon nanotubes 
[29–31], and carbon black [32]. In addition, due to the strong stability and process-
ability of carbon-based materials, they can be well integrated with porous substrates 
to enhance their solar absorption abilities and form stable evaporation structures.

2.2.2 Semiconductor materials

Recently, low-cost and low-toxicity semiconductors have emerged as a new type of 
photothermal material for solar-driven interfacial evaporation. Compared to carbon-
based materials, there are fewer types of semiconductor materials, mainly metal oxide 
compounds, such as hydrogenated black titania [33], Fe3O4 [34], oxygen-deficient 
MoO3 quantum dots [35], and bimetal oxides [36, 37]. As shown in Figure 3b, 
semiconductor materials have a high absorption for light in the wavelength range of 
300–1500 nm [38]. In semiconductor materials, when the material absorbs light with 
energy similar to the bandgap, electron hole pairs are generated. In narrow bandgap 
semiconductors, due to the fact that the energy of most photons in the incident sun-
light is higher than the energy of the bandgap, electron hole pairs above the bandgap 
will be generated. These electron hole pairs above the bandgap will then relax to the 
band edge, converting additional energy into heat through a thermalization process. 
In sharp contrast, when electron hole pairs recombine near the bandgap edge, most 
of the absorbed light energy is re-emitted in the form of photons in the wide bandgap 
semiconductor, resulting in much lower photothermal conversion efficiency [39].

2.2.3 Plasmonic particles

Plasmonic particle absorbers refer to various metal nanoparticles, such as gold 
(Au) [40, 41], silver (Ag) [41, 42], germanium (Ge) [43], and Au-Ag bimetals [41], 
etc., which have high solar absorption for light with wavelengths ranging from 
300 nm to 1100 nm (Figure 3c) [44]. The photothermal conversion of the plasmonic 
particles is caused by the localized surface plasmon resonance (LSPR) effect of metals 
[45]. LSPR is a resonant photon-induced charge coherent oscillation that occurs 
when the photon frequency matches the natural frequency of the metal surface 
electrons. When sunlight shines on the surface of plasma, it excites electrons from 
occupied to unoccupied states, forming hot electrons (phonons) and redistributing 
energy through electron and electron-phonon scattering, causing the local surface 
temperature of the metal to rapidly rise. Then, the lattice cools through coupling and 
dissipates heat to the surrounding fluid.

In the early stage of research, to explore the solar evaporation performance 
using plasma nanoparticles, a self-assembly Au nanoparticles thin film with wide 
solar absorption spectrum was fabricated and placed at the air-liquid interface [46]. 
There is a significant heat loss from Au NP film to the bulk water because of their 
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direct contact. The photothermal conversion efficiency of the film system is only 
about 44%, but this is still more than twice as high as the efficiency of the gold NPs 
suspension system. To further improve the efficiency of photothermal conversion, 
plasmonic particle absorbers were deposited on the porous substrates (such as rough 
paper [19], wood [47–50], and multi-channeled anodic aluminum oxide (AAO) 
structure [51]) to reduce the heat loss of system. Due to the complex micro-interface 
morphology of porous substrates, multiple reflections and refractions of sunlight 
have been achieved, resulting in an ultra-high solar absorption of approximately 99% 
for plasmonic particle absorbers [41, 42].

2.3 Continuous and efficient water transport

Maintaining sufficient and continuous water supply through excellent water pathway 
design is the fundamental guarantee for achieving efficient and sustainable solar evapo-
ration. In conventional solar evaporators, porous substrates typically have 3D random 
and interconnected porous structures that can continuously transport water from the 
underlaying water to the evaporation interface (Figure 4a). For example, it is by using 
natural porous materials [55–57] or commercial porous sponges [58] with rich internal 
porous structures as substrates to ensure sufficient water supply, and the interfacial 
evaporation system can be prepared by surface carbonization or loading photothermal 
materials. However, the thermal conductivity of these substrate materials increases after 
wetting, which leads to an increase in thermal loss from the evaporation interface to the 
bulk water, thereby weakening the thermal localization ability of the system.

To alleviate the problem of excessive thermal conductivity loss, a two-dimensional 
water pathway structure (Figure 4b) is formed by wrapping the water transport 
material on the surface of an insulation material with low thermal conductivity [47]. 
The evaporation system with this two-dimensional water pathway physically isolates 
the absorber from the bulk water through insulation materials, greatly suppressing 
parasitic heat loss. Compared with the overall water supply in conventional designs, 
the limited two-dimensional water channel structure reduces the dimensionality and 
volume of the water pathway, thereby minimizing the heat dissipation of the evapora-
tion system to the bulk water [55]. Furthermore, as shown in Figure 4c, the dimension 
of the water pathway structure is reduced from 2D to 1D, forming a transport mecha-
nism similar to water being transported from the mushroom stem to the cap [55]. 
And the water can be directly transported to the photothermal material through the 

Figure 4. 
The three types of evaporators with different water transport paths [52–54].
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artificial core. In this 1D water pathway, the downward heat loss is perfectly mini-
mized due to negligible contact with the bulk water.

2.4 Excellent thermal management

In the evaporation system with different water pathway, water transport and heat 
transfer are closely related. If water transport is too fast, it will increase the system’s 
heat loss. Therefore, reasonable thermal management is also crucial to improve 
system performance.

After the photothermal material at the interface absorbs sunlight and converts it 
into thermal energy, it is necessary to ensure that the heat is effectively absorbed by 
the water at the interface and avoid significant heat loss as much as possible. Figure 5 
illustrates the heat transfer process in a solar-driven interface evaporation system. 
After the solar energy is absorbed and converted into heat, the vast majority of heat 
is absorbed by water to produce steam, and the remaining heat is consumed through 
convection, heat conduction, and radiation.

 ( )α = + + + +solar evap conv, , cond,water ,waterair rad air radq q q q q q  (4)

where α is the solar absorption, qsolar refers to the solar flux, qevap is the energy used 
for water evaporation, qconv,air and qrad,air are the radiative heat loss and convective heat 
loss at the evaporation interface, and qcond,water and qrad,water are the radiative heat loss 
and conduction heat loss from the evaporation interface to bulk water.

Figure 5. 
The heat transfer process within a solar evaporator.



9

Solar-Driven Interfacial Evaporation: Advances and Opportunities
DOI: http://dx.doi.org/10.5772/intechopen.1008570

Generally, the heat loss transferred from the evaporator surface to the bulk water 
accounts for the largest proportion of the total heat loss [18]. The three types water 
pathways shown in Figure 4 correspond to the three thermal management methods. 
For the evaporation system with 3D water pathway, the water is transported to the 
evaporation interface through the water transport paths. When the water transport 
layer is submerged in water, its overall wet thermal conductivity significantly increases 
due to the high thermal conductivity of water (approximately 0.60 W·m−1·K−1, 20 °C), 
resulting in increased heat loss. Therefore, it is necessary to choose materials with 
lower wet thermal conductivity to prepare the evaporators. Fortunately, many natural 
materials in nature have 3D water pathways and still have good thermal insulation 
properties after immersion. By carbonizing or adding coatings to these materials, high-
performance evaporators can be made. Evaporation systems with 2D water pathways 
often use hydrophilic materials to transport water, avoiding extensive contact between 
the evaporator and the bulk water, thereby reducing heat loss. Materials commonly 
used as hydrophilic materials include cellulose, silk fabrics, and air-laid paper, etc. For 
the evaporation systems with 1D water pathways, the contact between the absorption 
layer and the water transport channel can be ignored, and the downward heat loss is 
greatly reduced, thus greatly improving the evaporation performance of the system.

Although the reduction of water pathway dimensions helps to reduce system 
heat loss and achieve higher evaporation efficiency, the limited water convention 
between the evaporation system and bulk water will possibly pose a risk of salt accu-
mulation, especially in seawater desalination, which is one of the major  challenges 
faced by this technology.

3.  Salt-resistant strategies

Although significant progress has been made in improving evaporation efficiency 
through the development of various new materials or structures, there is still a big 
gap from practical applications, and one of the main problems is salt precipitation 
on the surface of the evaporator. When dealing with the seawater, non-volatile salts, 
like NaCl, will precipitate on the evaporator, consequently decreasing the solar 
absorption, blocking the water transport, and reducing the evaporation rate. Even the 
evaporator stops working when the salt is severely accumulated [59]. Thus, the long-
term stability of the evaporator depends on its salt resistance. Recently, some delicate 
and effective salt-resistance strategies have been put forward and developed, which 
significantly enhance the salt resistance and stability of the evaporator.

Timely removal of the precipitating salt is a universal method for stable operation. 
It means regularly peeling off or washing the salt crystals on the evaporator to keep 
the evaporator clean and maintain the evaporation performance [60]. This method is 
general and valid, but additional operations for salt removal may increase the running 
cost, and this will interrupt continuous production, resulting in increased operating 
costs and decreased productivity [61].

To avoid the transfer of salt to the evaporation interface, inspired by the antifoul-
ing property of the water lily, hydrophobicity has been effectively utilized to promote 
the salt resistance of the evaporators [62]. The hydrophobic evaporator can block 
water and salt ions away from the evaporator, thus eliminating the salt precipitation. 
Furthermore, the Janus evaporator with the hydrophobic top layer and the hydro-
philic bottom layer is designed and fabricated to enhance the evaporation rate and salt 
resistance (Figure 6). The accumulated salt ions are repelled at the interface between 
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Figure 7. 
Donnan effect for separating ions and water [65].

the hydrophobic and the hydrophilic layer, and they can timely diffuse back to the 
brine through the hydrophilic bottom layer, with a higher evaporation rate than the 
all-hydrophobic evaporator [63, 64].

During water transport, salt ions are always carried and raised to the evaporation 
region, which is the prerequisite for salt precipitation. Thus, separating water and salt 
ions during water transport is an imaginative method for enhancing salt resistance. 
Donnan effect can be utilized to repel the anion/cation from the charged hydrogel 
evaporator during the transport (Figure 7). Because the water supply layer of some 
hydrogel evaporators has a fixed charge, the co-ions are almost kept away from the 

Figure 6. 
Janus structure for enhancing salt resistance [63].
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evaporator, and the counter-ions that enter the hydrogel with water are absorbed by 
the charged hydrogel due to electric neutrality, consequently separating the anion and 
cation and avoiding salt precipitation [65].

Actually, it is well recognized that the simplest and the most feasible method for salt 
resistance is to enhance the diffusion and convection of ions by accelerating the water 
transport. Because of the differences in the salt concentration and density between the 
evaporator and the bulk water, salt ions will flow back to the bulk water due to diffu-
sion and convection. For example, some evaporators can dissolve the salt crystals when 
they do not work at night [66]. Therefore, speeding up diffusion and convection is an 
effective way to block salts (Figure 8). Normally, improving water transport can pro-
mote this process. For example, enhancing the hydrophilicity and designing additional 
water transport channels can improve the water supply, and the evaporators can stably 
work even under focus radiation and high salinity brine [67, 68]. Besides, according 
to the Fick’s law, a short mass-transfer distance also causes a quick salt ion migration. 
Thus, reducing the tortuosity of the porous substance can shorten the distance of the 
ion migration and enhance the diffusion, consequently improving the salt resistance 
[69]. However, this method always promotes heat loss and reduces the evaporation rate 
because of the coupling between heat and mass transfer.

Besides the capillary force, incorporating other forces can further improve the 
water supply. For example, the Marangoni flow driven by differences in surface 
tension can quickly transport salt ions to the bulk water (Figure 9a) [70]. Moreover, 
the evaporator with a liquid level difference can form a directional flow to bring the 
ions away from the evaporation regions (Figure 9b) [71]. Besides, external electrical 
force and imbalanced torque are also utilized to migrate the ions and enhance the salt 
resistance [72, 73].

Except for the above strategies, contactless evaporation is a general and elaborate 
method for permanently blocking salt precipitation (Figure 10) [74]. The pivotal 
component of this method is an absorber/emitter unit above the water, which can 
convert the solar flux to mid-infrared radiation. Meanwhile, a thin water layer serving 
as the evaporator can efficiently absorb the mid-infrared radiation and evaporate 
(most within 100 μm layer). Thus, the solar absorber is completely and physically 
separated from the evaporator, and thus no salt will precipitate on this solar absorber. 
But this method always has a lower evaporation rate.

Figure 8. 
Improved water supply for enhancing salt exchange and salt resistance [67].
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Figure 9. 
Incorporating Marangoni effect [70] (a) and one-way flow [71] (b) for rapid salt ion migration.

Figure 10. 
The mechanism of the contactless evaporator [75].
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 The above strategies can significantly enhance the salt resistance, but the salts 
always flow back to the brine, which causes the increasing salinity of the brine and is 
not beneficial for mineral recycle. Zero liquid discharge (ZLD) has been recognized 
as an efficient strategy to simultaneously harvest freshwater and salts even in high-
salinity brine [ 76 ]. By purposively depositing the salt crystals on the edge of the 
evaporator and separating the photothermal surface from the salt deposit region, 
the evaporator can work steadily and recycle salts. For example, the evaporator 
with an ingenious one-way water transport channel from the central to the edge of 
the evaporator achieves a radially reduced water supply (  Figure 11  ). Thus, the salt 
concentration increases from the central to the edge, and the salt crystals finally form 
at the edge of the evaporator, which does not affect the evaporation. Moreover, the 
salt crystals precipitating on the pre-wetted evaporator prefer to automatically be 
dropped by gravity force, consequently finishing the salt recycle. Thus, this method 
shows potential for water and mineral harvest and extends the application of SDIE.  

 In general, many efficient and ingenious salt-resistant methods have been pro-
posed, and the salt resistance of the evaporator has been remarkably enhanced. Based 
on these methods, the evaporators can stably and continuously evaporate even under 
high-salinity brine. Thus, this technology shows potential for industrial desalination 
and stable access to fresh water.  

  4.  Conclusions and outlooks 

 Solar-driven interfacial evaporation shows green, sustainable, and efficient 
character, which is a promising solution for alleviating the freshwater crisis. Owing 

  Figure 11.
  One-way water transport channel for ZLD [ 76 ].          
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to the researchers’ unremitting endeavor, the past decade has witnessed the rapid 
and remarkable development in the field of the solar-driven interfacial evaporation, 
which significantly enhances the evaporation rate and the salt resistance of the evapo-
rator. Besides, it also can be utilized in the fields of electrical generation, wastewater 
purification, and fuel generation, indicating its extensive application. However, there 
are also some key issues limiting the scalable and commercial application, summa-
rized as follows:

1. Deeper comprehension in the field of evaporation process. Though the evapora-
tion rate has been remarkably enhanced, the understanding of this multi-field 
coupling evaporation process is limited. For example, the reason for the reduced 
evaporation enthalpy is not clear, and the energy transfer and conversion in the 
multifunction system are not revealed. Deep comprehension of SDIE is con-
ducive to designing the evaporator with better performance. With the help of 
kinds of numerical simulations, the mechanism behind the evaporation may be 
uncovered.

2. Long-term stability. Due to the complexity of the actual seawater, it is necessary 
to consider the potential failure of the evaporator caused by kinds of organics, 
microorganisms, and salts. Thus, reasonable design for the evaporator with high 
resistance to contamination can efficiently prolong the longevity of the system 
and lower the cost.

3. Limited condensate collection. The evaporation rate in the open system has 
been remarkably enhanced, even breaking the theory limit. After integrating a 
transparent cover, this closed system can obtain freshwater. Different from the 
open system, the vapor will condense on the cover, which causes high optical 
loss. Then, limited condensation makes the humidity in the closed system quite 
high, consequently decreasing the evaporation. Eventually, the collection rate in 
the closed system is quite low, which is not beneficial for obtaining freshwater. 
Therefore, improving the collection rate by reasonable design is more meaning-
ful for application.

In brief, it is necessary to deeply investigate the solar-driven interfacial evapora-
tion, and this innovative and sustainable technology can play a more important role in 
efficiently obtaining freshwater.
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Chapter 2

Progress in Heat-Localized Solar 
Evaporation for Sustainable 
Desalination
Xiao Luo and Xiaokun Gu

Abstract

In recent years, the localized solar thermal evaporation technology for solar 
seawater desalination systems has gained widespread attention, primarily due to its 
ability to achieve over 80% evaporation efficiency under a single sun intensity. As 
research progresses, solar seawater desalination systems based on this technology have 
continually made breakthroughs in freshwater production. This chapter introduces 
the application of interfacial evaporation technology in solar seawater desalination 
systems, including the development and improvement of interfacial evaporation solar 
stills. First, the theoretical analysis methods and mathematical models of interfacial 
evaporation solar stills are discussed. Secondly, based on the interfacial evaporation 
structure, the performance optimization methods of solar stills are explored. Finally, 
the application of multistage waste heat recovery technology in interfacial evapora-
tion solar stills is discussed. This chapter provides a broader scope for the application 
of localized solar evaporation in seawater desalination systems.

Keywords: heat-localized solar evaporation, interfacial evaporation, solar desalination, 
solar energy, heat and mass transfer

1.  Introduction

With the rapid growth of the global population and social economy, water scarcity 
has become one of the major crises facing human society. Solar-driven seawater 
evaporation desalination is considered a low-carbon and environmentally friendly 
technology that can alleviate water scarcity issues [1, 2]. In recent years, with the 
development of interfacial evaporation structures that can achieve high evaporation 
rates [3–5], photothermal seawater desalination has once again become a research 
hotspot in the field of seawater desalination.

Unlike traditional solar stills that use volumetric heating and bottom heating 
methods, interfacial evaporation structures are composed of light-absorbing materi-
als for localized solar energy and adiabatic water supply materials to reduce heat loss 
and ensure adequate water supply [4–8]. By reducing the heat capacity of the seawater 
to be evaporated, these structures can improve evaporation rates under normal light 
intensity (approximately 1 kW·m−2) without the need for light concentration [9–12]. 
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Currently, most interfacial evaporation structures can exceed evaporation rates of 
1.2 kg·m−2·h−1 under light intensity of 1 kW·m−2 [10, 12–16].

In scenarios with limited building area and no additional energy supply, solar stills 
are among the most widely used solar desalination devices due to their simple struc-
ture, ease of production, operation, and maintenance [17–21]. However, the fresh-
water production efficiency of traditional solar stills is relatively low. This efficiency, 
defined as the ratio of the energy released by the condensation of water vapor into 
freshwater to the amount of solar radiation input, has an ideal efficiency of only 60%, 
with actual efficiency difficult to exceed 50% [17, 22–25]. With the development of 
interfacial evaporation structures, solar stills based on these structures are expected 
to achieve breakthroughs in freshwater production efficiency and daily freshwater 
yield [26, 27]. However, there is still significant room for improvement in the research 
on interfacial evaporation structures in seawater desalination systems.

Regarding the optimization methods for solar stills, previous studies have pro-
posed relevant strategies. One possible strategy is to further improve the evaporation 
efficiency of the interfacial evaporation structure, which is believed to be beneficial 
for increasing water yield. Studies have found that the water production efficiency 
of single-stage solar stills with interfacial evaporation structures is 25% higher than 
that of single-stage solar stills using traditional heating methods [28]. However, 
experimental results show that the interfacial evaporation structure is limited by 
environmental factors in closed spaces and cannot effectively improve the water pro-
duction efficiency of solar stills. Another possible strategy is to optimize the design of 
interfacial evaporative solar stills by referring to methods used in the past to optimize 
conventional solar stills. Many researchers have enhanced condensation by strength-
ening convective heat transfer outside the glass cover, which has shown good effects 
on solar stills with volumetric heating, increasing efficiency by about 10% compared 
to solar stills without external enhanced heat transfer [29]. In recent years, significant 
research has been conducted on the theoretical analysis and performance optimiza-
tion of interfacial evaporation stills. Through the exploration of methods to enhance 
the parameters of these stills, improvements in performance have been achieved [30].

In addition, waste heat utilization is another effective measure to optimize the per-
formance of solar stills. Traditional solar stills improve their performance by utilizing 
waste heat through multieffect distillation but this often increases the complexity of 
the device and affects the light intensity absorbed by the evaporation layer [31, 32]. 
Inspired by traditional multieffect condensation solar stills, researchers have designed 
a thin-layer evaporation multistage condensation system suitable for interface 
evaporation structure [33]. A hydrophobic membrane such as polytetrafluoroethylene 
is used as a separation membrane between the seawater layer and the freshwater 
layer, allowing water vapor to enter the freshwater layer through the membrane for 
condensation and collection and then transferring the latent heat of condensation to 
the next seawater layer [34]. This not only avoids seawater pollution to freshwater but 
also achieves multistage condensation effect. Therefore, in the research of interface 
evaporation distillers, it is necessary to consider the significant increase in freshwater 
production by multistage condensation systems and propose more efficient and 
rational distiller designs that utilize waste heat.

This chapter reviews the research progress of interface evaporation solar distillers, 
starting from the theoretical calculation model of distillers; analyzes the heat and mass 
transfer process of the interface evaporation structure of solar distillers; and studies the 
optimization direction of interface evaporation solar distillers. Through literature analy-
sis, key parameters affecting the water production efficiency of the interface evaporative 
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solar distiller are determined, such as the ratio of the illumination area to the evaporation 
area of the internal structure of the solar distiller, the thermal insulation performance of 
the solar still, the emissivity of the absorbing material, external and internal convective 
heat transfer terms, and the installation of waste heat utilization devices. The optimiza-
tion direction of the interfacial evaporation solar still is analyzed.

2.  Theoretical models of the interfacial evaporation solar stills

To explore the mechanisms of solar seawater desalination systems based on inter-
facial evaporation structures, researchers have established a detailed heat and mass 
transfer model for solar stills according to the law of energy conservation. The heat 
transfer process is illustrated in Figure 1a. Under transient conditions, two energy 
balance equations can be written for the evaporation layer and the glass cover of the 
interfacial evaporation structure. For the evaporation layer, a portion of the absorbed 
solar radiation energy is transferred to the glass cover through evaporation, convec-
tion, and radiation, a portion is lost to the sidewalls and the main body of water, and 
the remaining portion heats the evaporation layer. The corresponding energy balance 
equation is expressed as follows:

 , , ,e
e p e e e e solar e evap e conv e rad side side e e bottom

dTc L A A q A q A q A q A q A q
dt

ρ α⋅ = ⋅ − − − − −    (1)

where ρe is the evaporation layer density, ,p ec  is the specific heat of the evaporation 
layer, eL  is the evaporation layer thickness, eT  is the evaporation temperature, t  is 
time, and α  is the solar absorptivity of the evaporation layer.

For the glass cover, the heat transferred from the evaporation surface to the glass 
plate is equal to the heat transfer between the glass cover plate and the external 
environment and the temperature rise of the glass cover, the energy balance equation 
can be expressed as,

 

,

, , , ,

g
p g g g g g g solar g conv

g rad g evap g rad g a g conv g a side side inside

dT
c L A A q A q

dt
A q A q A q A q A q

ρ α

− −

= ⋅ + +

+ − − −                       (2)

Figure 1. 
Schematic diagram of physical model of solar still. (a) Heat transfer diagram of interfacial evaporation solar 
still, and (b) Heat transfer diagram of multistage condensation system.
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where cp,g is the specific heat of the glass cover, ρ g  is the density of the glass cover, 
gL  is the thickness of glass cover, gT  is the glass cover temperature, −,rad g aq  is the 

radiation heat transfer flux from evaporation layer to the sky, −,conv g aq  is the convec-
tion heat transfer flux from glass cover to ambient air, and ,side insideq  is the heat loss 
through the side wall by internal wet air.

By solving Eqs. (1) and (2), the evaporation surface temperature, glass cover 
temperature as a function of time could be obtained. Thus, the water production rate 
m  can be calculated,

 −

−
= , ,e g

evap e g
fg

T T
m h

h
 (3)

where hfg is latent heat of vaporization on the gT .
In addition to solar stills, heat transfer models can also be established and analyzed 

for multistage condensation systems. For each stage of the multistage condensation 
structure, the energy balance equation is expressed as

 = + + +" " " " "
in conv evap conductionradQ Q Q Q Q  (4)

where Q"
in is the heat flux from the condensation surface to the multistage con-

densation structure, "
convQ  is the convection heat transfer flux from this stage to the 

next stage, "
radQ  is a radiation heat transfer from this stage to next stage, "

evapQ  is 
the evaporation heat transfer flux from this stage to the next stage, and "

conductionQ  is 
the conduction heat transfer from this stage to the next stage.

According to the theoretical model, by numerically solving Eqs. (1) and (2), the 
temperature distribution of the evaporation surface and the glass plate of the solar 
still can be obtained, and the fresh water production rate can be obtained at the same 
time. In order to accurately calculate the temperature of each surface of the multistage 
condensation structure, an initial value of inQ  needs to be given, and the temperature 
distribution of the multistage condensation structure can be calculated by Eq. (4) 
and correct the temperature and "

inQ  of the condensation surface through itera-
tive methods to obtain the temperature distribution of each position of multistage 
condensation structure. According to the analysis, improving the water production 
efficiency can be achieved by changing eA , convq , radq , ,sideq  and −,conv g aq . Thus, the 
main factors affecting the efficiency of the solar still are the adiabatic performance of 
the solar still, the emissivity of the light-absorbing material, the external convective 
heat transfer term, and the internal convective heat transfer term.

Based on the aforementioned model, the interfacial evaporation process can be 
accurately described. Shi et al. [28] analyzed the advantages of interfacial heating 
compared to traditional volumetric heating through a theoretical model, clarifying 
the precise calculation method for dark evaporation rates and analyzing the impact 
of ambient temperature and humidity on evaporation rates. Xu et al. [33] conducted 
a simulation to analyze the temperature variations and evaporation rates in each stage 
of a multistage condensation system, performing parameter analysis, and proposed 
a multistage condensation system with higher freshwater yield. Through transient 
calculations of the model, Luo et al. [30] performed a detailed analysis of the heat 
and mass transfer processes in interfacial evaporation solar stills and, based on the 
parameter analysis results, proposed optimization methods suitable for interfacial 
evaporation stills, significantly enhancing the freshwater yield of solar stills. Chen 
et al. [35] also applied this model to the analysis of multistage interfacial evaporation 
systems, conducting detailed parameter analysis and experimental validation, and 
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calculated the theoretical maximum efficiency of multistage interfacial evaporation 
systems, providing theoretical guidance for the development of multistage interfacial 
evaporation systems.

3.  Optimization method for interfacial evaporation solar stills

3.1 Increasing evaporation area

In recent years, through material innovation and thermal management opti-
mization, interfacial evaporation structures have achieved over 80% evaporation 
efficiency under an illumination intensity of 1 kW/h. Theoretical analysis and other 
literature studies [36] have shown that to further enhance the evaporation rate, 
increasing the surface area of the evaporating interface can strengthen the evapora-
tion process, as illustrated in Figure 2.

By increasing the evaporation area while maintaining the same illumination area, 
the intensity of illumination per unit area decreases, resulting in a high evaporation 
rate. Li et al. [37] discovered that in an open evaporation environment, utilizing the 
dark evaporation rate and temperature gradient of the photothermal evaporation 
surface can promote evaporation from other surfaces, achieving a higher evaporation 
rate of up to 4.1 kg·m−2·h−1, which exceeds the evaporation limit calculated from the 
enthalpy of evaporation. To explain this phenomenon, the authors proposed that 

Figure 2. 
The influence of evaporation area on evaporation performance [37–40].
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the evaporation process might cause the evaporation surface temperature to drop 
below the ambient temperature, thereby absorbing energy from the environment to 
facilitate evaporation. Consequently, more studies have been developing 3D evapora-
tors to enhance evaporation rates. However, Luo et al. [5] indicate that increasing the 
evaporation temperature through concentration of light can improve the evaporation 
rate by increasing the illumination intensity per unit area, thus enhancing the evapo-
ration efficiency, which is opposite to the theory that increasing the evaporation area 
can improve the evaporation rate.

Based on these two differing viewpoints, using the heat transfer model mentioned 
above as the basis, Luo et al. [28] conducted theoretical analysis to assess the impact 
of changing the evaporation area on evaporation performance by studying the varia-
tion in evaporation efficiency with increased illumination intensity per unit area. 
Additionally, they evaluated whether changing the evaporation area in a solar still 
would affect desalination performance under different humidity levels. The study 
found that when 𝜙𝜙 = 20% and 60%, as the illumination intensity increases, the evapo-
ration efficiency initially decreases and then increases, eventually stabilizing. Under 
a constant energy input of 1 kW·m−2, the evaporation efficiency curve with illumina-
tion intensity per unit area lower than 1 kW·m−2 represents the increased evaporation 
area. The results show that increasing the evaporation area in an open environment 
continuously raises the evaporation efficiency, even approaching infinity. This does 
not violate the law of energy conservation, as evaporation is a continuous process 
driven by the vapor pressure difference between the evaporation surface and the envi-
ronment. When there is no illumination intensity, the evaporation material absorbs 
environmental energy to proceed with evaporation. Therefore, increasing the evapo-
ration area in an open environment can significantly enhance evaporation efficiency. 
However, in a closed environment (𝜙𝜙 = 100%), increasing the evaporation area 
gradually reduces the evaporation efficiency, approaching zero. This is because when 
the relative humidity nears 100%, the vapor pressure difference between the water 
vapor and the environment significantly decreases, causing nonsolar-driven evapora-
tion to gradually disappear. The vapor pressure around the evaporation material, 
which gradually heats up under illumination, increases, promoting the evaporation 
process. Thus, in an environment where relative humidity nears 100%, increasing 
the evaporation area does not effectively improve the evaporation efficiency of the 
material.

In solar stills, the freshwater production rate of interfacial evaporation structures 
with different evaporation surface areas and volumetric heating was calculated 
[28], as shown in Figure 3b. When the illumination area is 0.25 m2 and the evapora-
tion area increases from 0.25 to 3 m2, the freshwater production rate of the distiller 
remains approximately 4.3 kg·m−2, not only failing to increase but slightly decreasing. 
The study revealed that after increasing the evaporation area, the energy received per 
unit area decreases under the same illumination intensity, leading to a lower evapo-
ration temperature and evaporation rate, thereby reducing freshwater yield. In an 
open environment, increasing the evaporation area raises the steam production rate, 
but the thermal quality of the water vapor is low, preventing effective condensation 
and collection. Previous studies [41] on solar stills have shown that increasing the 
evaporation area can increase water production by 10–20%. This could be due to the 
fact that when the evaporation area is increased by designing a stepped evaporation 
surface, the equivalent illumination area increases, leading to increased solar flux and 
evaporation rate. Furthermore, many studies [37–40] have optimized the evaporation 
surface using porous media, altering the heat capacity of the water to be evaporated, 
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rather than merely increasing the evaporation area. Therefore, in solar stills, increas-
ing the evaporation area of the evaporation material without changing the illumina-
tion area does not effectively improve freshwater production and may even reduce it. 
Based on the above research results, it can be observed that in an open environment 
or under conditions of enhanced evaporation, increasing the evaporation area can 
effectively improve the evaporation rate. However, in solar stills, increasing the 
evaporation area does not effectively increase the freshwater yield.

3.2 Strengthening heat transfer process

To enhance the freshwater yield of solar stills, strengthening the heat transfer 
process within the solar still is one of the measures that can improve the desalination 
performance, according to parameter analysis from theoretical models and insights 
from traditional distiller optimization methods. In traditional solar stills, the fresh-
water yield can be optimized by lowering the temperature of the glass cover through 
forced convection, which enhances the condensation process and increases the steam 
condensation rate, thereby boosting freshwater production. Additionally, intensify-
ing the convective heat transfer process within the distiller can promote water vapor 
condensation, reduce the relative humidity inside the distiller, and effectively increase 
the condensation rate. Consequently, many studies [32, 33] have analyzed the impact 
of enhanced heat transfer methods on the performance of interfacial evaporation 
solar stills, as shown in Figure 4. In traditional solar still designs [32, 33], external 
forced convection measures such as water film cooling are typically used to optimize 
freshwater output. Yang et al. [20] used water film cooling to increase the freshwater 
output of a volumetric heating solar still by approximately 10%. However, whether 
this method is suitable for interfacial evaporation structures requires further calcula-
tion and analysis.

Luo et al. [30] conducted theoretical analysis and experimental research on the 
impact of heat transfer enhancement on interfacial evaporation solar stills. They studied 
the effects of convection enhancement on the outer surface of the still’s glass cover 
and convection enhancement inside the still on freshwater yield, exploring methods 
to improve the performance of interfacial evaporation stills. The study found that for 
interfacial heating structures, the thin water layer on the evaporation surface and its low 

Figure 3. 
The influence of interfacial evaporation structure evaporation area on evaporation performance [28]. (a) The 
effect of solar heat flux on evaporation efficiency under different humidity levels; and (b) The effect of increasing 
the evaporation surface area inside a solar still on freshwater production.
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thermal capacity mean that its temperature is significantly affected by changes in the 
glass cover temperature. When the convective heat transfer coefficient is low, increasing 
it lowers the temperature of the glass cover, enhancing the condensation process and 
increasing the amount of condensation. When the external convective heat transfer pro-
cess of the glass cover is enhanced, the glass cover temperature significantly decreases, 
which reduces the evaporation surface temperature and evaporation rate, thereby 
inhibiting the evaporation process and decreasing the freshwater yield. By using a fan to 
disturb the air inside the solar still, the heat and mass transfer process between the evap-
oration surface and the glass cover is enhanced, making it easier for water vapor to reach 
the inner surface of the glass cover for condensation. Simultaneously, the evaporation 
process intensifies, leading to an increased evaporation rate on the evaporation surface, 
thereby improving the freshwater productivity in the solar still. Therefore, enhancing 
the internal convective heat transfer process of the solar still is an effective optimization 
method suitable for promotion and application, while water film cooling is not suitable 
for performance enhancement of interfacial evaporation solar stills (Figure 5).

3.3 Other methods

One optimization measure to enhance the evaporation rate is to reduce the radia-
tive heat loss of evaporation materials by lowering their emissivity. Therefore, seeking 
photothermal conversion materials with high absorptivity and low emissivity can 
improve the evaporation rate [33]. According to Kirchhoff ’s law, the absorptivity 
of a medium in thermal equilibrium should equal its emissivity. However, the high 
absorptivity and low emissivity evaporation materials referred to here are those with 
high absorptivity in the ultraviolet–visible-near-infrared spectrum and low emissiv-
ity in the far-infrared spectrum. This allows the evaporation material to maximize 
solar energy absorption while minimizing radiative heat loss [33].

Nevertheless, the impact of the emissivity variation of light-absorbing materials 
on the water production rate of solar stills requires further research to evaluate the 
cost–benefit ratio of this optimization measure. Some researches [30] found that the 
effect of thermal radiation loss on the water production rate is minimal, and reducing 
the emissivity of evaporation materials can be disregarded when optimizing the solar 
still (Figure 6).

In previous studies, the inclusion of an insulation layer within the interfacial 
evaporation structure meant that additional insulation was not required in evapora-
tion and seawater desalination experiments, thereby reducing construction costs. 
However, Luo et al. [30] discovered that for practical stills, where the evaporation 

Figure 4. 
The influence of interface evaporation structure evaporation area on evaporation performance [32, 33].
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interface contacts the walls, there is heat leakage through the sidewalls. To reduce 
heat loss from the evaporation surface to the water body, insulation of the walls can 
be enhanced. Experimental results indicate that insulating the inner walls can more 
effectively reduce heat loss.

3.4 Waste heat recovery

According to literature analysis, another effective method to increase freshwater 
yield is waste heat recovery. In the design of solar distillers, the latent heat released 

Figure 5. 
Performance of interfacial evaporation solar still under different convective heat transfer coefficient [30]. (a) 
Convective heat transfer coefficient between evaporation surface and air in the solar still; (b) Effect of internal 
fan inside the solar still on water production rate; (c) Effect of internal fan inside the solar still on temperature 
of different locations; and (d) Effect of internal fan inside the solar still on water production rate of a day under 
one sun.

Figure 6. 
The influence of surface emissivity variation on evaporation performance. (a) Selective light-absorbing materials 
[33]; and (b) Theoretical analysis of the effect of surface emissivity changes on freshwater production in solar 
stills [30].
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Figure 7. 
Research on multistage condensation system: (a) Circular multistage condensation system [45]; (b) Ten-level 
vertical multistage condensation system [33]; (c) Horizontal multistage condensation system [34]; and (d) 
Multistage condensation system for optimizing evaporative surfaces [46].

during the condensation of water vapor on the glass cover, which turns into freshwater, is 
typically lost to the ambient air without being effectively reused. Inspired by traditional 
multieffect condensation solar stills [32, 42], researchers [43] have designed a multi-
stage condensation system suitable for thin-film evaporation in interfacial evaporation 
structures. This system uses hydrophobic membranes like polytetrafluoroethylene as 
separating membranes between seawater and freshwater layers, allowing water vapor to 
pass through the membrane and condense in the freshwater layer. The latent heat from 
condensation is then transferred to the next seawater layer, preventing seawater con-
tamination of freshwater and achieving multistage condensation.

By increasing the number of condensation stages, the latent heat from condensa-
tion can be utilized more effectively. When the condensation technology is improved 
to 10 stages, the condensation yield is significantly enhanced. Asinari et al. [34] 
demonstrate a ten-stage condensation system to achieve a freshwater production 
rate of 2.479 kg·m−2·h−1, while Wang et al. [44] demonstrated a flexible eight-stage 
condensation system to achieve a freshwater production rate of 3.61 kg·m−2·h−1 under 
a single light intensity. Xu et al. [33] proposed a ten-stage condensation structure 
that achieved a steam production rate of 4.85 kg·m−2·h−1 under a single light intensity, 
greatly increasing the freshwater yield in nonconcentrated light environments.

In the study of solar seawater desalination systems, multistage condensation struc-
tures are effective waste heat recovery devices. The design of distillers should fully 
consider the application of multistage condensation structures. By utilizing waste 
heat recovery, the freshwater yield of the seawater desalination system can be further 
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improved, achieving high freshwater production output at low cost with no additional 
energy input, relying solely on solar energy (Figure 7).

To further study multistage interfacial distillation systems, Chen et al. [35] 
conducted a detailed analysis of energy flow during the desalination process of 
multistage interfacial stills. They calculated the upper limit of energy conversion 
efficiency, identified the primary mechanisms of energy loss, and explored methods 
to enhance energy efficiency. This research provides valuable guidance for the design 
of materials and systems aimed at improving the energy efficiency of multistage 
interfacial seawater desalination. To further enhance the freshwater yield of solar 
stills employing interfacial evaporation structures, Luo et al. [47] redesigned the 
heat transfer channels within the solar distiller and proposed an efficient unidirec-
tional heat transfer solar still. By separating the light transmission and condensation 
functions within the glass cover and optimizing them individually, the overall heat 
transfer process was improved. Additionally, to further boost the distiller’s fresh-
water yield, this distiller was combined with custom-made hydrogel sponges and a 
multistage condensation structure to create a multistage condensation-unidirectional 
heat transfer solar still. This integrated design achieved efficient and continuous 
freshwater production, yielding systematic and comprehensive experimental data 
and results. Furthermore, the large-scale expandable hydrogel sponges, scalable 
multistage condensation structures, and the composite design of large solar distillers 
laid a solid foundation for the industrial-scale application of efficient solar seawater 
desalination systems (Figure 8).

4.  Conclusion

In summary, this chapter discusses the performance optimization methods for 
interfacial evaporation solar stills in recent studies. It has been found that while 
increasing the evaporation area can improve the evaporation rate, it does not enhance 
the freshwater yield within the still. Forced convection heat transfer inside the still, 
compared to forced convection heat transfer on the outer surface of the glass cover, 
is more effective in increasing the freshwater yield. For interfacial evaporation solar 
stills, due to the risk of heat leakage from the evaporation surface along the sides to 

Figure 8. 
Multistage condensation-unidirectional heat transfer solar still [47]. (a) Schematic diagram of a multistage 
condensation-unidirectional heat transfer solar still, and (b) The water collection rate of the UHTSS with 
multistage condensation.
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larger water bodies, installing insulation material on the inner walls of the solar still 
can effectively increase the freshwater yield. Finally, it has been found that utilizing 
waste heat is an effective method to significantly increase freshwater yield, poten-
tially achieving multiple-fold growth in output. Additionally, combining waste heat 
utilization devices with optimized interfacial evaporation stills can enable efficient 
and continuous freshwater production, demonstrating potential for large-scale and 
scalable applications.

This chapter investigates the optimization of interfacial evaporation solar stills 
from the perspective of heat and mass transfer. Future research can be further 
explored from the following angles. Firstly, the theoretical mechanisms of photo-
thermal conversion materials still require in-depth investigation. Particularly for 
materials such as hydrogels that can achieve ultra-high evaporation rates, further 
exploration is needed to provide more reasonable explanations from both theoretical 
and experimental perspectives and to offer guidance for other photothermal conver-
sion materials. Secondly, to enhance the freshwater yield of solar stills in natural 
environments, research should focus on maintaining high freshwater output under 
varying conditions, optimizing freshwater yield in low-light and no-light environ-
ments. Finally, to further increase the amount of condensed water collected, efforts 
should be directed toward improving condensation collection techniques without 
affecting the evaporation rate, thereby enhancing freshwater productivity.

© 2024 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of 
the Creative Commons Attribution License (http://creativecommons.org/licenses/by/4.0), 
which permits unrestricted use, distribution, and reproduction in any medium, provided 
the original work is properly cited. 
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Chapter 3

Breakthroughs and Prospects: 
The Development Path of Solar 
Thermal Seawater Desalination 
Technology
Huijin Xu and Hao Luo

Abstract

Amid the escalating severity of water scarcity, seawater desalination has emerged 
as a viable solution. Traditional seawater desalination technologies are fraught with 
numerous drawbacks, including high energy consumption, exorbitant costs, intricate 
structures, and adverse environmental impacts. In contrast, solar-powered seawater 
desalination technology has garnered significant attention due to its economic viabil-
ity and environmental sustainability. This article undertakes a comprehensive study 
of the solar seawater desalination system, encompassing both direct and indirect 
methodologies, and delves into the strengths and weaknesses of diverse technologies, 
such as solar distillation, humidification-dehumidification, solar chimney, reverse 
osmosis, multi-effect distillation, and multi-stage flash evaporation. The direct 
approach harnesses solar energy to directly desalinate seawater, whereas the indirect 
method transforms solar energy into other energy forms for the purpose of seawater 
desalination. Simultaneously, an in-depth analysis of the benefits of solar-powered 
seawater desalination technology is conducted. Its economic merits include minimal 
infrastructure requirements and ease of local design, installation, and maintenance, 
albeit with a limited water production capacity per unit area. The costs associated 
with different technologies exhibit substantial variations and are subject to the 
influence of multiple factors. Future development trajectories are centered around 
enhancing efficiency, reducing costs, and achieving large-scale applications, exempli-
fied by the exploration of hybrid rare-earth-driven desalination, forward osmosis, 
and dew point evaporation technologies, as well as the integration of advanced 
materials, intelligent control systems, and energy storage technologies.

Keywords: solar-powered seawater desalination, solar photovoltaic-reverse osmosis, 
multi-effect distillation, multi-stage flash evaporation, dew point evaporates

1.  Introduction

Water, as the source of life, is crucial for all life forms on Earth. On the vast Earth, 
approximately 97.5% of water is in a salty state, meaning that only 2.5% of fresh water 
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can meet human usage needs. For modern society, it plays a vital role in food security, 
health, housing, energy production, industry, and economic growth. However, with 
the growth of the global population and economic development, the shortage of 
water resources has become a major challenge facing the world. Problems such as 
industrial wastewater discharge, over-exploitation, and environmental pollution have 
led to an increasingly acute contradiction between supply and demand of freshwater 
resources. According to the United Nations report [1], the United Nations World 
Water Development Report points out that global freshwater usage is growing at a rate 
of just under 1% per year, driven by economic and social development and changes in 
consumption patterns, including diet. Although agricultural water uses accounts for 
about 70% of freshwater consumption, industrial (about 20%) and domestic water 
(about 10%) are the main areas where freshwater demand is increasing [2]. A recent 
study estimates that nearly 5 billion people live in areas where water security may be 
threatened. To meet the needs of the global population, there is an urgent need to seek 
alternative sources of freshwater beyond natural resources.

To address this situation, distillation processes have been used for decades. 
More specifically, desalination processes are being employed, where saline water 
is treated to obtain freshwater. Seawater desalination is essentially a process that 
separates freshwater from brackish or saline water. Some energy is required to 
run this process. Thermal energy is widely used to operate seawater desalination 
plants, which is derived from fossil fuels. It is apparent that these processes require 
a significant amount of energy, and due to high costs, complex structures, a large 
CO2 footprint, and global warming effects, they are not economically and ecologi-
cally viable. Moreover, it is not a permanent energy source. While many seawater 
desalination plants operate on fossil fuels and produce millions of liters of fresh 
water from saline or brackish water at the cost of climate change, leading to global 
warming, energy sustainability is one of today’s most pressing socio-environ-
mental issues. Up to 80% of the world’s energy comes from fossil fuels, which has 
devastating effects on the environment. In most cases, the ever-growing global 
energy demand is met by increasing fossil fuel consumption, resulting in acidi-
fication, global warming, air pollution, and land degradation. The capacity and 
efficiency of energy infrastructure, along with the broad availability of affordable 
energy (especially electricity), are crucial for socio-economic equality [3].

The energy sector is undergoing a crucial transformation from traditional 
fossil fuels to renewable energy. Renewable energy, with its remarkable advan-
tages such as sustainability and low environmental impact, is gradually becoming 
the core force in responding to the challenges of the energy crisis and climate 
change, bringing brand-new development opportunities and directions of trans-
formation for numerous industries. The seawater desalination process, as a key 
technological field concerning the security and sustainable utilization of global 
water resources, is also in a transitional stage to meet the growing water demand 
of human beings. In recent years, various methods for seawater desalination have 
been developed and tested all over the world. Most of the development projects 
are concentrated in the Middle Eastern Arab countries, African countries, China, 
Australia, India, and other regions where freshwater resources are not abundant 
[4]. Among numerous seawater desalination technologies, solar energy, as one of 
the most abundant and widely distributed forms of renewable energy, has demon-
strated huge application potential and has given birth to the research direction of 



39

Breakthroughs and Prospects: The Development Path of Solar Thermal Seawater Desalination…
DOI: http://dx.doi.org/10.5772/intechopen.1009321

solar-powered seawater desalination technology, which is a highly promising field. 
The solar-powered seawater desalination technology aims to utilize solar energy, a 
clean energy source, and convert seawater into directly usable fresh water through 
innovative technical means, thus providing a green, efficient, and economi-
cally viable solution to the water shortage problems in coastal areas and regions 
with scarce freshwater resources. Among them, the solar still, as an important 
part of the solar-powered seawater desalination technology system, relies on its 
characteristics such as relatively simple structure, convenient operation, and high 
reliability. In Figure 1, the compound parabolic concentrator tubular solar still. 
Through the concentrating effect of the compound parabolic concentrator (CPC), 
more solar energy can be gathered into seawater, increasing the temperature of 
the seawater and accelerating the evaporation process. As a result, the conver-
sion efficiency from solar energy to thermal energy is improved and solar energy 
resources are utilized more effectively. Its structural design enables the processes 
of seawater evaporation and water vapor condensation to be carried out in a 
relatively stable environment. The design of the concentric tubes is conducive to 
the transmission and condensation of water vapor, which can continuously and 
stably produce fresh water. In the future, more solar desalination technologies are 
expected to be more widely applied.

This book conducts research and analysis on solar desalination systems (including 
both indirect and direct methods) and explores novel and traditional desalination 
technologies. It discusses the advantages and disadvantages of various solar desalina-
tion methods based on the economic efficiency and technical data of most plants. 
This article is divided into six parts: Chapter One is the introduction, Chapter Two 
introduces the classification of solar desalination systems, Chapter Three analyzes 
the technical advantages of solar desalination, Chapter Four discusses the degree of 
commercialization of solar desalination technologies, Chapter Five provides future 
prospects, and Chapter Six is the summary.

Figure 1. 
Compound parabolic concentrator tubular solar still [5].
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2.  Solar desalination

2.1 Working principles of desalination

The basic principle of seawater desalination is to remove salt and other impurities 
from seawater, converting it into fresh water suitable for drinking or industrial use. 
This process mainly relies on physical and chemical changes, covering a variety of 
technologies and methods. The most common desalination techniques include reverse 
osmosis, distillation, electrolysis, and membrane filtration. Reverse osmosis is one of 
the most widely used desalination technologies. It uses a semipermeable membrane to 
apply pressure to seawater, allowing water molecules to pass through while blocking 
larger salt ions and impurities. The efficiency of reverse osmosis depends on factors 
like membrane pore size, material, and applied pressure. Due to its relatively low 
energy consumption and high freshwater yield, reverse osmosis dominates many 
desalination plants. Another common technique is distillation, where seawater is 
heated to create steam, which is then condensed back into freshwater. Traditional 
distillation methods are effective but energy intensive. Modern versions, like multi-
effect distillation (MED) and multi-stage flash distillation (MSF), improve efficiency 
by evaporating and condensing water in multiple stages, significantly increasing the 
output of fresh water while reducing energy consumption. Electrolysis uses electrical 
currents to cause a chemical reaction in seawater, separating it into hydrogen, oxygen, 
and leaving behind freshwater. Although it has been demonstrated in laboratory set-
tings, its high energy demands and equipment costs prevent widespread commercial 
use. Membrane filtration removes most salt and impurities by physical filtration, 
employing techniques such as microfiltration, ultrafiltration, and nanofiltration to 
precisely separate components in seawater. However, membrane technology faces 
challenges like membrane fouling and limited lifespan. In addition to these technolo-
gies, there is growing interest in renewable energy-powered methods such as solar 
distillation and air evaporation. These methods harness natural solar energy or air 
humidity to extract fresh water through evaporation and condensation processes, 
offering environmentally friendly and sustainable alternatives. In summary, seawater 
desalination works by utilizing various physical and chemical processes to continu-
ously remove salt and impurities, ultimately converting seawater into freshwater [6].

2.2 Solar desalination system

Precipitation is the primary source of freshwater globally, and the natural hydro-
logical cycle that leads to precipitation can be seen as the foundational model for solar 
seawater desalination. Both academic research and industry practice have shown that 
thermal desalination processes are more suitable for large-scale applications com-
pared to mechanical desalination processes. Solar energy is particularly well-suited 
for driving thermal desalination processes because it can be directly applied without 
any energy conversion losses. Moreover, existing thermal desalination installations 
can be easily retrofitted to accommodate solar energy. This makes solar energy an 
excellent choice for powering these processes, as shown in Figure 2 [7].

Solar energy can be directly converted or otherwise utilized for desalination. 
There are two types of collection systems: direct desalination and indirect desalina-
tion in Figure 2. Direct desalination systems use solar energy to produce distilled 
water right in the container of the solar collector itself. Furthermore, indirect systems 
combine solar collection with traditional seawater desalination methods. Solar energy 
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generates heat for desalination, providing power to desalination plants. In resource-
scarce areas, like deserts or places with brackish water, renewable energy obtained 
from oil and gas is used for desalinating seawater [8].

2.2.1 Direct desalination system

2.2.1.1 Solar distillation

Solar distillers are eco-friendly, using solar power to desalinate brine instead of 
fossil fuels. However, the heat and flux from the sun can be a bit unpredictable. There 
are mainly two types of solar distillers: passive and active. The passive solar distiller 
is a cost-effective way to get drinking water or distilled water. With heat transfer, the 
raw water evaporates, leaving behind sediment and salt deposits in the basin; when 
the vapor moves to the relatively cooler glass cover, it releases latent heat and turns 
back into pure liquid through condensation. One downside of passive solar distilla-
tion is that it does not produce enough fresh water per square meter. An active solar 
distiller has a glass cover, a basin, a reflector, and a pump. The glass cover, flat reflec-
tor, and basin insulation have different thicknesses. Sunlight keeps hitting the reflec-
tor, heating up the brackish water. This preheated water then goes into the distiller. 
As the sun’s rays hit, the water evaporates and collects on the glass cover, as shown in 
Figure 3 [9]. In this system, the water to be distilled is introduced into the distillation 
device through a pipeline from the feed water tank. When sunlight penetrates the 
inclined glass cover, the energy it carries is absorbed by the water in the distillation 
device, causing the temperature of the water to gradually increase. Water molecules 
gain enough energy to overcome the intermolecular forces of the liquid state and then 
transform into a gaseous state to form water vapor. During the upward movement of 
these water vapors, they encounter the relatively low-temperature inner surface of the 
glass cover. Due to the temperature difference between the glass cover and the exter-
nal environment, condensation will occur on its surface, and the water vapor will 
be transformed back into liquid water to form condensed water droplets. Under the 
action of gravity, these water droplets slide down along the glass cover onto the inter-
nally inclined panel and finally flow into the distilled water collection container along 
the panel. Thus, the separation process from raw water to distilled water is completed. 
Impurities in the raw water are left at the bottom of the distillation device, realizing 
the purification and distillation of water. Despite the numerous merits of the solar 

Figure 2. 
Working principle of solar desalination system [7].
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direct distillation method, it is still confronted with a series of formidable challenges 
that urgently demand solutions in practical applications. On the one hand, the issue 
regarding its efficiency is rather conspicuous. Both the energy conversion efficiency 
and the evaporation-condensation efficiency leave much to be desired. A substantial 
amount of solar radiation energy is dissipated due to factors like reflection and heat 
dissipation. Furthermore, there exist efficiency bottlenecks in the steam condensa-
tion process, which consequently leads to a relatively low proportion of effective 
energy actually harnessed for water evaporation. On the other hand, this method 
entails a relatively large footprint. The meager water production hinges on extensive 
spatial requirements, and the system layout is rather dispersed. In the current context 
where land resources are constrained, this significantly curtails its large-scale dis-
semination. Simultaneously, climatic conditions also exert a pronounced impact on it. 
During overcast days, at night, or under extreme weather circumstances, the instabil-
ity or absence of solar radiation will trigger a sharp decline in water production and 
may even inflict damage on the system, thereby severely undermining the stability 
and continuity of its operation. In addition, the vulnerability of water quality to 
contamination cannot be overlooked. Whether it be the leachates from the materials 
of the distiller or the microorganisms proliferating within, they will all give rise to the 
deterioration of water quality, rendering it difficult to meet potable water standards. 
Nevertheless, there are viable strategies to tackle these challenges. To enhance the 
efficiency, we can commence with optimizing the materials and structural design. 
Incorporating novel light-absorbing materials such as nano-coatings and refining the 
steam channels, while simultaneously integrating auxiliary energy sources or energy 
storage devices, can ensure the continuous and efficient progress of the distillation 
process [10]. With respect to reducing the occupied area, we should vigorously 
explore and develop high-efficiency and compact multi-layer or folding distillers 
and embrace the design concepts of integration and modularization to augment 
the freshwater yield per unit area. To cope with the limitations imposed by climatic 
conditions, we can combine energy storage technologies with backup energy systems 
and fortify the system’s resilience against disasters to guarantee its stable operation 

Figure 3. 
Simple solar direct distillation.
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under diverse weather conditions. For the matter of safeguarding water quality, it is 
imperative to select appropriate nonpolluting materials and reinforce the procedures 
of water quality monitoring and disinfection treatment, thereby ensuring the quality 
and safety of the produced freshwater. Through the comprehensive implementation 
of these countermeasures, it is anticipated that the current predicaments faced by the 
solar direct distillation method can be surmounted, facilitating its extensive applica-
tion and long-term development in the domain of water resources.

2.2.1.2 Humidification-dehumidification process

The Humidification-Dehumidification (HD) process is based on the principle that 
air can mix with a large amount of water vapor. In this process, flowing air passes 
close to saline water, where it absorbs a certain amount of vapor from the air, induc-
ing cooling. Conversely, distilled water can be recovered by bringing humid air into 
contact with a cold surface, causing condensation. HD technology is more suitable 
for desalination applications where water demand is not concentrated. The advan-
tages of this method include reliable capacity, ease of use, and economical operating 
costs [11]. The principle of the humidification and dehumidification process is well 
reflected in Figure 4. The system first initiates the heating process. The inlet hot 
water is introduced into the heater and undergoes efficient heat exchange with the 
heating steam. The heat of the steam is accurately transferred to the inlet hot water, 
causing its temperature to increase significantly. The hot water that has completed 
the heating task is then transformed into outlet cold water and flows out, while the 
thermal energy of the heating steam is fully utilized to preheat for the subsequent 
seawater desalination process. Next comes the humidification stage. The preheated 
inlet seawater flows into the humidifier, and at the same time, the outside air is drawn 
in. Inside the humidifier, the special packing materials greatly increase the contact 
area and contact time between the seawater and the air, enabling the seawater to 
evaporate fully. The water vapor is incorporated into the air, resulting in a substantial 

Figure 4. 
Conventional humidification-dehumidification desalination process [12].
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Figure 5. 
Principle of solar chimney [14].

increase in humidity, while the seawater is concentrated into brine and discharged. 
The high-humidity air rich in water vapor then enters the condenser. Through the 
effect of the temperature difference with the external environment, the condenser 
rapidly cools the air. The water vapor in it condenses into liquid condensate on the 
inner surface of the condenser when encountering the cold. These condensates are 
efficiently collected, and the dehumidified air is finally discharged from the system. 
Simultaneously, the intermittent and unstable nature of solar energy poses a chal-
lenge in maintaining a consistent and steady power supply for seawater desalination 
systems. To address this, state-of-the-art energy storage devices can be deployed, such 
as intelligent battery management systems and highly efficient thermal storage facili-
ties, which are capable of storing surplus energy to ensure uninterrupted operation. 
The issues of scaling and corrosion on equipment significantly impact their service 
life and operational efficiency. Opting for novel anti-corrosive and anti-scaling 
materials, in conjunction with regular physical and chemical cleaning and mainte-
nance procedures, can effectively mitigate these problems. However, the high equip-
ment costs have limited its wide application. We often choose to optimize production 
technologies and develop low-cost yet high-performance components, such as solar 
collectors with enhanced absorption capabilities and advanced humidification and 
dehumidification devices [13].

2.2.1.3 Solar chimneys

The materials for solar chimneys are usually readily available, and they require 
little maintenance, as well as no fuel or cooling water. However, solar chimneys are 
vulnerable to environmental issues such as dust or abrasion. In Figure 5, a key dis-
advantage of solar chimneys is the low efficiency of converting solar thermal energy 
into electricity [14]. Consequently, it is advisable to implement a high-efficiency 
air filtration system at the ingress of the chimney. Specifically, a combination of 
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multi-layered electrostatic precipitator filters and coarse filters can be employed, 
which is capable of effectively impeding the ingress of dust particles and mitigating 
the abrasion and erosion on the inner surface of the chimney. Simultaneously, novel 
ceramic coating materials with excellent wear and corrosion resistance properties can 
be utilized on the inner wall. These materials not only augment the wear resistance 
but also confer protection against the corrosive effects of salts present in the seawater 
evaporation environment, thereby extending the operational lifespan of the chimney.

2.2.2 Indirect desalination systems

2.2.2.1 Solar photovoltaic-reverse osmosis

Countries with a per capita annual water consumption of 1000–1700 cubic meters 
are considered water-scarce. Excessive consumption by each citizen or individual 
will exacerbate the water crisis, worsening water-related problems. Reverse osmosis 
seawater desalination plants use seawater as their source and increase water pressure 
through electric-powered pumps. The water travels through pipes with semiperme-
able membranes inside. These membranes block the passage of salt, allowing the 
water to move forward. The water is split into two parts in Figure 6: one with high salt 
concentration and the other with low salt concentration, referred to as the permeate 
or product water. In reverse osmosis, the membrane is the most crucial element and 
must have the following characteristics: (1) It must withstand operational condi-
tions; (2) It must reject a high percentage of salt to provide high-quality output; 
(3) It should have sufficient permeability to maintain a high flow of supplied water 
[16]. Meanwhile, we can organically combine solar energy with reverse osmosis, 
such as the solar photovoltaic-reverse osmosis technology [17]. It integrates the 
advantages of solar power generation and reverse osmosis membrane separation, 
demonstrating a unique working principle. Solar photovoltaic panels convert solar 
light energy into electrical energy through the photoelectric effect, providing power 
support for the high-pressure pumps, control systems and so on in the reverse osmo-
sis system. During the reverse osmosis process, seawater undergoes pretreatment 
to remove impurities first and then is pressurized by the high-pressure pump to a 
pressure higher than its osmotic pressure, forcing water molecules to pass through 

Figure 6. 
Reverse osmosis desalination technology [15].
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the semipermeable membrane to form fresh water, while impurities such as salts are 
retained and discharged. However, this technology faces numerous challenges. The 
intermittence and instability of solar energy lead to fluctuations in power supply, 
which affects the continuous operation of the system. To address this, high-efficiency 
energy storage devices can be equipped, such as intelligent battery management 
systems and new heat storage equipment, to store excess energy and ensure a stable 
energy supply. The high cost of equipment limits its wide application. The manufac-
turing costs of solar photovoltaic panels and reverse osmosis equipment should be 
reduced through technological innovation and large-scale production. Meanwhile, 
the system design should be optimized to improve the cost-performance ratio. In 
addition, the salt scale and microorganisms in seawater are likely to cause blockage 
and pollution of the reverse osmosis membrane, reducing the membrane’s lifespan 
and desalination efficiency. Therefore, new anti-fouling and anti-scaling membrane 
materials can be adopted.

2.2.2.2 Multi-effect distillation

The multi-effect distillation seawater desalination technology is based on the 
principle of multiple utilization of steam, ingeniously achieving efficient desalination 
of seawater. In the process shown in Figure 7, seawater first enters the preheater and 
is preheated by utilizing the latent heat of condensation of the steam generated in 
each effect. Then it enters the first-effect evaporator. An external heat source (such 
as steam or waste heat) makes the seawater boil and evaporate in the first-effect 
evaporator. The secondary steam generated enters the second-effect evaporator as a 
heating heat source, and so on. The subsequent effect evaporators use the secondary 
steam generated by the previous effect to carry out evaporation operations one by 
one. The pressure and boiling point in each effect evaporator gradually decrease, thus 
realizing the multiple utilization of steam and greatly improving the energy utiliza-
tion efficiency. Finally, fresh water is obtained through condensation. However, there 
are also some problems at the same time. The problem of equipment scaling is rather 
prominent. Calcium, magnesium and other ions in seawater are prone to precipitate 
and form scale layers during the evaporation process, which adhere to the heat 
exchange surfaces of the evaporators, reducing the heat transfer efficiency, increasing 
energy consumption and even possibly causing pipeline blockages. To overcome this 

Figure 7. 
Multi-effect distillation technology [18].
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problem, pretreatment techniques can be adopted, such as adding scale inhibitors and 
conducting ion exchange to soften the seawater. Meanwhile, regular chemical clean-
ing and physical flushing are carried out to ensure the cleanliness of the heat exchange 
surfaces. Then, the initial investment cost of the multi-effect distillation system is 
relatively high, including the purchase and installation costs of equipment such as 
evaporators, condensers, vacuum pumps, as well as the costs of factory building and 
so on, which restricts its promotion and application to a certain extent. By optimiz-
ing the system design and adopting modular and standardized production methods 
to improve the integration and manufacturing process level of the equipment, it is 
expected to reduce the equipment cost [19].

2.2.2.3 Multi-stage flash evaporation

The desalination technology continuously evaporates seawater in multiple flash 
chambers under different pressures using the thermal energy provided by solar power 
in Figure 8. In this process, preheated seawater rapidly evaporates (flashes) in a low-
pressure environment. The resulting steam condenses into freshwater in a condenser, 
and the recovered heat is used for subsequent evaporation. Multi-stage flash technol-
ogy works through cycles of evaporation and condensation. Solar-powered multi-
stage flash plants can produce 6–60 liters of water per square meter per day. Heated 
seawater is introduced into a low-pressure space, where the ambient pressure is lower 
than the saturated vapor pressure corresponding to the temperature of the heated sea-
water. As a result, the seawater rapidly partially evaporates to produce steam, which 
is then condensed into freshwater [20]. At present, this particular technology is beset 
by the disadvantage of a relatively elevated energy consumption level. The issues of 
equipment scaling and corrosion have significantly eroded stability and curtailed the 
service life of the overall system. The initial investment outlay for the multi-stage 
flash system is exorbitantly high, encompassing a wide spectrum of expenditures 
from the acquisition of large-scale and intricate equipment, and the establishment 
of manufacturing facilities, to the painstaking installation of pipelines. In order to 
surmount these impediments, the adoption of a new generation of high-efficiency 
heat exchangers is warranted. This would enhance the heat recovery efficiency and 
mitigate heat dissipation. Concurrently, the pretreatment procedures for seawater 

Figure 8. 
Multi-stage desalination technology [18].
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ought to be intensified. By leveraging advanced methodologies such as filtration, ion 
exchange, and the addition of chemical reagents, the removal of deleterious impuri-
ties can be optimized to a greater extent.

2.2.2.4 Analysis of different solar desalination technologies

Approximately 61% of the world’s population has access to drinking water. 
However, in rural areas, drinking water is likely to be contaminated. Using large 
reservoirs to purify water often comes at the cost of harming nature. In terms of 
solar-powered methods, eco-friendly water purification is cost-effective, attractive, 
and essentially trouble-free. Solar desalination is a unique process that uses freely 
available solar energy as a heating medium. Desalination of seawater can only become 
a more popular freshwater supply option without significantly reducing energy and 
costs. Therefore, in places where water resources are scarce and water costs are high, 
considering the feasibility of desalination is most appropriate. Moreover, higher water 
temperatures and significantly lower salinity can greatly reduce the energy intensity 
of membrane desalination. However, desalination is not a magic solution to water 
supply problems; it does not address poor sanitation, weak management systems, or 
insufficient distribution.

Dai and Zhang [21] conducted a solar desalination experiment related to the 
humidification-dehumidification process at Northwestern Polytechnical University. 
They found that the system’s output is highly correlated with the temperature of the 
brine entering the humidifier, the mass flow rate of the brine, and the mass flow rate 
of process air. The thermal efficiency of the device exceeded 80%. As a result, waste 
heat can be reused to further enhance the desalination process. This system can be 
used for seawater desalination.

Kabeel and El-Said [22] studied a hybrid solar desalination device, which 
includes a humidification-dehumidification (HD) unit and a single-stage flash 
device. Their main goal was to investigate this system. The results showed that the 
device has significant operational flexibility between air HD and flash desalination. 
Experimental results indicated a considerable increase in the production efficiency 
of the HDH unit.

Joseph et al. [23] conducted a study on a single-stage solar desalination system. 
The goal of this study was to produce 10 liters of drinking water per day. The 
results showed that the water quality was acceptable and within tolerance limits. 
Additionally, the study indicated that the device produced approximately 8.5 liters of 
water per day, which is three times the output of a typical solar distiller.

In summary, desalination can be roughly divided into direct methods and indirect 
methods, as shown in Figure 9. Direct methods include solar distillation, humidi-
fication and dehumidification, and solar chimney technologies, which utilize solar 
radiation to desalinate seawater directly. Solar distillation is an ancient and effective 
method that involves heating seawater using solar energy, causing it to evaporate 
and then condense into fresh water. The humidification and dehumidification 
method extracts fresh water by controlling the humidity of air. The solar chimney 
creates an updraft to promote water evaporation and condensation into fresh water. 
Furthermore, indirect methods convert solar energy into other forms of energy to 
desalinate seawater, including reverse osmosis, multi-effect distillation, and multi-
stage flash distillation technologies. Reverse osmosis employs solar energy to drive 
pump systems, pushing seawater through semipermeable membranes to remove salt 
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and impurities. Multi-effect distillation and multi-stage flash distillation utilize the 
heat generated by solar energy to extract fresh water through multiple heating and 
condensation processes.

3.  Analysis of the benefits of solar desalination

The main economic advantages of a solar-powered seawater desalination system 
are as follows: (1) It does not require much infrastructure. (2) It is easy to design, 
install, operate, and maintain locally. Furthermore, its main economic disadvantage 
is the limitation on unit size due to the large area required (about 250 m2 per 1 m3 of 
freshwater). Therefore, based on different solar desalination methods, the goal is to 
study the cost of producing 1 liter or 1 cubic meter of freshwater, as well as to analyze 
the economic benefits by calculating the proportion of each cost in the total cost. 
However, the feasibility and cost-effectiveness of desalination plants depend on the 
specific location and various other factors (Table 1) [31].

Hamed [32] believes that the cost of seawater desalination varies depending on 
the desalination technology used and the water supply demand. Since most thermal 
desalination plants use coal and oil, the unit cost of desalinated water is estimated 
to be quite high. The cost of desalinating seawater ranges from $0.521 to $1.02 per 
cubic meter, while multi-effect distillation (MED) plants have a high capacity of 
over 91,000 m3/day. For MED plants with a daily output of 12,000 m3 to 50,000 m3, 
the water cost ranges from $0.960 to $1.5/m3, whereas for MED plants with a 
capacity of less than 100 m3/day, the unit cost per cubic meter of water ranges from 
$2 to $10/m3 (Table 2).

According to the research by Karagiannis et al. [34], the Total Dissolved Solids 
(TDS) in brackish and freshwater rise between 2000.0 and 10,000 ppm, affecting the 
cost of water supply. For instance, brackish water in Jordan containing 2300.0 ppm 
has a cost of $0.26 per cubic meter, while water with 5000 ppm has a cost of $0.27 
per cubic meter. Therefore, in two equivalent systems, the volume of water depends 
on the total TDS. When using sustainable sources, the cost of freshwater treatment 

Figure 9. 
Solar desalination classification.
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Type of technology Type of water 
supply

Specificities Cutting edge Quote

1 New Heat Absorber 
Triangle Solar 
Distiller

Sea water By using a new form of 
trapezoidal absorber to 
reduce the effect of less 
shadowing produced by 
the sloping side walls 
and volume of seawater

Up to half the efficiency 
compared to plate-
constructed stills

[24]

2 New integrated 
multi-effect 
distillation-absorber 
compressor 
(MED-AB)

Sea water In addition to the 
additional steam 
generated in the 
absorption tower, the 
final steam is recovered 
through the AB system

MED-AB’s operating costs 
are about 38% lower than 
conventional multi-effect 
distillation (MED)

[25]

3 A new renewable 
energy source 
combined with solar 
energy-driven reverse 
osmosis desalination 
with zero liquid 
discharge

Seawater/
saltwater

The saline waste from the 
RO (Reverse Osmosis) 
process is remixed 
with water from the 
evaporator to reduce the 
salinity of the RO feed. 
The hydrogen produced 
in the electrolytic cell is 
burned, and its energy is 
stored in cement blocks. 
The evaporator operates 
using solar energy during 
sunny hours of the day. 
Then, the energy stored 
in the cement blocks 
replaces solar energy 
during the remaining 
hours of the day.

Greatly reduce the cost of 
seawater desalination

[26]

4 New nanofluids for 
solar distillation.

Seawater/
saltwater

Using nanofluids for 
volumetric heating in 
overall seawater heating 
can generate localized 
high temperatures 
around the metal 
nanoparticles within 
the fluid, increasing 
the heating rate 
and enhancing the 
evaporation process

The dispersed metal or 
carbon nanoparticles in the 
liquid absorb sunlight and 
generate steam without 
needing to heat the entire 
fluid volume

[27]

5 A solar chimney 
power plant with 
solar desalination 
capabilities.

Seawater The chimney acts as a 
negative pressure pipe, 
increasing the pressure 
differential.

Maximize the use of solar 
energy

[28]

6 The recycling of 
waste heat promotes 
solar desalination.

Seawater Integration of solar-
heated HDH cycle with 
diesel engine exhaust 
gases and discarded 
coolant flow

To optimize the freshwater 
production rate, recovery 
rate, specific entropy 
generation, and gained 
output ratio of a seawater 
desalination system while 
minimizing the waste 
heat discharged into the 
environment.

[29]
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Type of technology Type of water 
supply

Specificities Cutting edge Quote

7 An integrated system 
based on solar 
chimneys and wind 
energy for hybrid 
desalination through 
reverse osmosis and 
multi-stage flash 
distillation with brine 
recovery.

Seawater Using cascade 
desalination with 
thermal desalination and 
membrane desalination 
technologies, the heat 
stored in a solar chimney 
is utilized to produce 
fresh water. Additionally, 
a pressure-retarded 
osmosis subsystem is 
integrated to enhance 
desalination

Compared to traditional 
multi-stage flash 
distillation, it achieves 
more efficient energy use 
and higher freshwater 
production

[30]

Table 1. 
Analysis chart of different solar desalination technologies.

Desalination 
methods

Capital cost range Cost composition 
factors

Cost range and characteristics 
of per liter of water.

Indirect solar 
still

The capital cost ranges 
from 2.52 to 282 dollars. 
There is a large difference 
among different types (for 
example, the single-basin 
solar still has a lower cost 
while the sun-tracking 
solar still has a higher 
cost).

Mainly equipment 
and material costs 
(such as glass, metal 
plates, etc.), and 
a small amount 
of maintenance 
costs (regular 
cleaning and water 
replenishment).

Passive CPL (Cost Per Liter) does 
not exceed 0.1667 US dollars. The 
lowest is 0.0074 US dollars for a 
single-effect tubular solar still.

Direct solar 
still

The capital cost is between 
160 and 1174 dollars. The 
higher capital cost mainly 
stems from additional 
energy equipment (such 
as flat plate collectors, 
vacuum tube collectors).

Equipment and 
collector costs, 
maintenance 
costs (involving 
the maintenance 
of additional 
equipment), and 
energy-related costs.

Active CPL does not exceed 
0.2696 US dollars. The active 
type has a minimum of 0.0066 
US dollars for the point-focusing 
elliptical solar still.

Table 2. 
Comparison of cost situations of different seawater desalination technologies [33].

Typology Renewable energy Cost of production ($/m3)

Seawater Conventional fuel
Tidal
Photovoltaic cell
Solar collector

0.46–3.5
1.3–6.5
4.08–11.7
4.5–10.4

Saltwater Conventional fuel
Photovoltaic cell

0.27–1.38
5.8–13.42
2.61

Table 3. 
Water production cost (US$/m3) for Ocean water and brackish water by utilizing a variety of sources of 
energy [35].
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is significantly higher. In some cases, it can exceed $10.3 per cubic meter, which is 
even more expensive than some of the priciest energy supply options. However, 
when desalinating seawater (SW) or brackish water (BW) using conventional energy 
sources, the costs are much lower (Table 3).

4.  Commercialization development of solar thermal desalination

4.1 Direct solar desalination

Direct solar desalination technology has the advantages of relatively simple systems 
and low operation and maintenance costs and has good commercial application poten-
tial in some small and decentralized freshwater demand scenarios. For example, in 
some remote islands, coastal small villages, and other areas, small direct solar distilla-
tion devices can meet the basic domestic water needs of local residents. Their low costs 
and simple operation methods make these areas more likely to accept and adopt them. 
However, there are also some limitations. For instance, the energy conversion efficiency 
is relatively low. In large-scale desalination projects, a larger heat collection area is 
required to meet the water production requirements, which increases the floor space 
occupied by the equipment and the initial investment costs. Moreover, water production 
efficiency is greatly affected by weather conditions. In cases of insufficient sunlight such 
as cloudy and rainy days, the water production volume will drop significantly, resulting 
in insufficient stability of the water supply. Currently, there are already some practical 
application cases of direct solar desalination technology worldwide, but the overall scale 
is relatively small. In the coastal areas and islands of some developing countries, small 
solar distillation devices are providing domestic water for local residents [36].

4.2 Indirect solar desalination

Indirect solar desalination technology has been applied in some specific regions 
and scenarios. For example, in some countries in the Middle East, due to their abun-
dant solar energy resources and the urgent need for fresh water, indirect solar desali-
nation technology has been used to build medium-sized desalination plants.

Some of the technologies have achieved commercial production. For instance, 
membrane distillation technology, which is a common type of indirect solar desali-
nation technology, has seen the development of some commercial modules. The 
plate-and-frame module constructed by Scarab AB, which consists of 10 cassette 
structures, has a certain commercial application value [37]. However, traditional 
reverse osmosis desalination technology and distillation desalination technology are 
more mature in large-scale commercial applications and occupy a relatively large 
share of the global desalination market. Indirect solar desalination technology has 
problems such as high equipment costs, relatively low energy conversion efficiency, 
and complex system maintenance, which lead to higher costs for desalinated water. As 
a result, it is at a disadvantage in commercial competition and restricts the speed of its 
large-scale commercial transformation.

4.3 Specific solar desalination technologies

The commercial applications of solar stills are mostly focused on small-scale projects. 
For example, in some remote islands, small communities in coastal arid areas, and 
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special places like ships, direct solar stills are used to meet the basic freshwater needs of 
local residents or specific users. The daily water production varies from several hundred 
liters to thousands of liters [38]. For instance, some islands in Greece once adopted direct 
solar stills to provide domestic water for local residents. Its initial investment cost is 
relatively low. Especially for small and simple distillation devices, the costs of equipment 
procurement and installation are not high. For example, The equipment costs of some 
small solar tray stills may range from several hundred to several thousand dollars [39].

Solar photovoltaic-reverse osmosis, relatively low energy consumption, and high 
fresh water production make it a widely used desalination technology. However, the 
equipment cost is high. When solar energy is combined with reverse osmosis, the 
intermittency and instability of solar energy will affect the continuous operation of 
the system. Commercial feasibility can be improved by equipping high-efficiency 
energy storage equipment, reducing the manufacturing cost of solar photovoltaic 
panels and reverse osmosis equipment, optimizing system design, and adopting 
new anti-fouling and anti-scaling membrane materials. It is suitable for fresh water 
demands of different scales, especially for medium to large-scale applications.

The multi-effect distillation (MED) desalination technology has been applied to a 
certain extent worldwide, especially in regions with scarce water resources and abun-
dant energy, such as the Middle East and North Africa, including countries like Saudi 
Arabia and the United Arab Emirates. However, in the global desalination market, the 
market share of MED technology is relatively limited. The high equipment investment 
and operating costs of MED technology have restricted its promotion and applica-
tion in some areas. According to relevant data, in the global desalination market, the 
market share of multi-effect distillation (MED) technology is rather small, while the 
market share of the reverse osmosis (RO) technology exceeds 50% [40].

Multi-stage flash (MSF) technology is prevalently employed in large-scale seawa-
ter desalination endeavors and has witnessed extensive utilization in the Middle East 
region [41]. In locales such as Abu Dhabi, United Arab Emirates, expansive multi-
stage flash seawater desalination and cogeneration systems have been erected, with 
the capacity of a single unit reaching up to 57,700 cubic meters per diem. Likewise, 
in Saudi Arabia and other nations, there exist numerous multi-stage flash seawater 
desalination plants capable of yielding hundreds of thousands of tons of fresh water 
daily [42], furnishing copious amounts of fresh water for urban water supply and 
industrial water demands. Nevertheless, the technology is encumbered by exorbitant 
construction costs. This is attributable to the requisite high-pressure apparatuses and 
corrosion-resistant materials, which incur substantial expenditures in equipment 
fabrication, procurement, and material acquisition. The operation and maintenance 
costs are also prohibitive, encompassing energy consumption, equipment upkeep, 
and chemical agent expenses. The multi-stage flash process is energy intensive and 
frequently necessitates integration with thermal power plants. Equipment mainte-
nance demands the engagement of specialized personnel and significant financial 
outlays, thereby circumscribing the ambit of its commercial dissemination.

5.  Future expectations

5.1 Hybrid rare earth-driven desalination

The application of solar energy to desalination processes shows potential for 
further growth in terms of improving performance, saving energy, or reducing costs. 
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In particular, the use of hybrid renewable energy systems to promote desalination is 
of great interest to the research community [43].

5.1.1 Reverse oasis with photovoltaic and wind energy

The advantage of a hybrid PV-wind system is that each source can compensate for 
the lack of availability of the other. This is relevant considering the variable nature of 
both and ensures more continuous energy availability. So far, there have been some 
studies that have optimized hybrid solar PV systems-wind power systems, taking 
into account variables such as water availability, load, location of solar wind farms, 
and their size [44]. In the only experimental study conducted in 2001 that combined 
photovoltaic-wind energy with desalination, Weiner et al. experimentally designed 
and operated a small, stand-alone brackish water reverse osmosis (BWRO) plant that 
combined solar photovoltaic and wind energy. Mokheimer et al. [45] simulated a 
small-scale hybrid wind/solar PV RO desalination system with a production capacity 
of 5 m3/day. They found that the cost of a hybrid powertrain could be reduced if mul-
tiple wind turbines were used. While the efficiency of the entire system depends on 
feed salinity, this also determines the load demand. Similarly, Alberman and ElAmin 
investigated solar PV/wind/diesel hybrids in remote areas of Saudi Arabia. They 
found that despite the progress made in reducing PV costs over the past few decades, 
only diesel systems are the most cost-efficient. This shows that there is still untapped 
potential for renewables-driven desalination.

5.2 Other desalination processes

5.2.1 Positive infiltration

Forward osmosis is a salinity gradient-driven or gravity-driven desalination 
process in which the differential pressure across the semipermeable membrane 
results in selective water transport. Due to its ability to naturally diffuse water from 
the feed into a higher concentration solution, it does not require hydraulics, mak-
ing it a low energy alternative to RO desalination. As a result, it has the potential to 
significantly reduce the energy costs associated with desalination. Recently there 
have been several FO units, most of them in China, and one of them has a capacity 
of 2800 m3/day, the highest capacity of any FO unit installed to date. Khaydarov 
[46] introduced the concept of solar FO in 2007, using various fluids of a solar cell 
system, a solar heat exchanger, a pretreatment unit, and FO equipment. Razmjou 
et al. [47] investigated the feasibility of bilayer polymer hydrogels as extractants for 
FOs using solar energy concentration. The hydrogel consists of an absorbent layer 
that provides osmotic pressure and a dehydrated layer that absorbs water during the 
release of FO in Figure 10.

5.2.2 Dew point evaporation

The future trends in solar seawater desalination include a shift toward less-
explored desalination technologies. Dew point evaporation is one such technique 
with the potential for solar desalination. In dew point evaporation, saturated vapor is 
used as a carrier gas to evaporate water from the saline feed as distillate. This process 
offers the advantage of energy reuse, depending on the use of heat exchangers and 
improved process design [48].
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6.  Conclusions

Solar-powered desalination is a rapidly growing research area that has made 
significant strides in recent years. The increasing desalination capacity, combined 
with the competing demands for decarbonization and mitigating the adverse effects 
of global warming, has driven efforts to use renewable energy for desalination. Solar 
energy, in particular, is an attractive option because of its potential to power desalina-
tion, especially in regions where freshwater scarcity and solar radiation coexist.

The interest in direct solar desalination has surged due to advancements in novel 
photothermal materials. Graphene-based and metal/ceramic nanostructures have 
facilitated evaporation through localized heating. Current leading solar desalination 
technologies include solar distillation, reverse osmosis, multi-stage flash distillation, 
multi-effect distillation, and solar chimneys. Each of these technologies has its own 
advantages and disadvantages, tailored to different scales and demand scenarios.

Solar distillation is suitable for small-scale, distributed systems and is especially 
useful in remote, resource-scarce regions. On the other hand, reverse osmosis, with its 
higher energy efficiency and water production capacity, is more appropriate for medium 
to large-scale applications. Multi-stage flash and multi-effect distillation technologies, 
known for their efficient energy usage, are typically employed in large industrial facilities.

From a cost-effectiveness perspective, while the initial investment for solar 
desalination technologies is relatively high, ongoing technological advancements and 
the promotion of large-scale applications have gradually reduced the cost per unit 
of water produced, with operational costs becoming more manageable. In regions 
rich in solar resources, these technologies demonstrate strong economic feasibility. 
Additionally, as global attention on low-carbon economies and renewable energy 
grows, solar desalination technologies are expected to receive more policy support, 
further lowering economic barriers.

In terms of environmental and social benefits, solar desalination technologies can 
significantly reduce greenhouse gas emissions compared to traditional fossil fuel-
powered desalination methods, thus minimizing environmental impact. Moreover, 
these technologies can effectively alleviate water scarcity in many regions, par-
ticularly in arid and semi-arid areas, where their social benefits are especially pro-
nounced. By providing a stable supply of freshwater, solar desalination technologies 
can improve the life quality of residents and support regional economic development.

Figure 10. 
Schematic of FO process [47].
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Future developments will focus on improving efficiency, reducing costs, and 
achieving large-scale applications. Researchers are exploring the integration of 
advanced materials, smart control systems, and energy storage technologies with 
existing solar desalination systems to enhance efficiency and system reliability. For 
instance, the application of nanomaterials is expected to significantly boost photo-
thermal conversion efficiency and evaporation rates. Meanwhile, energy storage tech-
nologies can mitigate the intermittency of solar energy, ensuring continuous system 
operation. Furthermore, the development of multi-energy integration systems, such 
as combining solar energy with wind, geothermal, or other renewable sources, is a 
key area for future research.
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Abstract

This chapter encompasses a thorough exploration of membrane separation 
processes, membrane structure, synthesis techniques, membrane materials, and 
membrane preparation techniques. It begins with an in-depth examination of the 
principles underlying membrane separation processes and their diverse applications 
across various industries, emphasizing their role in addressing environmental chal-
lenges and resource sustainability. Furthermore, it delves into the intricate details of 
membrane structure and synthesis techniques, elucidating the impact of material 
composition and fabrication methods on membrane performance and selectivity. 
Additionally, the chapter scrutinizes the diverse materials utilized in membrane tech-
nology, including polymeric, ceramic, and composite membranes, and their respec-
tive advantages and limitations. Moreover, it critically evaluates various membrane 
preparation techniques, ranging from phase inversion to 3D printing, highlighting 
their influence on membrane morphology and performance. Finally, the chapter 
concludes with a profound analysis of practical applications and the future of mem-
branes, outlining the emerging challenges and environmental prospects in the field 
and advocating for innovative solutions to advance sustainable membrane technolo-
gies. This chapter serves as a valuable resource for researchers and engineers seeking 
to comprehend the current landscape and future directions of membrane technology.

Keywords: membrane technology, desalination, separation, challenges,  
future prospects

1.  Introduction

Water scarcity and the prevalence of water crises have become pressing global 
concerns, impacting millions of people and ecosystems worldwide. With increasing 
population growth, industrialization, urbanization, and climate change, traditional 
freshwater sources are under immense pressure, leading to shortages and deterio-
rating water quality. In this context, desalination emerges as a vital and optimum 
solution to address water scarcity, particularly in arid regions and coastal areas where 
access to fresh water is limited.
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Desalination, the process of removing salts and impurities from seawater or brack-
ish water to produce potable water, has become increasingly important with the grow-
ing global demand for fresh water [1]. Membrane technology has emerged as a leading 
method for desalination, offering a sustainable and energy-efficient solution compared 
to traditional thermal processes such as distillation. This review aims to explore the 
advancements in membrane technology for desalination processes, focusing on the 
latest innovations, challenges, and future prospects in this rapidly evolving field [2].

Membrane separation processes have become the leading separation technology 
over the past two decades [3]. The membrane is defined as a selective thin layer of a 
semipermeable material that acts as a selective barrier and separates undesired species 
from a feed solution based on their sizes or affinity by exerting a potential gradient, 
such as pressure, temperature, electrical, or concentration difference [4, 5] as shown 
in Figure 1. Membrane-based desalination processes, including reverse osmosis 
(RO) and nanofiltration (NF), have shown tremendous potential in addressing the 
world’s water scarcity issues. These processes rely on semipermeable membranes to 
separate salts and other contaminants from water, yielding high-quality freshwater. 
In recent years, significant research and development efforts have been directed 
toward enhancing the efficiency, productivity, and sustainability of membrane-based 
desalination technologies [6].

Membranes are often categorized according to their materials, shape, driving 
force, and average pore size. One of the most important aspects of the membrane’s 
initial differentiation is the pore size of the substance or surface [7]. However, both 
organic and inorganic materials can be used as membranes [8].

The two fundamental technological approaches to desalinating water are the ther-
mal approach and the membrane approach. The thermal approach typically involves 
the use of heat to evaporate water, leaving the salts and impurities behind, and then 
condensing the evaporated water to obtain freshwater. This method has been histori-
cally significant and is utilized in large-scale operations, often requiring substantial 
energy inputs. However, advancements in thermal desalination processes, such as 
multi-stage flash distillation and multi-effect distillation, have improved energy 
efficiency and reliability [9, 10].

On the other hand, membrane desalination involves the use of semi-permeable 
membranes to selectively separate salts and impurities from water, allowing only 
freshwater to pass through. This method is prevalent in modern desalination plants 
and is primarily carried out through reverse osmosis process. Membrane desalination 

Figure 1. 
Normal procedure for membrane separation.
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is often preferred for its relatively lower energy requirements and modular scalability, 
making it suitable for diverse applications, ranging from small-scale community 
water treatment to large industrial facilities [11]. Each approach possesses its unique 
advantages and limitations, and the choice between thermal and membrane desali-
nation methods depends on factors such as feed water salinity, energy availability, 
environmental considerations, and economic feasibility.

Comparing renewable energy to traditional systems reveals various advantages. 
For example, it can lessen reliance on fossil fuels, generate electricity with zero or 
very low greenhouse gas emissions, help stabilize energy prices, and create jobs and 
economic opportunities in the expanding clean energy sector. It is also sustainable 
and does not deplete natural resources [12, 13]. Membrane-based desalination sys-
tems may be powered by renewable energy sources in many ways. Pumps and other 
desalination system equipment may be powered directly by electricity produced from 
renewable energy sources like solar and wind. Membrane-based desalination systems 
can become more sustainable and have a lower carbon footprint if they are powered 
by renewable energy [14]. Additionally, it can lessen reliance on fossil fuels and help 
save desalination costs over time.

This chapter serves as a comprehensive guide for researchers, engineers, and 
industry professionals seeking to comprehend the multidimensional domains of 
membrane technology, enabling them to navigate the evolving landscape of mem-
brane science and engineering.

2.  Membrane separation processes

Dissolved or suspended particulates in a liquid can be effectively and economi-
cally separated via membrane filtering and desalination. Depending on their 
chemical and/or physical characteristics, certain chemicals can flow through the 
membrane, which is a physical barrier [15]. Typically, a thin, dense layer creates the 
real membrane on the top of a porous support layer, which is what makes up a mem-
brane [16]. The following describes several types of membrane filtration according 
to membrane pore sizes.

2.1  Microfiltration

Microfiltration (MF) is a low-pressure method of separation using highly perme-
able membranes in the approximate size range of 0.1 to 20 μm [17]. Microfiltration 
is the process of passing fluids through a microporous material, such as a membrane 
filter, to remove particles or biological entities greater than 1000 nm [18] as shown in 
Figure 2. While non-membrane or depth materials, like those in fibrous media, can 
remove micron-sized particles, only a membrane filter with precisely determined 
pore size can guarantee quantitative retention. Microfiltration can remove impuri-
ties from water without harsh or costly chemicals because it is a physical separation 
method. Because of its bigger pore size, it works well for “first pass” filtration, which 
filters water partially before transferring it to a process like reverse osmosis or ultra-
filtration [19]. It is helpful in other applications that do not call for fine filtration and 
can be used in the food industry to clarify liquids, such as fruit juice. The inability of 
microfiltration to separate microscopic items from water due to its enormous pore size 
is its main drawback [20].
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2.2  Ultrafiltration

The technique known as ultrafiltration (UF) is used to extract dissolved 
molecules and tiny particles from liquids. Although in all filtration applications, 
the permeability of a filter medium can be altered by the chemical, molecular, 
or electrostatic properties of the sample, molecule size serves as the major basis 
for separation [21]. The molecules that ultrafiltration can separate are limited to 
different sizes.

Certain ultrafiltration membranes retain materials with molecular weights (MW) 
over 10 K as shown in Figure 2, allowing water and salts to pass through. Particulate 
and colloidal materials can both be held in reserve [22]. Membranes for ultrafiltration 
can be used to collect material that the filter has retained and purify material that 
passes through it. The filter lets through materials that are noticeably smaller than the 
pore size rating [23].

The filter retains materials bigger than the pore size rating, allowing them to 
be concentrated or separated from pollutants with low molecular weight. Proteins 
are usually separated from buffer components via ultrafiltration in preparation for 
buffer exchange, desalting, or concentration. Additionally, ultra-filters are perfect 
for exchanging or removing sugars, non-aqueous solvents, removing compounds 
with a low molecular weight, separating free of protein-bound ligands, and 
quickly changing the pH and/or ionic environment in order to retain specific 
proteins [24].

Compared to procedures like precipitation, ultrafiltration is significantly softer 
to solutes. Because it can simultaneously concentrate and desalt solutes, UF is more 
effective. Phase changes, which frequently denature labile species, are not necessary 
for UF, and it can be carried out in a cold environment or at room temperature. On the 
other hands, it may not effectively remove low molecular-weight solutes or ions, and 
it requires regular cleaning to prevent fouling [25, 26].

2.3  Nanofiltration

Nanofiltration (NF) is a membrane separation process that falls between ultra-
filtration and reverse osmosis in terms of the size of particles it can effectively 
separate. The membranes used in nanofiltration have smaller pore sizes compared to 

Figure 2. 
Types of membrane separation processes.
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ultrafiltration as depicted in Figure 2, allowing them to selectively remove divalent 
ions, organic matter, and smaller particles while partially retaining monovalent ions 
[27]. This makes nanofiltration particularly useful for applications such as water 
softening, color removal, and partial desalination [22].

• Advantages of NF:

 ⚬ Selective Separation: It can effectively remove divalent ions while retaining 
monovalent ions, leading to selective separation and purification of specific 
components in a liquid [28].

 ⚬ Reduced Energy Consumption: Nanofiltration typically requires lower oper-
ating pressures compared to reverse osmosis, resulting in reduced energy 
consumption [29].

 ⚬ Versatility: It can be tailored to various applications, including water and 
wastewater treatment, as well as in industries such as food and beverage, 
pharmaceuticals, and chemical processing [30].

• Limitations of NF:

 ⚬ Sensitivity to Fouling: Membranes used in nanofiltration are susceptible to 
fouling and scaling, necessitating careful pretreatment of feed water to prevent 
membrane damage and maintain performance [31].

 ⚬ Operating Costs: While it requires lower pressures than reverse osmosis, 
nanofiltration still involves energy and operational costs that must be 
considered [32].

 ⚬ Variable Performance: The performance of nanofiltration can vary based on 
the specific compositions of the feed solution, which may require careful 
process optimization [33].

 ⚬ Nanofiltration has found widespread use in both industrial and environmental 
applications due to its ability to selectively separate and purify components 
in liquids, but its effective application requires careful consideration of the 
specific properties and challenges of the feed solution [22].

2.4  Reverse osmosis

Reverse osmosis (RO) is a water purification process that uses a partially perme-
able membrane to remove ions, molecules, and larger particles from water as its pore 
sizes range from 0.1 to 1 nm [6] as shown in Figure 2. It is a highly effective method 
for producing clean drinking water and is widely used in both residential and indus-
trial settings. It works through two dependently methods, filtration – where water is 
passed through a semi-permeable membrane, which allows water molecules to pass 
through while trapping contaminants such as ions, molecules, and particles – and 
osmotic pressure – where in reverse osmosis, a pressure greater than the osmotic 
pressure is applied to the water, forcing it through the membrane, leaving behind 
contaminants [34].
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• Advantages of RO:

 ⚬ High Purity: RO systems can remove a wide range of impurities, including dis-
solved salts, minerals, and organic compounds, resulting in high-purity water [35].

 ⚬ Versatility: RO systems are used in various applications, including desalina-
tion of seawater, production of drinking water, and purification of industrial 
process water [36].

 ⚬ Ease of Use: RO systems can be designed for both large-scale industrial use 
and small-scale residential applications, providing clean water for different 
purposes [34].

• Limitations of RO:

 ⚬ Wastewater Generation: RO systems produce concentrated wastewater (brine) 
as a byproduct, which requires proper disposal or treatment [37].

 ⚬ Energy Intensive: The process of applying pressure to overcome osmotic pres-
sure requires energy, making RO systems relatively energy-intensive compared 
to other water treatment methods [11].

 ⚬ Membrane Sensitivity: The effectiveness of RO systems can be impacted by 
fouling, scaling, and damage to the semi-permeable membranes, requiring 
regular maintenance and cleaning [38].

Reverse osmosis is an efficient method for producing high-purity water and has a 
wide range of applications, but it is important to consider the energy requirements, 
wastewater management, and maintenance needs associated with its use.

3.  Membrane structure and synthesis techniques

Membranes can be categorized according to their applications, separation mode, 
manufacturing process, geometry, and general structure [39]. Figure 3 depicts this basic 
classification structure. Membranes can be made as hollow fiber tubes or as flat sheets. 
Tubular membranes are packaged in hollow fiber modules; flat sheet membranes are 
packaged in sheet and frame modules or spiral wrapped modules. Large-scale separation 
operations also frequently use spiral coil and plate-and-frame modules, despite hollow 
fiber modules having the maximum membrane packing density per module volume. The 
structure of membranes can be either asymmetric (anisotropic) or symmetric (isotropic) 
[40]. Asymmetric membranes have a deteriorated structure, whereas symmetric mem-
branes have a consistent structure across their whole thickness. Symmetric membranes’ 
general structure dictates their separation characteristics. Conversely, the densest part of 
an asymmetric membrane mostly determines its separation characteristics [41]. Figure 4 
displays the most prevalent varieties of symmetric and asymmetric membranes.

3.1  Symmetric membranes

Membranes that are symmetrical have the same content and structure over their 
whole thickness. On both sides, their permeability and selectivity are the same. 
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These membrane types are frequently employed in situations where the components 
to be separated must be separated based on their molecular size or shape [43].

• Porous Symmetric Membranes: Symmetric porous membranes can be made in a 
number of ways and typically feature structures structured like sponges, slits, 
strips, or cylindrical shapes. The most crucial techniques for creating symmet-
ric porous films are (i) radiation; (ii) stretching melt-treated semi-crystalline 
polymer films; (iii) phase separation caused by vapor; and (iv) temperature-
induced phase separation [44]. Melt extrusion/stretching can be used to create 
membranes with a symmetric slit-shaped porous structure from semicrystalline 
polymers like polyethylene and polypropylene. Initially, a semicrystalline poly-
mer is melted extruded and then recrystallized under high pressure to generate 
a row-nucleated lamellar structure. The film is stretched in the machine’s direc-
tion in the second phase to create slit-like perforations between the stacked 
sheets [45].

By using a vapor deposition/evaporation technique, symmetric membranes with 
pore architectures resembling sponges or webs can be created (6). This method 
involves pouring solutions containing polymers, solvents, and non-solvents onto an 
appropriate substrate and exposing it to a stream of air saturated with water vapor. 
The originally stable polymer solution undergoes phase separation due to steam [46]. 
A heated air stream is sent across the membrane to evaporate the solvent and non-
solvent components following phase separation. Vapor precipitation/evaporation 
produces a typical membrane cross-section. This kind of membrane’s porosity and 

Figure 3. 
Overview of membrane classification.
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pore size can be regulated by (i) the amount of polymer present in the casting solu-
tion and (ii) the composition of the vapor atmosphere. Films with high porosity and 
large pore sizes are produced by adding solvent vapor to the molding media, reducing 
the concentration of polymer, and increasing humidity [47].

• Dense Symmetric Membranes: Dense symmetric films can be made by melt extru-
sion or solution casting with solvent evaporation afterward, with thicknesses 
larger than 10 μm. The permeability and selectivity of the novel membrane 
material were evaluated using this kind of membrane to determine its material-
specific transport characteristics. These membranes have a limited usage in the 
air separation process due to their relative thickness [48]. But in electrolysis 
applications, dense symmetric membranes are frequently employed.

3.2  Asymmetric membranes

Asymmetric membranes, on the opposite hand, have a layered structure with 
discrete layers that differ in composition or pore size. They have a porous support 
layer offering mechanical strength and a dense active layer in charge of the separation 
process. When it comes to selectivity and flow, asymmetric membranes are superior 
to symmetric membranes [49]. They are frequently employed in several filtration and 
separation procedures, including gas separation and water treatment.

Asymmetric membranes can be divided into three main types as shown in 
Figure 4: thin-film composite (TFC) membranes, asymmetric integrals with porous 
skin, and asymmetric integrals with dense skin. Denser integrated asymmetric 

Figure 4. 
Schematic of (top) symmetric membranes (porous symmetric and dense symmetric); (bottom) asymmetric 
membranes (a) porous skin layer on a porous sublayer; (b) selective dense skin layer on a porous sublayer; (c) 
selective dense coating layer on a porous sublayer) [42].
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membranes provide better selectivity and flow than symmetric membranes [40]. 
Integrated asymmetric porous membranes are produced using a phase inversion 
method and used in dialysis, ultrafiltration, and microfiltration applications. They 
are frequently employed in a variety of filtration and separation procedures, includ-
ing gas separation and water treatment [50].

• Integrally-Skinned Asymmetric Membranes: In the early 1960s, Loeb and 
Sourirajan designed the first asymmetric, integrally-skinned cellulose acetate 
membranes for water desalination [51]. Membrane-based desalination became 
economically feasible very rapidly because these membranes were significantly 
more effective at desalinating than any other membrane available at the time.

The common method for synthesizing these asymmetric membranes is immersion 
precipitation. Integrally-skinned asymmetric membranes are made using a binary 
solution made of a polymer and a solvent. When the cast solution is submerged in a 
liquid that is miscible with the solvent but not a solvent for the polymer, an asymmet-
ric structure with either a porous or non-porous skin layer forms [52]. The structural 
gradient in integrally skinned asymmetric membranes is caused by the extremely 
steep polymer concentration gradient in the growing membrane at the start of phase 
separation [50]. Typically, the immersion precipitation membrane is composed of a 
highly porous substructure and a thin skin layer.

• Thin-Film Composite Membranes: At least two structural parts made of different 
materials form the composite membranes. The two fundamental types of thin-
film composite membranes are schematically shown in Figure 5. A single-layer 
composite membrane consisting of a thin, selective top layer and a porous support 
is shown in Figure 5a. The thin top layer manages separation, while the porous 
support provides mechanical strength. A multi-layer composite membrane 
with multiple layers of different materials, each with a specific function [54], is 
shown in Figure 5b. The membrane is composed of a porous substrate. Thin-film 

Figure 5. 
Schematic for thin-film composite membranes: Single-layer thin-film composite membranes (a) and multi-layer 
membranes (b) [53].
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composite membranes are generally employed in processes where permeation is 
controlled by the solution-diffusion mechanism, such as nanofiltration, reverse 
osmosis, gas separation, and pervaporation. The selective layer can be applied 
using lamination, solution coating, interfacial polymerization, or plasma polym-
erization processes [55].

4.  Membranes materials

Membrane materials, the fundamental component of the membrane separa-
tion process, significantly impact the membrane’s performance. The three primary 
types of membranes are inorganic, organic, and hybrid [56]. Hybrid membranes are 
composed of both inorganic and organic components. Membranes are used in various 
sectors, including gas separation, water treatment, and membrane-based sensors. 
Each form of membrane has unique characteristics of its own.

4.1  Inorganic membranes

Membranes can also be produced from inorganic materials such as glass, 
metal oxides (such as titanium dioxide and zeolites), and ceramics (such as silica, 
alumina, and zirconia) [57]. Membranes can be broadly classified into two types: 
dense (composed of mixed conductive oxides, metals, or hybrid organic-inorganic 
materials) and porous (ceramic) [57]. Sol-gel, hydrothermal synthesis, and 
plasma-enhanced chemical vapor deposition are methods for producing inorganic 
membranes [58]. Inorganic and organic membranes compete for specific uses in 
harsh environments. Many ceramic membranes are functional at temperatures 
over 1000°C, and metal membranes remain stable at temperatures between 500 
and 800°C [59]. As a result, they can operate at high temperatures. They are 
significantly more resistant to chemicals and have a longer lifespan. Their cost, 
ability to modify the surface, and pore properties, however, could not make them 
competitive. Consequently, affinity membranes are seldom supported by inor-
ganic materials.

4.2  Organic membranes

Membranes made from organic materials are increasingly gaining attention for 
their applications in filtration and separation processes. These membranes, often 
derived from natural polymers like cellulose, chitosan, and protein-based substances, 
offer several advantages, including biodegradability, cost-effectiveness, and tunable 
properties [60]. Their porous structures can be engineered to selectively filter out 
pollutants, microorganisms, and contaminants from water or air, making them ideal 
for environmental remediation and safe drinking water production [61]. Additionally, 
organic membranes can be designed to allow for specific separation processes in 
chemical industries, enhancing the efficiency of resource recovery and waste man-
agement. With ongoing research, the performance and durability of these organic 
membranes are continually improving, paving the way for sustainable filtration tech-
nologies. The use of renewable materials not only reduces dependency on fossil fuels 
but also minimizes environmental impact. Biodegradable membranes can break down 
naturally, reducing landfill waste compared to synthetic alternatives [62]. While 
promising, organic membranes face challenges such as lower mechanical stability and 
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sensitivity to environmental conditions. Ongoing research is focused on enhancing 
their durability, scalability, and performance through hybrid approaches (combining 
organic and inorganic materials) and advanced engineering solutions.

The process for fabricating polymer membranes is determined by the polymer 
used and the membrane’s intended structure. The most prevalent methods for 
preparing polymeric membranes include interfacial polymerization, phase inversion, 
dip coating, stretching, track-etching, electrospinning, template-leaching, and 3D 
printing as shown in Figure 6.

4.3  Interfacial polymerization

Interfacial polymerization (IP) is a technique used to create polymers at the inter-
face of two immiscible phases, typically a liquid-liquid or a liquid-gas interface. This 
process involves the reaction between two or more monomers at the interface, leading 
to the formation of a polymer film [63].

In a typical IP method, an aqueous diamine (e.g., m-phenylenediamine, MPD) 
solution is used to pre-wet a porous substrate, which is then placed in contact with the 
organic phase of acyl chloride (e.g., trimesoyl chloride, TMC) [64]. The resulting thin 
polyamide layer at the interface of aqueous and organic phases enables fast-selective 
mass transport for simple membrane separation, while the porous substrate provides 

Figure 6. 
Membrane fabrication techniques.
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mechanical strength to meet the demands of pressurized filtration, resulting in syn-
ergistic effects that maximize separation efficiency in real-world applications [65]. 
Currently, TFC membranes are among the top technologies in RO-based desalination. 
Because effective separation occurs in the thin layer, researchers have been trying to 
examine the impact of polymer chemistry on IP through synthesis of monomers and 
including additives. Porous substrates, which serve as a support for thin layers atop 
TFC membranes, have received far less attention [66].

4.4  Phase inversion

Originally invented by Loeb and Sourirajan for cellulose acetate desalination 
membranes as mentioned before, it eventually became popular in the manufacture of 
polymeric membranes for gas separation because of its simplicity, economic practi-
cality, and capacity to produce thin membranes [67]. To produce a viscous polymer 
dope, a water-insoluble polymer is dissolved in a solvent with a high boiling point. 
This solution is then degassed and placed onto a support with a casting rod or knife 
before being immersed in a coagulation bath of water or solvent, yielding an asym-
metric membrane with a dense top layer and a porous bottom layer [68]. The solution 
composition, coagulation temperature, and additives all impact the creation of these 
separate layers as illustrated in Figure 7.

There are three primary types of phase inversion techniques: thermal induced 
phase inversion (TIPS), non-solvent induced phase inversion (NIPS), and vapor-
induced phase inversion (VIPS). Despite the ease and widespread usage of phase 
inversion and solvent evaporation methods, the numerous obstacles connected with 
them highlight the critical need for careful study and new ways that will lead future 
research and development [69].

4.5  Dip-coating

In order to create a thin layer on the surface, dip coating entails submerging 
a substrate in a coating solution and pulling it out quickly [70]. One of the most 
basic methods of film deposition, it is especially useful for making gas separation 

Figure 7. 
Preparation of polymeric membranes through casting phase inversion technique.
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membranes because it makes it easier to create the thin layers that need to be regular 
and exact in order for the membrane to function as best as possible [71].

The process works well for creating membranes for the separation of different 
gases, such as O2/N2 [72], CO2/CH4 [73], and CO2/N2 [74]. It was determined that the 
ideal temperature and casting solution concentration were crucial for producing a 
homogeneous membrane. Studies have indicated that variables like coating solution 
concentration, withdrawal rate, and quantity of coatings applied are critical in adjust-
ing the gas separation properties of the membrane, emphasizing the significance of 
process control in attaining the intended membrane functionality [69]. Moreover, the 
process of dip-coating has demonstrated remarkable efficacy in producing flawless 
composite membranes for gas separation, highlighting the versatility and effective-
ness of the approach. Nevertheless, there are a number of drawbacks to this method 
that may restrict its usefulness and make scaling more difficult [75]. Initially, because 
the solution tends to cover the whole submerged surface, this approach might not be 
the best choice for applications that simply require coating on one side of a substrate. 
It also presents a lot of complications since a large volume of precursor solution is 
needed to fill the coating container [76]. For example, handling large amounts of the 
solution might be dangerous and negatively affect the environment; these limitations 
impede scaling.

4.6  Stretching

Porous hollow fiber membranes can be made using either of the two methods, 
melt-stretching or TIPS [77]. Phase separation is the next step after casting the 
polymer solution in TIPS to manufacture the polymer membrane. On the other hand, 
melt-stretching is a method of preparation that involves uniaxially stretching a semi-
crystalline polymer film that has a lamellar structure with rows nucleated. Because 
melt-stretching does not require a solvent, it is more cost-effective and ecologically 
benign than TIPS [78].

This method comprises three main sequential processes: (1) melt-extrusion is used 
to produce a precursor film with a lamellar structure [77]; (2) the precursor film is 
annealed at temperatures close to the polymer’s melting point to remove defects in the 
crystalline phase, improving the crystalline structure and making the lamellae thicker 
and more uniform [79]; and (3) the precursor film is stretched at low temperature 
to create voids and then at high temperature to enlarge the pores. The structure and 
functionality of the porous polymeric membrane are determined by the parameters of 
each process, thus choosing the right parameter for each process is crucial [79].

4.7  Electrospinning

Electrospinning is a widely used technique for fabricating nanofibrous mem-
branes, renowned for its ability to produce fibers with diameters in the nanometer 
range [80]. The process begins by dissolving a polymer (such as polycaprolactone, 
polylactic acid, or various biopolymers) in a suitable solvent to create a viscous 
spinning solution [81]. This solution is loaded into a syringe connected to a metal 
nozzle and subjected to a high-voltage electric field typically ranging from 5 to 30 kV 
or more [82]. As the electric field is applied, the polymer solution is drawn out of 
the nozzle, forming a thin jet that stretches and dries as it travels toward a collector 
plate, typically held at ground potential [80] as shown in Figure 8. As the solvent 
evaporates, ultrafine fibers are deposited on the collector, forming a nonwoven 
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mat or membrane. The fiber diameter, orientation, and porosity can be tailored 
by adjusting parameters such as the solution concentration, flow rate, voltage, and 
collector distance. Optimal conditions must be carefully determined, as slight changes 
in parameters can significantly affect fiber morphology. Due to their high surface 
area-to-volume ratio, porosity, and biocompatibility, electrospun membranes find 
applications in areas such as tissue engineering, drug delivery, filtration, and protec-
tive clothing [84].

4.8  Track-etching

Track etching is a specialized technique used for fabricating membranes with high 
precision and uniform pore structures [85]. This method involves irradiating a poly-
mer film, typically made of materials like polycarbonate or polyethylene terephthalate, 
with high-energy particles (such as heavy ions) [86]. The radiation creates latent 
tracks—damaged regions—in the polymer. Following irradiation, the membrane is 
subjected to a selective chemical etching process, which removes the damaged areas, 
resulting in cylindrical pores that penetrate through the thickness of the film. By 
controlling the etching conditions, such as time and temperature, the pore size and 
density can be finely tuned, making track-etched membranes ideal for applications 
in filtration, biomolecule separation, and microfluidics [87]. Overall, this technique 
offers outstanding reproducibility and versatility, allowing for the production of mem-
branes with tailored properties for diverse scientific and industrial applications. The 
process has several drawbacks, including the requirement for specialist equipment for 
the etching and radiation processes and potential restrictions on the kinds of materials 
that may be utilized based on their compatibility with the etching solution [88].

4.9  Template-leaching

The method known as template-leaching can be used to create porous membranes 
from polymer materials with a variety of internal and exterior geometries [89]. 

Figure 8. 
Electospinning basic set up [83].
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For example, it has been applied to create silica glass membranes with pore sizes 
as tiny as 0.05 μm [90]. This method involves combining a leachable component 
with a membrane matrix material to create a homogenous film. A macromolecule 
like polyethylene glycol (PEG) or poly vinyl alcohol (PVA) can also be a soluble low 
molecular weight compound that is leachable. Following the film’s preparation, the 
leachable component is eliminated using an appropriate chemical treatment. The 
size and structure of the separated phase domains in the composite may be altered 
by adjusting the formation factors (such as composition, temperature, and blending 
technique) [90]. This leads to the availability of porous matrices with a broad range of 
porosity and structure. Using this technique, polymeric microporous membranes may 
be made quickly.

4.10  3D printing

3D printing has emerged as an innovative technique for membrane fabrication, 
allowing for the production of highly customized and complex membrane architec-
tures that traditional methods may not easily achieve. This additive manufacturing 
process involves depositing material layer by layer to create a three-dimensional 
structure, enabling precise control over pore size, distribution, and overall geometry 
of the membrane [91]. Commonly used materials include polymers, ceramics, and 
metal-organic frameworks, which can be tailored to meet specific requirements for 
various applications such as filtration, water purification, and gas separation. The 
integration of digital design tools facilitates rapid prototyping and the ability to 
fabricate membranes with intricate patterns that enhance permeability and selectivity 
[92]. Additionally, 3D printing technologies can enable the incorporation of func-
tional components, such as sensing elements, directly into the membrane structure, 
paving the way for advanced applications in smart filtration systems and bioreactors. 
Despite restrictions in cost, speed, printing resolution, and material selection, 3D 
printing has made significant advances in membrane module design, composite 
membrane fabrication, the creation of oil-water separation and wastewater treatment 
materials, and so on [93]. A growing number of research organizations are using 3D 
printing to create complex structures with ease of prototyping and testing for diverse 
water-related applications.

5.  Practical applications of membrane technology

Membrane technology offers a wide array of practical applications across various 
industries, significantly enhancing efficiency and sustainability [2]. In water treat-
ment, membranes are employed for desalination and wastewater purification, allow-
ing for the effective removal of contaminants and the recovery of valuable resources, 
such as nutrients and water [94]. In the food and beverage sector, membranes are 
used for processes like microfiltration and ultrafiltration, improving product quality 
while minimizing energy consumption and chemical use [95]. Additionally, in the 
pharmaceutical industry, membrane technology is crucial for drug purification and 
concentration, ensuring high purity levels critical for patient safety [84]. In the indus-
trial processes, in the textile industry for instance, membranes can help recover dyes 
and chemicals from wastewater, allowing for their reuse in production processes [96]. 
This not only cuts costs but also significantly reduces environmental pollution associ-
ated with dye discharge. Furthermore, membranes play a vital role in gas separation, 
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helping capture carbon dioxide from industrial emissions and contributing to climate 
change mitigation efforts [97]. The benefits of membrane technology include reduced 
environmental impact, lower operational costs, and the ability to create more efficient 
production processes, making it a key component of sustainable practices in modern 
industries.

Membrane technology plays a crucial role across various sectors by enhancing 
efficiency, reducing waste, and promoting sustainable practices. Its ability to separate 
and purify materials makes it indispensable in tackling modern challenges like water 
scarcity, environmental pollution, and energy needs.

6.  Membranes desalination technologies

There are two basic technical ways to desalinate water: thermal and membrane 
systems, as illustrated in Figure 9. Several methods have been used in the desalination 
process throughout the years, including reverse osmosis (RO), nanofiltration (NF), 
multiple-effect distillation (MED), mechanical vapor compression (MVC), multi 
stage flashing (MSF), and membrane distillation (MD) [98]. Thermal desalination 
is the process of evaporating saltwater using heat energy, leaving only clean water 
after condensation. Thermal desalination systems are widely used in the Middle East 
because to the availability of fossil fuels, low-quality saltwater, and suitability for 
power cogeneration [99]. Even while thermal techniques produce more water with 
total dissolved solids that vary between 5 and 50 ppm, the system has the disadvan-
tage of requiring a substantial amount of energy to complete the removal process, 
which results in high operational costs [100].

Figure 9. 
Classification of desalination technologies.
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When it comes to membrane technologies, which employ semi-permeable 
membranes to remove solutes from water, reverse osmosis is the most prevalent. RO 
uses strong hydraulic pressure to overcome the water’s osmotic pressure as shown in 
Figure 10. The tiny pore diameters of semi-permeable membranes enable the (H2O) 
solvent to flow freely but block the passage of solutes trapped on the membrane’s pres-
sure side [11]. The RO process produces purified water and a highly salted solution. 
The recovery rate (percentage) is the ratio between the end desalinated water and the 
initial water input, and it is frequently more than 60% for commercial systems [101].

Forward osmosis (FO) provides an osmotic pressure differential across a semiper-
meable membrane to separate different concentrations of solutions for water penetra-
tion [102]. Water can cross a semipermeable membrane from the feed solution to the 
concentrated solution (draw solution) as shown in Figure 10 when two distinct solution 
concentrations are maintained on its two sides due to an osmotic pressure differential. 
Both the feed solution and the draw solution are aimed at the membrane active layer 
and support layer, respectively. The draw solutions are located in the opposite direction 
as pressure-retarded osmosis. One example that operates at a lower pressure than RO 
and requires less energy is FO [102]. Membrane distillation (MD) is a technique that 
employs microporous membranes and heat separation to treat highly salinized water; 
however, this technology was not employed extensively until the 1960s [9].

More energy is required for thermal-based processes than for membrane-based ones. 
Salt concentration has little effect on the energy requirements for thermal desalination 
systems; however, salt content influences the requirements for membrane processes. 
Perhaps, the most well-known advantage of membrane technologies over thermal ones 
is how much less energy they require. RO energy needs stay at 3 to 4 (kWh/m3) for salt-
water or drop to 0.5 to 2.5 (kWh/m3) for brackish water, whereas MSF requires between 
10 and 16 (kWh/m3) and MED uses between 5.5 and 9 (kWh/m3) [99].

Water passes through a semipermeable membrane during the desalination process 
when pressure is applied to the saltwater feed solution that is greater than either its 
osmotic pressure or the minimum pressure that prevents the intake of clean water 
by osmosis [103]. Because RO increases osmotic pressure and accelerates the pas-
sage of salt over the membrane, it is not recommended for desalinating extremely 
concentrated salt solutions [34]. Working with very salty solutions is better suited for 
membrane distillation, an alternative desalination technique that combines heat and 

Figure 10. 
Schematics of osmosis and reverse osmosis process [1].
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membrane processes. This is especially true for solutions with salinities between 70 
and 300 g of salt per kilogram of solution [98].

7.  The future of desalination membranes: challenges and environmental 
prospects

Current and future challenges in membrane desalination pose significant oppor-
tunities for innovation and sustainable development. Addressing the pressing need 
for greater energy efficiency remains a key challenge, with a focus on reducing 
the operational costs and environmental impact of desalination processes [104]. 
Additionally, combating membrane fouling through the development of anti-fouling 
membranes and effective cleaning techniques is essential for maintaining the long-
term performance and viability of desalination systems. Moreover, as desalination 
capacity grows, the environmental impact of concentrated brine disposal necessitates 
careful consideration, driving the exploration of brine management and resource 
recovery solutions [105–109]. The quest for cost reduction, advancements in materials 
for improved membrane performance, and ensuring high water quality standards 
further shape the landscape of challenges and opportunities in membrane desalina-
tion. Simultaneously, the integration of renewable energy sources, like solar and wind 
power, into desalination processes emerges as a critical future endeavor for minimiz-
ing environmental impact. Tackling these challenges will pave the way for more 
sustainable and accessible water supply solutions in water-stressed regions, driving 
innovation and progress in membrane desalination.

Over 90 million m3/day of desalinated water may now be produced through 
existing desalination capacity, and the global direct carbon footprint of desalination is 
projected to be over 120 million metric tons per year [110, 111]. Because of the present 
climate issue, which calls for the sector to decarbonize, the use of renewable energy 
must be linked to the growing desalination process.

Membrane methods account for more than 70% of desalination globally, and 
they all need electricity [4]. Solar, wind, and wave energy are the most appropriate 
renewable energy sources for desalination since hydroelectric power and biomass 
both inherently require water [99]. Solar energy is most common because of the 
region’s high solar radiation and water shortage. Similar to FO, an ascending desalina-
tion method like MD employs low temperature heat to some degree [9]. Geothermal 
and solar energy can provide this. Technical advancements are required to make it 
easier to connect renewable energy sources to membrane technology for desalination. 
Membrane desalination and renewable energy are quite diverse technologies; thus, 
knowledge of both areas is needed.

In the realm of membrane materials, the future holds exciting prospects for 
cutting-edge advancements. The development and integration of novel materials, 
such as graphene-based membranes, metal oxide frameworks (MOFs), carbon nano-
tubes, and nanostructured materials hold promise for revolutionizing desalination 
and water purification processes [112]. These materials exhibit exceptional mechani-
cal strength, chemical resistance, and high permeability, offering the potential for 
enhanced water flux and improved separation efficiency. Additionally, the emergence 
of responsive or “smart” membrane materials, capable of dynamically adjusting 
their permeability in response to external stimuli, opens new avenues for precise and 
energy-efficient water treatment processes [113]. Furthermore, the exploration of 
sustainable and biodegradable membrane materials aligns with the growing emphasis 
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on eco-friendly technologies, aiming to reduce environmental impact and promote 
circular economy principles within the membrane industry [114]. As research and 
development efforts continue, the integration of nanotechnology and advanced 
manufacturing techniques holds the potential to unlock unprecedented levels of per-
formance and durability in membrane materials. These innovative strides are poised 
to propel the field of membrane materials toward a future defined by heightened 
efficiency, sustainability, and adaptability, shaping the landscape of water treatment 
and resource management around the globe.

8.  Conclusion

In conclusion, the chapter on membrane technology has navigated through 
the intricate realms of membrane separation processes, membrane structure and 
synthesis techniques, membrane materials, membrane preparation techniques, and 
the future of membranes, culminating in a profound understanding of the current 
landscape and the potential trajectories that lie ahead.

Throughout this exploration, we have underscored the pivotal role of membrane 
technology in addressing pressing challenges related to resource sustainability, envi-
ronmental preservation, and industrial efficiency. By elucidating the fundamental 
principles that underpin membrane separation processes and delving into the intri-
cate interplay between material composition, fabrication methods, and membrane 
functionality, we have laid a solid foundation for comprehending the diverse applica-
tions and implications of membranes across industries.

Moreover, the critical assessment of membrane materials and preparation 
techniques has highlighted the importance of material selection and fabrication 
methodologies in optimizing membrane performance, selectivity, and applicability 
to real-world applications and challenges. This deep understanding serves to guide 
researchers, engineers, and industry professionals in their pursuit of tailored mem-
brane solutions for specific applications, thereby fostering innovation and efficiency 
in diverse domains.

In essence, this chapter stands as a comprehensive guide for those seeking to 
navigate the multifaceted landscape of membrane technology, serving as a testament 
to the unyielding potential and relevance of membranes in shaping a sustainable and 
resilient future. As we embark on this illuminating journey through the annals of 
membrane science and engineering, let us embrace the challenges and opportunities 
that lie ahead, driven by a collective vision of catalyzing positive change through the 
transformative power of membrane technology.

The future is ripe with possibilities, and it is within our grasp to mold the destiny 
of membranes into a force for sustainable progress and environmental conservation.
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Chapter 5

Adsorbents for Water Desalination
Vishwakarma Ravikumar Ramlal and Savan K. Raj

Abstract

The necessity for freshwater is growing as the global population continues to 
expand. One of the practices the scientific community has proposed to address 
the present global freshwater crisis is water desalination. This process promotes 
the production of fresh water from salty water. Due to the significance of high salt 
removal efficiency, cheap cost, minimal environmental effect, and comparatively low 
energy requirement, adsorption is considered a potential method for desalination. 
Predominantly, adsorption techniques do not use chemicals. Among the frequently 
studied adsorbents for desalination are activated carbons, zeolites, carbon nanomate-
rials, graphene, and metal or covalent organic framework materials. These materials 
exhibit various capabilities in terms of adsorption rate, adsorption capacity, stability, 
and recyclability. Carbon nanotubes (CNTs) and graphene, two next-generation 
materials that show numerous functions with increased water transport capabilities, 
play a significant role and have been considered very appealing enhancers to the 
desalination process. However, most functional materials have drawbacks, includ-
ing the need for specialized synthesis methods, agglomeration, leaching, and issues 
related to the environment and human health. This chapter will focus on current 
trends in adsorbent material development and evaluate the most recent materials 
with their properties, which might help with adsorbent design from an engineering 
application standpoint.

Keywords: adsorbents, porous materials, adsorption desalination, graphene, zeolite, 
MOFs, and COFs

1.  Introduction

Freshwater resources and energy supplies are under increasing stress due to 
modern society’s fast expansion and growing population [1, 2]. Urbanization, eco-
nomic growth, and rising living standards have made the water shortage a worldwide 
issue [3]. The demand for freshwater will have increased by 40% by 2050 [4–6]. Most 
of the world is covered with seawater, making extracting fresh water from it practical. 
As a result, desalination technology emerges as a viable solution to the issue of water 
shortage [7, 8]. Nowadays, three primary varieties of desalination techniques are com-
monly utilized globally: (1) thermal desalination, which includes membrane desalina-
tion techniques, like forward osmosis (FO) and reverse osmosis (RO); (2) chemical 
desalination, which comprises gas hydrate and ion exchange desalination; and (3) 
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non-thermal desalination, that involves multi-effect distillation (MED) and multi-
stage flash evaporation [9–11]. Reverse osmosis and multi-effect distillation are the 
two most widely used desalination methods available today [12, 13]. It is interesting 
to note that various desalination techniques are applied in various parts of the world 
and that the ratio of applications varies as well (Figure 1). However, there are still 
significant problems with traditional desalination methods, including: (1) increased 
maintenance costs; (2) corrosion and blockage of membrane mass exchangers; and 
(3) high-grade fossil power consumption and pollution emission. As such, classic 
desalination techniques are not up to the current demands of sustainable energy and 
environmental development.

A thin layer of molecules, ions, or atoms from a material (gas or liquid) sticks 
to a surface and forms adsorption, a surface phenomenon. It is used for contamina-
tion removal, separation, and purification and involves either chemical or physical 
interactions. The necessity of creating a unique desalination methodology that uses 
little power and produces negligible pollution is growing considering the necessity 
of sustainable human development. As seen in Figure 2, adsorption desalination 
(AD) is a recent method that achieves desalination by utilizing certain solid materials 
with porous qualities to both adsorb and desorb water vapor [14, 15]. Because of its 
great selectivity, effectiveness at low concentrations, and adaptability in eliminating 
a variety of pollutants, adsorption is a technique that shows promise. Because many 
adsorbents can be recycled and regenerated, it is both cost-effective and ecologically 
benign, making them suitable for a wide range of applications.

A variety of porous nanomaterials can be utilized in the adsorption desalination 
systems (ADS), like silica gel, zeolite, and MOFs, and all consist of excellent sorp-
tion capacity. These porous materials consist of unique characteristics, including 
high pore volume and specific area as well as fluid permeability, excellent adsorption 
capacity, quick adsorption kinetics, and strong selectivity [16–19]. Since adsorption 
is associated with the interconnection of the foreign molecules with the surface of the 
adsorbent, a large surface area is often regarded as a crucial attribute for the enhance-
ment of the sorption capability. However, the guest molecules must have access to 

Figure 1. 
Categories of presently available desalination technology [14].
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the porous material’s surface, particularly its interior surface. Pore sizes determine 
the material’s surface area, i.e., as the average pore size decreases the surface area 
increases [20, 21]. The average pore size of the material must be greater than the 
kinetic diameter of the foreign molecules to allow rapid adsorption kinetics. If the 
material has secondary pores, a hierarchical pore network is required to provide 
better guest accessibility to the host surface [22, 23]. Given its potential as a solution 
to the water scarcity issue, this chapter offers an explanatory overview of the state-of-
the-art adsorption process, including the most recent porous contender nanomateri-
als used as adsorbents [24]. This assessment can serve as a roadmap for future studies 
aimed at creating highly efficient adsorption desalination technology for real-world 
applications.

2.  Overview of the emerging and well-known adsorbents

2.1  Activated carbon (AC)

Activated carbon is considered as a category of facile carbon-based materials, that 
can be attained via different economically affordable raw materials like wood straws, 
glucose, nut shells, coal, scrap plastic, papermaking waste, and sewage waste [25–27]. 
The porosity characteristics of AC can be tuned according to the activation methods 
and precursors utilized. Because of their excellent porosity, vast surface area, differ-
ent surface functional groups, etc., AC with hierarchical porous construction could 
be highly advantageous for adsorption [28, 29]. The structure and chemical charac-
teristics of AC must be constructed for the enhancement of its adsorption capability. 
This can be attained by a variety of post-synthetic modification methods, including 
oxidation, that can be attained via chemical, air, or electrochemical oxidation [30–
37]. The most popular technique for oxidizing AC is acid treatment with nitric and 
sulfuric acids [38, 39], which can provide the altered AC surface oxygenated groups. 
These different groups interact with metal ions for the formation of metal complexes, 
which increase the capability of AC to absorb metal ions [40–42]. It was observed 
that the steadiness of the metal complexes that formed correlated with the affinity 
of metal ions to the AC (acid-treated) [43]. Because of dipole–dipole interactions, 
hydrogen bonds, and covalent bonds, grafted AC containing nitrogen (N) function-
alities, deliver a comparatively high adsorption capability for negatively charged ions 

Figure 2. 
Adsorption and desorption process for porous materials [15].
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[44, 45]. Organic species from water, like 4-chlorophenol and 2,4 dichlorophenol 
(2,4-DCP), may be effectively eliminated by using base-treated AC [46]. For instance, 
there was a 22.8% improvement in the remediation of 2,4-DCP on AC functionalized 
with ammonia [47]. The active surface area and pore volumes are often reduced by 
both basic and acid treatments for AC, which may harm adsorption. For instance, 
even though the NaOH-treated AC had more oxygen groups on it, the sorption ability 
of AC for chromium ions was not increased [48]. This might be lessened by tuning the 
analysis parameters. For instance, it has been reported that following thermal ammo-
nia treatment, AC’s porosity and pore structure were maintained, which helped boost 
the adsorption capacity for perchlorate (ClO4) [49]. In Addition, microwave irradia-
tion treatment has been used for AC, offering rapid and selective heating that cuts 
down on treatment time and energy [50–52]. Furthermore, in other reports treatment 
using plasma and ozone was employed [53–56]. However, it should be considered that 
AC sorption is primarily utilized as electrodes in the capacitive deionization (CDI) 
method for deionizing water sources. It was also frequently utilized to remediate 
heavy metals and organic pollutants, and there was only a limited evaluation of the 
adsorption capability of AC for ionic salts (like sodium and chloride) [57, 58].

2.2  Zeolites

Natural zeolites are employed as desalination adsorbents [59, 60]. Zeolites have 
a well-organized three-dimensional (3D) architecture with corals and channels 
within. Their general chemical formula is Mx/n [AlxSiyO2 (x + y)].pH2O, where M is (Na, 
K, Li) and/or (Ca, Mg, Ba, Sr), n is the cation charge, and y/x = 1–6 and p/x = 1–4. 
Because silicon and aluminum contain valences that make them inherently negatively 
charged, zeolites may exchange ions with a wide range of positively charged organic 
compounds and cations. Furthermore, the high porosity of zeolite (usually 30–40% 
with pore diameters of 0.3–0.8 nm) can facilitate the high adsorption kinetically 
[61, 62]. Since zeolite water may be considered as a pathway for the exchange of ions 
between exchangeable cations and ionic salts, it can also accelerate the adsorption 
kinetics. Different types of zeolites exist in nature (like phillipsite, chabazite, stilbite, 
analcime, clinoptilolite, and mordenite) with different adsorption properties. The 
crystalline structure and constituent present within have a direct impact on their 
adsorption capability and kinetics. For instance, mordenite type zeolite, a common 
natural zeolite, has an excellent ability to adsorb Ca2+ and Mg2+ due to ion transpor-
tation between sodium ion and the two cations, and may efficiently decrease the 
concentration of Na+ in the region i.e. around 73% [63, 64]. However, the negative 
charge of zeolite will reduce the adsorption capacity of anions like Cl− and SO4

2− by 
20% and 30%, respectively [65]. With an exchange capacity of 11 mg g−1, another 
naturally occurring zeolite bigadic clinoptilolite, can also remove Ca2+ from aque-
ous media [63]. Seawater desalination is another use for natural zeolites. In a study, 
Wajima et al. [65] extracted NaCl from seawater by utilizing a modified zeolite from 
Fukushima, Japan. Before adsorption, the zeolites were functionalized with silver 
nitrate and heated at 60°C for 12 h. This study resulted in an 81.73% declination in 
NaCl under batch conditions. In a literature report, Wibowo et al. [66] used func-
tionalized zeolites from Indonesia (clinoptilolite) to decrease the salinity in seawater. 
The adsorption ability of the zeolite was increased to 51.43 mg g−1 in the lab-scale 
pilot method by thermally activated at 225°C for 3 h with no usage of any chemical 
reagents. Zeolites have a sorption ability of 2–20 mg g−1, which is often more than 
that of AC [63]. Therefore, natural zeolites may be an affordable option for saltwater 
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desalination sorbent materials. Zeolites are useful in water treatment for ionic salts 
and heavy metal ions as well as inorganic anions (e.g., NO3−, SO4

2−, PO4
3−, F−, ClO4

−, 
CN−) [67–70] and organic compounds, like dyes [71–74]. Hydrothermally produced 
zeolites, like (Linde type A) LTA, can also be employed as adsorbents (Figure 3). The 
physicochemical properties of these materials can be adjusted for the enhancement 
of their remediation ability by altering the synthesis conditions. For example, meso-
porous LTA (mesopores with pore size 3 nm) was created to decline the diffusion 
resistance. It illustrates an improved Mg2+ adsorption rate because of the increased ion 
diffusion rate in its porous network, which was greater than the pristine microporous 
LTA by about 17.5 times [75].

2.3  Graphene and graphene-based materials

Graphene and its related materials are well-known for water treatment applications. 
When graphene is pristine, it consists of a singular sheet of carbon atoms situated in an 
aromatic sp2 hybridization. With a theoretical surface area value of around 2630 m2g−1, 
graphene is considered a popular example of a high-surface material. The reason is that 
each atom in a graphene sheet consisting of a singular layer is open to the environment 
on both ends. Graphene is a desirable material for adsorption technology because of its 
large surface area, rich in oxygen content, adjustable surface chemistry, and scalable 
manufacture [76–82]. Figure 4 shows the composition and Table 1 reflects the key 
characteristics of graphene-based materials (like graphene oxide (GO)) employed in 
water treatment applications. The oxygen-containing groups in graphene are respon-
sible for the remediation of metal ions. Because GO comprises oxygen species that can 
interact with metal species, it is frequently chosen over pure graphene for metal ion 
remediation [83]. The remediation capacity of graphene can be progressively impacted 
by ionic strength and pH in addition to oxygen-containing groups.

The electric double layer (EDL) of hydrated chemical functionalities can change 
depending on the ionic strength, which can affect how metal ions attach to GO sheets. 
In general, reducing pH values causes the sorption capacity to decline. An inclination 

Figure 3. 
(a) TEM image of the zeolite, and (b) pseudo-second-order fitting lines and competitive exchange data of Ca2+/
Mg2+ [75].
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in adsorption capacity results from the positive charge of metal ions interacting 
favorably with GO’s negatively charged surface. Graphen-based materials have also 
been used to remediate anionic species from aqueous media, like Cl−, PO4

−, ClO4
−, 

and F−. The process of anionic species sorption was linked to anion-π interactions, 
in contrast to the immobilization of cationic metal species. Mishra et al. [84] used 
hydrogen-induced exfoliation of GO to produce and functionalize graphene sheets. 
Using the functionalized adsorbent, monovalent ions (sodium) and multivalent ions 
(arsenic (III and V)) were remediated from an aqueous media at the same time. The 
highest sorption capacities for sodium and arsenic were 122, and 142 mg g−1, respec-
tively, according to Langmuir isotherm. GO has a strong adsorption capacity to remove 
divalent ions (like calcium) from drinking water [85]. Overall, GO helps to remove 
monovalent and divalent ions up to 99% of the time. According to experimental stud-
ies, GO has a removal efficiency of 212 mg g−1. In comparison to other adsorbents for 
example AC and activated alumina, these values are quite high. Given its comparable 
chemistry, it is anticipated that GO will similarly be efficient in eliminating magne-
sium ions from water. The free-standing GO membranes have been used excessively 
for desalination purposes (Figure 5(a)) [86]. In another report, Chu et al., fabricated 
a new β-cyclodextrin (β-CD) modified graphene oxide (CDGO) membrane for the 
effective adsorption of bisphenol A (BPA), with a high flux and sorption capacity [87]. 
Three CDGO membranes with variations in the concentration of CDGO nanosheets 
i.e. 5 mg, 10 mg, and 20 mg were made and labeled as M1, M2, and M3 (Figure 5(b)). 

Figure 4. 
An overview of structural properties of graphene and its derivatives for adsorption and desalination [83].

Properties Graphene Graphene oxide Reduced graphene oxide

Synthesis • Chemical vapor 
deposition

• Thermal decompo-
sition of SiC

• Graphite exfoliation

Oxidation and exfoliation of 
graphite

Reduction of graphene 
oxide

C:O ratio No oxygen 2–4 8–246

Young’s modulus (TPa) 1 0.2 0.25

Electron mobility 
(cm2V−1 s−1)

10,000–50,000 insulator 0.05–200

Production cost High Low Low

Table 1. 
Properties of graphene and its derivatives [83].
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These membranes have fluxes one or two orders of magnitude greater than the reverse 
osmosis (RO) and nanofiltration (NF) membranes earlier utilized for BPA remedia-
tion, with a BPA rejection effectiveness of almost 100% (Figure 5(c)).

Since their discovery by Iijima [88], carbon nanotubes (CNTs) have been the 
attractive subject of much research for a variety of uses, including desalination. CNTs 
are one-dimensional (1D) cylinders made of micro or nanoscale graphene sheets. 
Their high porosity, large surface areas, easy functionalization, and hollow/layered 
architectures make them a perfect fit for desalination and water purification applica-
tions [89–91]. For instance, in a study, CNT nanocomposite sheets were created via 
the chemical vapor deposition (CVD) technique for sodium ion remediation. Even so, 
because of the low loading of CNTs on the substrate, the adsorption capacity was very 
restricted up to 22.09 mg g−1 [92]. Forming CNT sheets aligned in the vertical direc-
tion with functionalized open ends that permit liquid to get through is an additional 
method [93, 94]. Because of the decreased friction on CNT walls, there may be a 
significant water permeance. More significantly, because ionic salts are absorbed 
rather than remediation, a low mass transfer resistance can be shown, implying 
a shallow operating pressure and minimal power usage. Yang et al. [95] provided 
evidence of CNT sheets’ ability to remove salt from aqueous conditions. They demon-
strated that plasma treatment of CNTs produced a salt removal capacity that was two 
orders of magnitude higher than that of AC, surpassing 400% by mass. It is important 
to note that producing CNT sheets with high surface areas is extremely difficult, even 
if doing so is essential to moving the technology closer to commercialization [96]. 
Figure 6 illustrates the methods to increase the sorption capability of CNTs. 
In another study, Cao et al. used a ball-milling method to synthesize nickel 

Figure 5. 
(a) Process of making the GO self-standing membrane, (b) SEM images of the self-standing GO membrane, and 
(c) BPA removal performances of M1, M2, and M3 membranes in the 0.01 mM BPA [85, 86].
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hexacyanoferrate and carbon nanotube composites (NiHCF@CNTs) [97]. They 
demonstrate an asymmetric flow electrode capacitive deionization system (AFCDI) 
employing NiHCF@CNTs and AC as the flow cathode and anode, respectively. These 
results indicated that the AFCDI system outperformed the Flow electrode capaci-
tive deionization (FCDI) system in terms of average salt remediation rate and power 
consumption. This was because the combination of the high specific capacitance of 
NiHCF and the superior conductivity of CNTs improved charge transfer.

2.4  Metal: organic frameworks (MOFs)

Metal–organic framework nanomaterials (MOFs) are formed by coordination-
bonded organic ligands and metal clusters. They are well-known for having uniform 
pore sizes, high porosity, tunable physiochemical properties, large specific surface 
area (1000–10,000 m2g−1), and the capability to be functionalized easily [98–100]. 
With extraordinarily high adsorption efficiencies, MOFs are extremely attractive 
next-generation adsorbents due to their beneficial properties [101–103]. A variety 
of anionic substrates, including ClO4

−, MnO4
2−, CrO4

−, and ReO4
− [104–107], can 

be efficiently adsorbed by MOFs possessing cation charge capability, such as SLUG-
21, SLUG-22, SLUG-35, and 1-ClO4. Several Zn-based MOFs were reported for the 

Figure 6. 
Methods to increase the sorption ability of CNTs: (a) popular method for using CNTs for the adsorption process; 
and (b) various methods for surface modification of CNTs [96].
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remediation of AsO4
3− and Cr2O7

2−, and some Chromium-based MOFs demonstrated 
high sorption capability for some anionic adsorbates, including F−, AsO3

4−, SeO4
2−, 

PO4
3−, SO4

2−, and PtCl6
2− [108, 109]. Anion exchange adsorption can also be accom-

plished using 3D cationic MOFs [110–112]. For their use in desalination, the stability 
of MOFs in aqueous conditions presents challenges. Numerous MOFs with strong 
adsorption properties and comparatively high water stability were fabricated during 
these periods, as shown in Figure 7.

Three main approaches can be used to enhance the sorption capacity: (i) synthe-
size MOFs with lengthy organic molecules to increase the size of the pore and aid in 
the passing of substances within MOFs; (ii) design flawed MOFs to increase their 
pore size and/or add more sorption cavities [113–115]; and (iii) functionalize MOFs. 
In particular, the surface modification of MOFs can enhance their sorption/exchange 
and regeneration properties. MOFs can be functionalized in two ways: (i) by grafting 
charge-balancing anionic species (like polyelectrolytes) to their metal sites. This can 
be achieved by modifying the synthesis anion stripping process and adding charged 
secondary building units during and after synthesis [116], and (ii) by introducing 
counterions to ligands of MOFs through self-assembly. Additional pendant functional 
groups, such as —NH2, —OH, and —SH, can increase the number of sorption sites 
and improve the selectivity of MOFs [117, 118]. Although MOFs have been utilized in 
CDI [119, 120], they cannot be directly utilized as electrode materials because of their 
minimal electric conductivity and chemical stability. To achieve conductivity, the 
controlled porosity coming from the structure of the parent MOFs is utilized [121], 
carbon nanomaterials were produced employing MOFs (as templates) for CDI appli-
cations. In a study, a 3D porous MOF-199@PVP/MWCNTs (CMPC) was synthesized 
by Li et al. to improve U(VI) electrosorption in water [122]. Multi-walled carbon 
nanotubes (MWCNTs) interpenetrating one another created a localized conductive 

Figure 7. 
Different types of MOFs for the water treatment application [96].
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network that improved their characteristics even further. With an impressive removal 
ratio of 95.2% and an uptake electrosorption ability of 410.3 mg g−1 for UO2

2+ aqueous 
media (1.2 V), the CMPC electrode was thus proved to be effective. In another work, 
Peng et al. fabricated NiFe-metal organic framework@NiFe-layered double hydrox-
ides/carbon fiber (MOF@LDH/CC) electrodes for effective electrosorption [123]. 
In order to prevent the aggregation of NiFe-LDH and enhance the bond between the 
CC and NiFe-LDH, the NiFe-MOF acts as a catalyst to facilitate the growth of LDH. 
For preventing aggregation of NiFe-LDH and strengthening a bond between the CC 
and NiFe-LDH, the NiFe-MOF serves as a seed to promote the growth of LDH. The 
improved structures performed well and attained an excellent initial salt remediation 
capacity of 0.033 mg cm−2.

2.5  Covalent organic framework (COFs)

Covalent bonds between light elements like carbon (C), nitrogen (N), hydrogen 
(H), oxygen (O), and boron (B) result in the formation of crystalline framework 
materials, or COFs [124]. Their intrinsic properties, like excellent surface area, uniform 
tunable aperture diameters, and great chemical stability, make them suitable nanoma-
terials for adsorption applications. The removal of salts, heavy metals, and dyes has all 
been done using COFs [125–129]. Lewis acid–base interactions, hydrogen bonds, π–π 
stacking, and electrostatic attractions are the primary mechanisms behind dye molecule 
adsorption on COFs. For instance, at tiny concentrations of 32 × 10−6 mol L−1, highly 
water-stable polycationic COFs can remediate many organic dyes, dominantly through 
electrostatic interaction between the anionic groups of the dyes and the bipyridinium 
cations of the COF [130]. High sorption capacities for dyes like auramine O and rho-
damine B were also demonstrated by the collaboration of MOF-5 and melamine-based 
COFs [131]. Additionally, COFs have shown the ability to adsorb heavy metals, includ-
ing Pb2+, Hg2+, U6+, and Cr3+ [132–135]. Any prospective use of COFs requires their 
water stability, and many of them have weak stability in aqueous solutions, particularly 
those made of boroxines or boronate esters, that are readily countered by nucleophiles. 
Linkers that are relatively stable in water, such as imine, hydrazine, triazine, and azine, 
can be utilized to prepare COFs and increase their water stability [136–141]. To increase 
the compatibility of COFs in hostile environments, an intramolecular hydrogen bond-
ing strategy can also be used [142, 143]. Enhancing the water stability of COFs can also 
be achieved by incorporating them with different materials that are water-stable. When 
GO was combined with COF, which is made up of 2,6-diaminoanthraquinone (DAAQ ) 
and 1,3,5-triformylphloroglucinol (TFP), for instance, the resultant graphene-syner-
gized COF (GS-COF) demonstrated better uranium and plutonium sorption capabili-
ties than both GO and COF. For example, uranium 220.1 mg g−1 (GS-COF) compared 
to 92.5 mg g−1 (GO) and 105.0 mg g–1 (COF), The interaction of π systems between 
the contributing nanomaterials and various types of sheet structure, together with the 
chemical interaction produced throughout the intricate procedure, also enhanced the 
acid stability of the resulting complex in liquid conditions [144].

Present research has investigated the utilization of COFs in the elimination of 
salt from aqueous media, including brackish water [145]. For instance, a nitrogen-
doped porous carbon anode and a redox-active COF with a salt removal efficiency of 
22.8 mg g−1 have been carried out to a hybrid CDI as the cathode material [146]. Due 
to their high flexibility, COFs have the potential to be further explored and may offer 
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unique insights into the advancement of materials for adsorption, even though their 
adsorption capability is currently limited when compared to other materials [147].

2.6  Other adsorbents

Different materials, including industrial wastes and by-products like fly ash, and 
waste slurry, were also illustrated for adsorption [148], in addition to the adsorbents 
covered above. For instance, fly ash from power plants is far more cost-effective 
and demonstrated a somewhat higher Na+ elimination effectiveness (23%) than 
zeolite Y (21%) [149]. Agricultural wastes and by-products, such as fruit stones and/
or shells, in their unprocessed or treated states, have also been studied as low-cost 
bio-adsorbents for treating wastewater and water [148]. One cost-effective aspect of 
desalination is the utilization of waste materials. However, their capabilities need to 
be enhanced before commercialization. Because of their high surface area, porous 
network, and strong hydrophilicity, 2D inorganic MXenes have gained popularity 
recently in various applications [149–155]. These have lately been illustrated as adsor-
bents for applications involving the removal of salts. For instance, MXene Ti3C2Tx film 
was fabricated by Zhang et al., and remediation rates of Zn2+, Pb2+, phenol, and crys-
tal violet by MXene composite membranes are above 90% [156]. The results indicate 
MXene’s potential for desalination, which warrants more research and development. 
Agricultural wastes and byproducts have garnered a lot of interest lately as an adsor-
bent for the extraction of metal contaminants from aqueous medium. Bio-sorption 
is the term for using agricultural wastes and by-products in the bioremediation of 
pollutants like salt and heavy metals [157]. Hemicellulose, lignin, lipids, proteins, 
simple sugars, water, hydrocarbons, and starch are the common components of 
biological and agricultural wastes; each of these substances has a distinct functional 
category. These bio-materials could be employed in their original state or following 
chemical or physical alteration [158]. Moreover, silica-based nanomaterials have been 
broadly utilized to remediate ions from brackish and seawater [159]. To remove boron, 
an investigation was carried out by Amor et al. [160] in which they prepared homo-
geneous porous silica (OMS) type SBA-15 that was both pristine and treated using 
glucamine. In the experiments conducted, after three hours, the modified SBA-15 
reached equilibrium and had a boron removal capability of around 45%, compared 
to 23% for the original one. Another study investigated for the remediation of boron 
using diol-functionalized silica by Tang et al. with excellent sorption capacities of 
1.54 mmol g−1 [161] and N-methyl-D-glucamine based silica-supported adsorbent 
(Si-MG) by Xu et al., [162] which has the sorption capacity of 13.26 mg g−1. Copper 
sulfate (CuSO4), generally a salt hydrate substance, because of its reversible chemical 
interaction with water vapor, may be utilized in adsorption desalination. Ali et al. 
conducted a study to investigate the benefits of using copper sulfate salt hydrate as a 
new adsorption pair in a thermally driven adsorption system [163]. Also, functional 
materials are very much utilized in desalination processes that could either enhance 
the performance or lower the water production costs [164]. Functional materials are 
unquestionably crucial in many desalination systems. Nevertheless, these materials 
have drawbacks and restrictions of their own, whether related to synthesis, charac-
terization, or integration with desalination systems. However, new developments and 
studies are always being conducted to find ways around these restrictions. Different 
materials used in water purification and desalination are demonstrated in Table 2.
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3.  Summary and outlooks

The existing membrane-based and thermally activated desalination technologies 
may be replaced by the promising desalination technology known as adsorption. The 
foundation of adsorption desalination techniques is a porous material. For the appli-
cation of adsorption, various porous nanomaterials have been studied. The metrics 
demonstrate that:

Material Pollutant removed Adsorption capacity (mg/g) References

Activated carbon fiber (ACF) NaCl 4.64 [165]

Activated carbon fiber 
ACF-HNO3

NaCl 12.8 [166]

ACC-ZnO NaCl 8.5 [167]

AC-A&AC-C NaCl 14.-20 [168]

NPC@ACF NaCl 14.63 [169]

ACNFs NaCl 827.5 [170]

Neapolitan yellow tuff (NYT) Humic acid 8.51 [171]

Ca-CLT NH3 2.60 [172]

MIL-100(Fe) Malachite green 485 [173]

MIL-53(Al)–NH2 Methylene blue, Malachite green 164.9 [174]

ZIF-8 Malachite green 1667 [175]

ZIF-8 Diclofenac sodium 19 [176]

AgOH–MWCNTs UO2
2+ 140 [177]

Fe3O4@AMCA-MIL53(Al) U(VI) and Th(IV) 227.3 [178]

COF-PDAN-AO UO2
2+ 256 [179]

COF-SO3H UO2
2+ 360 [180]

SCU-COF-1 99TcO4
− 62.8 [181]

COF-S-SH Hg2+ 1350 [182]

COF-BTA-DHBZ Cr (VI) 384 [135]

COF-LZU8 U (VI) 236 [183]

AS-MWCNTs Co(II) and Zn(II) 364 [184]

MWCNTs Trihalomethanes 10.98 [185]

Polyanilline/ MWCNTs Meloxicam 221.2 [186]

Granular CNTs/ Alumina Diclofenac sodium and 
Carbamazepine

106.5 [187]

CNT-FA-SA Methylene blue 236.5 [188]

Acid treated MWCNTs Trihalomethanes 0.92–2.41 [189]

Asp-CNT Malachite green and Methylene 
blue

637 and 500 [190]

Table 2. 
Different adsorbents used in the water purification and desalination application.
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1. Although having a relatively modest adsorption capacity, AC and zeolites are 
safer, less expensive materials with excellent stability.

2. Even though the adsorption capacity and adaptability of graphene and carbon 
nanotubes are quite great; their safety issues must be appropriately addressed.

3. Because of their high compositional and structural plasticity, MOFs have a high 
sorption capacity and significant potential; yet cost and stability are crucial 
factors in advancing applications of MOFs on a large scale.

4. COFs also have a lot of capability for use in adsorption because of their extreme 
adaptability; however, research on COFs is still in its early stages.

5. The inexpensive cost and large-scale manufacture of other adsorbents like silica, 
bio-adsorbents, MXenes, fly ash, etc. are advantages, however, their water vapor 
adsorption capability is insufficient. Findings indicate that MOFs are a sort of 
adsorbent that shows promise. These porous materials do, however, typically 
come with a high price tag and issues with stability and hydrolysis. Therefore, 
the primary difficulty going forward will be the large-scale manufacture of 
stable, affordable MOFs.

Adsorption desalination is a novel desalination method that has achieved a lot of 
interest and developed quickly in recent years. Simultaneously, this technology has 
advanced significantly in theory and experimentation. Adsorption desalination sys-
tem research, however, is still in the small-scale validation stage and requires a larger-
scale demonstration project. Future studies must concentrate on hybrid systems and 
high-performance adsorbents in order to create more alluring adsorption desalination 
technologies. If the cost can be further reduced, MOFs, which have a lot of promise in 
high-performance adsorbent research, will have outstanding practical value. In terms 
of optimizing the system structure, the thermodynamic performances and heat/mass 
transfer of adsorbent beds and multifunction mixed systems show greater promise.

© 2024 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of 
the Creative Commons Attribution License (http://creativecommons.org/licenses/by/4.0), 
which permits unrestricted use, distribution, and reproduction in any medium, provided 
the original work is properly cited. 
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Chapter 6

Machine Learning Assisting 
Intelligent Control of Evaporation 
Performance in Porous Media
Hui Wang, Shaoxuan Xu and Zhiguo Qu

Abstract

In this chapter, four parts about how machine learning can assist intelligent 
control of evaporation performance in porous media are introduced: first, the two−/
three-dimensional porous media structure information is restructured by machine 
learning; second, the coefficient relationships between porous media structure and 
transport performance are distinguished and built by machine learning; third, heat 
and mass transfer fields in porous media are predicting by machine learning; fourth, 
the best structure information of porous media can be restructured by machine 
learning. Finally, the conclusion and respective about the machine learning assist-
ing intelligent control of evaporation performance in porous media in the future are 
introduced.

Keywords: machine learning, evaporation performance, porous media, heat and mass 
transfer, structure information

1.  Introduction

Evaporation is an important step in the desalination process. In order to expand 
the evaporation surface area, porous media is widely used. The evaporation perfor-
mance of porous materials refers to the efficiency and effectiveness with which these 
materials can facilitate the process of liquid evaporation in Figure 1.

The efficiency of evaporation depends significantly on the complex microstruc-
tures of porous media, which govern the heat and mass transfer properties [1, 2]. The 
intricate interplay between the material’s pore size, distribution, and connectivity 
creates challenges in predicting and optimizing evaporation performance. Traditional 
experimental methods and theoretical models often fall short in providing accurate 
predictions due to the complexity and variability inherent in porous structures. First, 
generating accurate and representative porous media structures is fundamental for 
understanding and optimizing their performance. Generating a large number of 
porous structures is crucial because training datasets for field or property prediction 
require a significant amount of such structures. However, generating the required 
complex porous structures using traditional numerical simulation methods can be 
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challenging and computationally expensive [3]. This is because these methods often 
fall short in accurately replicating the intricate geometries and material properties 
of natural porous structures [4]. Techniques, such as X-ray microtomography, can 
reproduce specific existing materials but are costly and not always available [5]. 
For instance, Bultreys et al. [6] enhanced laboratory micro-computed tomography 
(micro-CT) technology to enable real-time observation of dynamic processes in 
geological materials at the pore scale, such as fluid flow and chemical reactions. By 
utilizing a liquid metal jet X-ray source, high-performance detectors, and a rapid 
data acquisition system, alongside developing intelligent reconstruction and four-
dimensional (4D) image analysis algorithms, the researchers successfully conducted 
experiments with a time resolution of 12 seconds per scan, although the image quality 
was inferior to that of synchrotron imaging. This method was validated in two-phase 
flow experiments in sandstone and solute transport experiments in limestone, reveal-
ing crucial details of pore-filling events and solute transport. However, laboratory CT 
technology still faces some limitations, such as low time and spatial resolution due to 
the limited flux of X-ray sources.

Besides, previous works stated that the evaporation performance of porous 
materials is correlated to their microstructure features. For instance, Fei et al. [7] 
studied the impact of different levels of contact angles and pore sizes on evaporation 
dynamics. They proposed a strategy that leverages the heterogeneity of contact angles 
and pore sizes to extend the constant rate period and enhance the evaporation rate. 
The relationship between the structural characteristics of porous media and their 
evaporation performance is complex and multifaceted. Identifying and modeling 
these relationships are essential for optimizing material design. Varied traditional 
methods have been employed to elucidate the complex relationship between struc-
tural characteristics and the evaporation performance of porous media. However, 
most of these approaches, often rooted in experimental techniques and numerical 
models [8, 9], have provided foundational insights into the evaporation performance 
of porous structures. For instance, Paap et al. [10] designed an experimental appara-
tus to measure the mass balance of water evaporation through porous media. Three 
scenarios were used to observe the impact of different wettabilities on evaporation: 

Figure 1. 
Evaporation process in porous media.
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pure hydrophilic sand, a layer of hydrophobic sand covering hydrophilic sand, and 
hydrophilic sand mixed with hydrophobic sand. However, the drawback of tradi-
tional methods is that they may not fully capture the complexity of multi-scale pore 
structures, leading to limitations in interpreting heat and mass transport properties. 
Additionally, these methods often require extensive experimental data and compu-
tational resources, making them difficult to apply to large-scale or complex porous 
media.

The heat and mass transfer processes significantly impact the evaporation in 
porous media. Understanding these fields within porous media during evaporation 
is essential for optimizing performance in practical applications. Traditional simula-
tion methods include experimental measurements [11, 12], numerical simulation 
[13], lattice Boltzmann method [14], and finite-Volume method [15]. Experimental 
measurement is a commonly used method to characterize heat transfer, fluid dynam-
ics, and substance movement within porous materials. Wang et al. [16] conducted 
experimental simulations of gas flow in porous media and measured gas production 
data under various temperatures and pressures to quantify the surface diffusion effect 
of adsorbed gases. They proposed a novel experimental method capable of measuring 
dynamic gas mass transfer during pressure decline and developed a mathematical 
model that incorporates surface diffusion, thereby distinguishing different stages of 
gas transport. Indeed, the experimental sample size is constrained, making it difficult 
to extrapolate fine-scale experimental outcomes to broader application domains. 
Moreover, the experimental measurement of heat, flow, and mass transfer processes 
in porous media presents significant challenges for visualization.

Therefore, direct numerical simulations [e.g., molecular dynamics (MD) simula-
tions, lattice Boltzmann method (LBM)] are widely utilized for predicting heat, flow, 
and mass transfer in porous media. For instance, Hong et al. [17] used molecular 
dynamics simulations to construct jennite models with varying porosity using the 
ClayFF force field and calculated the thermal conductivity using the Green-Kubo and 
Müller-Plathe methods. The results indicated that the thermal conductivity of jennite 
significantly decreases with increasing porosity, consistent with predictions from 
the coherent potential model. Although molecular dynamics (MD) simulations can 
precisely predict heat and mass transport in porous media, they are computationally 
expensive and restricted to problems with simple geometries at the nanoscale [18]. To 
overcome the limitations related to size, LBM is employed. For instance, Yoshino and 
Inamuro [19] used LBM to simulate the flow, heat transfer, and mass transfer in 3D 
porous materials. Compared to the experimental data, the proposed method demon-
strated good accuracy. However, the computational complexity and time consump-
tion of the LBM increase with the size of the simulation domain, which makes them 
unavailable for studying porous materials with large domains [20].

Recently, deep learning has been extensively employed in various fields, which can 
be used to predict the structure information of porous media. By integrating physical 
principles with ML techniques, we can develop models that not only provide quick 
predictions but also maintain high levels of accuracy. Researchers used deep learning 
methods to predict heat and mass transfer properties and fields are represented in 
section four.

Once the relationships between structure and performance are established and 
the transfer fields can be accurately predicted, the next step is to optimize the porous 
media structures for enhanced evaporation performance.

In summary, this chapter will demonstrate how machine learning techniques can 
revolutionize the design, analysis, and optimization of porous media for evaporation 
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control, offering substantial improvements over traditional methods and paving the 
way for more efficient and effective applications in various fields.

2.  Reconstruction of porous media structure by machine learning

Employing machine learning to generate porous structure samples emerges as a 
promising alternative. Machine learning excels in identifying patterns and features 
from large datasets, making them well-suited for the complex task of generating 
porous materials with specific properties [21]. Generative models such as Generative 
Adversarial networks (GANs) and Variational Autoencoders (VAEs) have demon-
strated significant potential in synthesizing realistic material structures by learning 
from high-dimensional data distributions. GANs, in particular, have been successfully 
applied to generate three-dimensional pore-space realizations, capturing both the 
statistical and geometric properties of the training datasets.

This section aims to provide a comprehensive overview of state-of-the-art 
machine learning methods for generating porous materials. We discuss the generation 
of 2D and 3D porous structures separately, covering methods such as Autoencoders, 
Generative Adversarial Networks, and Diffusion models. We evaluate their effective-
ness in capturing the complex geometries and functionalities of porous structures 
and discuss their limitations and future prospects. By leveraging advancements 
in machine learning, this section highlights the potential of these technologies to 
revolutionize the design and characterization of porous materials, paving the way for 
innovative applications in various scientific and engineering domains.

2.1  Generation of 2D porous media structures

Machine learning methods used to generate irregular porous materials are 
introduced. Due to the high computational cost of generating 3D structures, early 
research mainly focused on using machine learning methods to construct 2D porous 
structures. There are two types of machine learning methods for generating porous 
structures, one is supervised learning and the other one is unsupervised learning. In 
supervised learning, a model is trained using labeled data, where each input (such as 
a pixel in an image) is associated with a corresponding output (such as a phase value) 
[22]. The model is trained to recognize patterns in the images. For each pixel, the 
model learns to predict its phase value by considering the phase values of its neigh-
boring pixels. New images are generated layer by layer. The trained model predicts the 
phase values for pixels in a new layer based on the known phases in adjacent layers. 
Supervised learning methods often achieve high accuracy because they leverage 
labeled data, allowing the model to learn precise relationships between inputs and 
outputs [23]. However, the need for a large, well-labeled dataset can be a significant 
limitation, as acquiring and labeling such data can be time-consuming and expensive. 
The model may become too specialized for the training data, performing well on 
known data but poorly on unseen data or different distributions. This is not useful 
for generating a new optimized structure which has not been seen before. Due to this 
limitation, only unsupervised learning methods are introduced in this section.

Variational Autoencoders (VAEs) represent a significant approach in microstruc-
ture reconstruction. Laloy et al. [24] introduced VAECNN, a VAE model incorporat-
ing convolutional layers to reconstruct complex binary porous media. The structure 
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of a VAE is represented in Figure 2(a) and the architecture of the proposed VAECNN 
is shown in Figure 2(b). Utilizing a variational autoencoder (VAE)-type deep neural 
network, one can construct a low-dimensional parametric representation, facilitat-
ing random sampling from a standard normal distribution that is uncorrelated to 
generate instances consistent with the training set. This technique proves superior to 
other dimensionality reduction methods like principal component analysis (PCA), 
optimization-PCA (OPCA), and discrete cosine transform (DCT) in the context 
of unconditional geological statistical simulation for channelized prior models. 
Although it necessitates numerous training samples, this method proves more apt for 
probabilistic or deterministic inversion instead of unconditional or point-conditioned 
geostatistical simulation. The success of dimension-reduction-based inversion is 
evidenced by examples of 2D steady-state and 3D transient hydraulic tomography 
data inversion, surpassing the current top multipoint statistical inversion method, 
SGR, in the 2D case study.

Generative Adversarial networks (GANs) are another type of generative model 
used and developed for porous structure reconstruction. By training on real data, 
GANs learn to produce highly realistic textures and structures, which is crucial for 
accurately simulating the complex morphology of porous materials. For instance, 
Yang et al. [25] proposed a deep adversarial learning methodology for microstructural 
material design using generative adversarial networks (GANs) to identify latent 
variables of microstructures. This method models the connection between latent 
variables and microstructure images, utilizing physical simulations to assess mate-
rial properties. The structure of the proposed model is illustrated in Figure 2(c). 
To reduce computational expenses, a GP-Hedge Bayesian optimization framework 
is employed to fine-tune the microstructure for desired properties. This technique 
offers a comprehensive solution, embedding microstructures into a low-dimensional, 
nonlinear space without losing information. GANs effectively capture intricate micro-
structural features and provide scalability for transforming microstructures into 
low-dimensional representations. The discriminator can be repurposed to develop 
predictive models for structure-property relationships.

Figure 2. 
Architectures of generative models. (a) Structure of Variational Autoencoder. Reprinted from Ref. [24]. (b) 
Architecture of GAN from the work of Yang et al. Reprinted from Ref. [25]. (c) Represent of complete architecture 
of Variational Autoencoder proposed by Laloy et al. Reprinted from Ref. [24].
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Yang et al. used a dataset of 5000 synthetic microstructure images generated with 
the Gaussian Random Field (GRF) method. The GAN model was validated by com-
paring original and generated microstructures using two-point and lineal-path cor-
relation functions, showing good agreement. The design evaluation process involves 
propagating latent variables through the GAN generator to obtain microstructure 
images and using physics-based simulations for material properties. For optimization, 
the Bayesian framework balances exploration and exploitation. The methodology 
demonstrates scalability by generating arbitrary-sized microstructures and improves 
predictive model accuracy through transfer learning.

2.2  Generation of 3D porous media structures

The structure of porous media is complex, most of them have distinct morpholo-
gies, such as fibrous structures and helical structures, that cannot be adequately 
generated using simple CNNs. This is where GANs, particularly conditional GANs 
(cGANs), come into play. For instance, Feng et al. [26] introduced a deep learning 
approach to expedite the reconstruction of three-dimensional porous media from 
two-dimensional images. They used a cGAN to describe the relationship between 
sampled images (containing conditional data) and target pore-solid images. They 
chose to use U-Net as the architecture of the generator of GAN. Compared to tradi-
tional multipoint statistics (MPS) methods, this approach can instantly transform 
sampled images into target images, significantly improving reconstruction speed—
about 760 times faster for 2D reconstruction and approximately 25 times faster for 3D 
reconstruction. The researchers validated their approach using sandstone samples, 
comparing the reconstructed microstructure to the target using several quantitative 
measures. These included the two-point correlation function, lineal-path function, 
two-point cluster function, and local porosity distribution. The comparison indicated 
that the proposed method not only maintains high efficiency but also preserves good 
agreement with the statistical functions of the target system. However, this method 
relies on a training dataset, which may affect its generalization ability for complex 
samples. This study opens new avenues for addressing computationally intensive 
problems by integrating machine learning/deep learning techniques.

Given the high training costs of GANs and the challenges in generating detailed 
structures, many researchers have sought to integrate GANs with other techniques 
to enhance structural detail and reduce computational expenses. Reza et al. [27] 
introduced an innovative technique for reconstructing 3D multi-scale porous media 
from single-scale images through the application of machine learning. Initially, the 
study showcased the ability of a GAN to reconstruct Berea sandstone. Building on 
this foundation, they devised a combined approach integrating GANs with autoen-
coder (AE) neural networks to reconstruct multi-scale sandy microstructures. The 
architectures of the proposed GAN and AE are depicted in Figure 3(a) and (b). The 
GAN was employed for the volumetric reconstruction of 3D media featuring inter-
grain porosity, whereas the AE network added intra-grain porosity. This technique 
was further tested by reconstructing multi-scale carbonate samples from an Iranian 
oilfield. In their approach, GANs were trained with a dataset containing inter-grain 
pore spaces to generate 3D images. Following this, a sparse AE was trained to create 
intra-grain pores from the GAN output, yielding high-resolution images that incorpo-
rate multi-scale pore structures. Additionally, the AE was used for the 2D multi-scale 
reconstruction of carbonate samples, effectively generating outputs that include both 
inter- and intra-grain pore spaces. The coupled GAN and AE reconstruction results 
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showed better consistency, indicating a more accurate reconstruction of the medium’s 
structure, including long-range connectivity between pores.

VAEs and GANs have broad application in fields such as microstructure recon-
struction, but each has its own set of limitation. VAEs use maximum likelihood 
estimation to approximate the gap between the mixture of Gaussian distributions and 
the real data distribution, which can result in lack of structure details and generate 
blurry images. GANs may repeatedly generate the same image, a phenomenon known 
as mode collapse, which limits their ability to produce diverse outputs. Also, due to 
the adversarial nature of GANs loss function, the training process can be unstable. 
These limitations hinder the further development of GANs in practical applications. 
In contrast, diffusion models in recent years have exhibited exceptional performance 
in the domain of Artificial Intelligence Generated Content (AIGC). These models 
not only possess advantages in computational efficiency, expandability, and paral-
lelism but also excel in generating high-quality and diverse content. Lyu et al. [28] 
employed diffusion probabilistic models for the reconstruction of both 2D and 3D 
random porous material microstructures. The structure of the proposed diffusion 
model is based on 3D U-Net, the architecture of 3D U-Net is shown in Figure 4(a). 
They proposed a novel approach based on Denoising Diffusion Probabilistic Models 
(DDPM) and Deterministic Diffusion Implicit Models (DDIM). DDPM simulates the 
forward diffusion process of an image, while the DDIM recovers the image through 
continuous interpolation in the latent space, effectively regulating the randomness 
of the microstructures and creating gradient materials. The forward noising process 

Figure 3. 
Architectures of generative models. (a) Architecture of GAN from the work of Reza et al. (b) Architecture of AE 
from the work of Reza et al. Reprinted from Ref. [27].
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and reverse denoising process in the diffusion model are represented in Figure 4(b). 
Additionally, they extended this method to a three-dimensional framework, using 
permeability feature encoding to achieve the conditional generation of three-dimen-
sional irregular porous structures that adhere to a defined permeability range.

Figure 5 represents the comparison between original porous structures and 
generated porous structures. The consistency between the generated microstructures 
and the original structures was evaluated utilizing statistical metrics like the Fourier 
descriptors, linear path function, and two-point correlation function. This work 
provides new tools for materials inverse design, demonstrating high efficiency in 
precise reconstruction and the regulation of microstructure randomness. Despite the 
complex computations involved, DDPM and DDIM offer a more effective approach to 
handling high-dimensional data.

Looking forward, advancing the field of generating porous materials entails 
enhancing generative models like VAEs, GANs, DDPM, and DDIM to accurately 
simulate complex geometries and functionalities while addressing challenges such 
as data requirements, training complexities, and computational costs. Future efforts 
should focus on augmenting and synthesizing diverse datasets, integrating physics-
based simulations for realistic material behavior prediction, and extending capabili-
ties to model multi-scale porous structures. Automation and scalability improvements 
are crucial for efficiently generating large-scale structures, alongside robust valida-
tion and uncertainty quantification methods to ensure reliability in various applica-
tions. Interdisciplinary collaboration between material scientists, engineers, and data 

Figure 4. 
Architectures of generative models. (a) Represent of architecture of 3D U-Net in diffusion model. (b) The forward 
noising process and reverse denoising process in diffusion model. Reprinted from Ref. [28].
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scientists will be essential for leveraging expertise and pushing the boundaries of 
generative modeling in porous materials research.

3.  The coefficient relationships between porous media structure and 
transport performance

Studying the relationship between evaporation performance and structure is 
crucial for optimizing and designing porous materials to enhance the evaporation 
process. Improved evaporation efficiency is essential for developing more functional 
materials. The efficiency of porous materials in evaporation is influenced by both 
their intrinsic properties and structural configuration [29]. Analyzing the intricate 
interplay between these factors requires a thorough examination of how microstruc-
tural features impact evaporation properties. Recently, machine learning has become 
a valuable tool for exploring the relationship between the structural information of 
porous materials and their characteristics. This section examines the latest advance-
ments in this field, focusing on identifying coefficient relationships that link the 
structural characteristics of porous media to their heat and mass transport properties 
which will affect the evaporation performance.

Permeability, which measures the ease with which fluids can move through the 
porous structure, directly impacts the supply of liquid to the evaporation front [30]. 
Higher permeability facilitates better fluid flow, ensuring a steady supply of liquid 
to replace what is evaporated, thus sustaining evaporation performance. Researchers 
studied the relationship between structural features and permeability by using 
machine learning techniques. For instance, Yasuda et al. [31] developed a machine 

Figure 5. 
Comparison between original three-dimensional microstructure and reconstructed microstructure of porous 
materials; (a) Original spherical structure. (b) Original ellipsoidal structure. (c) Original irregular porous 
structure. (d) Generated spherical structure. (e) Generated ellipsoidal structure. (f) Irregular porous structure. 
Reprinted from Ref. [28].
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learning framework to elucidate how the structural characteristics of porous materi-
als impact their properties, specifically targeting permeability prediction. The study 
involved comprehensive training and evaluation of support vector machine (SVM) 
models, using a combination of filter and wrapper methods for descriptor selection. 
Initially, redundant descriptors were eliminated using Kendall’s correlation, followed 
by ranking the remaining descriptors with the Relief algorithm. Forward and back-
ward selection processes were then applied to refine the descriptor subset, optimizing 
prediction accuracy based on mean absolute error (MAE). PCA was used to visualize 
descriptor spaces, correlating structural differences with prediction errors. This 
methodology proved effective in reducing computational costs while maintaining 
high prediction performance. By identifying optimal descriptors, their approach 
not only improves material characterization but also enables accurate performance 
prediction for various applications, offering a robust framework for characterizing 
and designing porous materials.

Similarly, Wang et al. [32] employed deep learning to explore the impact of 
heterogeneous structures at the pore scale on mineral dissolution and permeability. In 
their study, the authors used the Monte Carlo random walk method to generate pore 
structures with varying degrees of heterogeneity and employed the LBM to simulate 
fluid flow, solute transport, and mineral dissolution processes, with a particular focus 
on the roles of the Peclet number (Pe) and Damkohler number (Da). They identi-
fied and analyzed six dissolution patterns, finding that the heterogeneity of pore 
structures significantly affects the dissolution patterns and permeability. To study the 
correlation between permeability and porosity, the research team applied deep neural 
networks (DNN), the architecture of this DNN model is shown in Figure 6(a). They 
constructed training and testing datasets based on LBM simulation results to train 
the DNN. Through training, the DNN learned to recognize the influence patterns 
of different dissolution modes, Pe, Da, and structural heterogeneity on porosity 
and permeability. During the testing phase, the DNN demonstrated high accuracy 
in predicting 12 additional permeability-porosity curves, with an average absolute 
percentage error of only 6.89%. This indicates that deep learning methods have great 
potential in predicting complex changes in permeability in heterogeneous porous 
media with solid dissolution. Compared to traditional LBM methods, DNNs may offer 
higher accuracy while reducing computational costs.

Effective thermal conductivity (ETC) influences how efficiently heat is trans-
ferred within the porous medium, which is crucial for supplying the latent heat 

Figure 6. 
Models used and Workflows for determining relationship between structural features and properties of 
porous materials (a) Structure of deep learning model proposed by Wang et al. Reprinted from Ref. [32]. (b) 
Architecture of model combined by 3D CNN and CAM proposed by Huang et al. Reprinted from Ref. [33].
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required for evaporation [34]. High thermal conductivity ensures that heat is uni-
formly distributed, supporting consistent evaporation rates. Huang et al. [33] adopted 
an interpretable deep learning strategy combining 3D CNN and Class Activation 
Mapping (CAM) to do prediction of the ETC of porous structures and visualize the 
structure-performance relationships. They first used GAN to generate 3D porous 
material structures with varying porosities and calculated their effective thermal 
conductivity using PuMA software, thus constructing a dataset. Subsequently, they 
designed a fully convolutional 3D CNN model without pooling layers, replacing fully 
connected layers with a Global Average Pooling (GAP) layer to reduce overfitting 
and maintain spatial information. Using CAM, they generated heat maps to identify 
key structural regions affecting thermal conductivity. The structure of the model 
combined by CNN and CAM is represented in Figure 6(b). This method achieved 
a prediction accuracy of 96.47% on the test set and can iteratively improve material 
structures through a feedback mechanism, simplifying future work. The performance 
of the model is represented in Figure 7(a). This study provides new insights and tools 
for optimizing the design of thermal insulation materials.

Diffusivity, particularly effective diffusivity, dictates the rate at which vapor 
molecules diffuse through the porous medium [36]. High diffusivity enhances the 
transport of vapor away from the evaporation front, preventing vapor saturation and 
maintaining a gradient that drives continuous evaporation. Liu et al. [35] developed 

Figure 7. 
Performance of model and importance ranking. (a) Performance of the 3D CNNs predictive model on the test 
dataset. Reprinted from Ref. [33]. (b) Importance ranking of 11 pore structural features estimated by RF model. 
Reprinted from Ref. [35]. (c) Impact of changing the number of instances and the number of features (inset) on 
performance of the model. Reprinted from Ref. [35]. (d) The testing and validation performance (inset) of ANN 
predictions using the three pores structural features from 300 instances. The values represent normalized reaction 
rates. Reprinted from Ref. [35].
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a groundbreaking framework for predicting effective reaction rates using machine 
learning. This method accurately forecasts reaction rates by analyzing pore structural 
features, unveiling insightful correlations between structure and reaction rates. They 
proposed a machine learning model to predict the ETC of porous materials. The 
process includes extracting structural descriptors, training ML models, and validat-
ing their predictions against computed data by using LBM, ultimately providing 
insights into which structural features most significantly impact the effective thermal 
conductivity. The results of importance ranking are represented in Figure 7(b). They 
tested the impact of the number of instances and features on the performance of the 
model, the result is shown in Figure 7(c). The testing and validation performances of 
the ANN are represented in Figure 7(d).

The above works investigate the relationship between porous structure character-
istics and various heat and mass properties, demonstrating that a similar approach 
can be used to directly study the relationship between different structural features 
of porous materials and their evaporation performance. Based on these findings, 
targeted structural design can be employed to develop porous materials that meet 
specific usage requirements. However, the current work has some limitations. Firstly, 
many studies rely on specific types of materials and limited datasets, which may 
restrict the model’s generalization ability and applicability. Future research should 
focus on collecting and generating more diverse and larger-scale datasets to enhance 
model robustness. Secondly, although some methods reduce computational costs 
through feature selection and dimensionality reduction techniques, computational 
efficiency remains a challenge when dealing with large-scale datasets and high-
dimensional feature spaces. Future studies should explore more efficient algorithms 
and optimization strategies to further reduce computational costs, potentially by 
combining generative models and deep neural network predictors to create large 
amounts of data.

4.  Prediction of heat and mass transfer fields in porous media

Predicting the mass and heat transfer fields in the evaporation process of porous 
materials is crucial for optimizing the evaporation performance in various industrial 
applications and environmental processes. The heat transfer affects the evaporation 
process by supplying the necessary thermal energy to the liquid within the pores, 
driving the phase change from liquid to vapor [37]. Similarly, mass transfer governs 
the movement of vapor out of the porous matrix, influencing the rate and efficiency 
of evaporation [38]. Accurate predictions of these fields enable the optimization 
of drying processes, leading to more efficient and uniform evaporation, which is 
essential for improving the quality of products in industries such as food processing 
[39], pharmaceuticals [40], and construction [41]. Additionally, optimizing evapora-
tion performance can enhance energy efficiency, reduce processing times, and lower 
operational costs. Understanding these fields also helps in developing advanced 
materials with tailored evaporation characteristics, thereby expanding their potential 
applications and improving overall performance in various industrial contexts.

In contrast, machine learning techniques offer significant advantages by leverag-
ing large datasets to identify patterns and relationships that may not be apparent 
through traditional methods [42]. Machine learning models can provide more 
accurate and reliable predictions, adapt to various scenarios with minimal additional 
data, and significantly reduce the time and cost associated with experimentation [43]. 



131

Machine Learning Assisting Intelligent Control of Evaporation Performance in Porous Media
DOI: http://dx.doi.org/10.5772/intechopen.1007473

By incorporating machine learning techniques, industries can achieve a deeper 
understanding of the evaporation processes, leading to enhanced optimization and 
innovation in product development and process efficiency. In this section, we explore 
previous works focused on predicting heat and mass transfer properties in porous 
materials by using machine learning techniques.

4.1  Prediction of heat and mass properties

Previous studies have shown significant progress in predicting transport proper-
ties of porous materials using CNNs. For instance, Wu et al. [44] proposed a deep 
learning model using CNN to predict the effective diffusivity of two-dimensional 
porous media. This model was developed to address the high computational costs of 
traditional pore-scale simulation methods and the limitations of empirical formulas. 
The research team used the LBM to simulate and generate images of porous structures 
along with their corresponding real effective diffusivity datasets, which were then 
used to train the CNN. The representatives of generated structures are shown in 
Figure 8(a). The model underwent preprocessing to remove dead-end paths and trap 
regions, enhancing the accuracy of predictions for materials with low diffusivity. 
The architecture of the proposed model is presented in Figure 8(b). In testing, the 
CNN model demonstrated good performance, with a relative error of less than 10% 
for high-diffusivity materials, and significantly lower computational costs compared 
to direct LBM simulations. Figure 9(a) represents the performance of the proposed 
model. Although the relative error was higher for materials with diffusivity below 0.1, 
the model’s performance improved substantially by encoding porosity directly into 

Figure 8. 
Architectures of deep learning models (a) Images of reconstructed 2D porous structure for the training. (b) 
Representation of predicting effective diffusivity by using CNN. Reprinted from Ref. [44].
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the neural network and removing physically unfavorable regions, resulting in about 
70% of predictions having a relative error of less than 30% for real diffusivity values 
below 0.1.

Rong et al. [45] proposed a new method for predicting the ETC of composite materials 
using 2D CNN based on cross-sectional images. The research team designed an optimized 
2D CNN model capable of capturing 3D structural information from multiple directional 
2D slices of porous structures to predict the ETC of 3D composite materials. They found 
that using multiple cross-sectional images, especially those along the direction of heat 
flow, improved the accuracy and representativeness of the predictions. This method 
demonstrated good generalization capabilities across different types of composite materi-
als (such as composites with spherical particle fillings and random complex structures). A 
comparison between the ETC computed by the finite element method (FEM) and the 2D 
CNN model is presented in Figure 9(b). Additionally, the 2D CNN outperformed the 3D 
CNN in terms of training speed, despite the additional work required to select appropriate 
cross-sectional images. The representativeness of the 2D cross-section images will affect 
the performance of the 2D CNN model. If the cross-section images fail to keep the neces-
sary spatial or structural information which is related to the thermal transport properties 
of the original structure, the prediction accuracy will be reduced. The researchers utilized 
the volume fraction as a metric for evaluating the representativeness of the cross-section 
images. The relative standard deviation of volume fraction for cross-section images with 
varying sizes is represented in Figure 9(c). The innovation of this work lies in using 2D 
images for predictions, reducing computational costs. However, it also raises several 
follow-up questions, such as how to select the most representative cross-sectional images 
and whether this method can be applied to predict other properties that rely on 3D struc-
tures. This approach highlighted the potential of using 2D data to predict 3D properties.

Figure 9. 
Prediction results (a) Comparison of the effective diffusivity derived from the LBM and CNN models. Reprinted 
from Ref. [44]. (b) Comparison between the effective thermal conductivity computed by FEM and 2D CNN 
model. (c) Relative standard deviation of volume fraction in cross-sectional images with changing image sizes. 
Reprinted from Ref. [45]. (d) The effective diffusivity estimated by the CNN model and the LBM. Reprinted from 
Ref. [46].
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Our team [46] proposed a deep learning method based on 3D CNN for predicting 
the effective diffusivity of porous media, a crucial transport property essential for 
understanding gas diffusion in porous materials. The specific steps are as follows: 
create 3D porous structure models using random reconstruction, apply LBM to 
simulate the effective diffusivity of these structures and establish a training dataset, 
use the sample structure information self-amplification technique to generate diverse 
training samples by sliding and selecting existing structures, input the 3D geometric 
structures and corresponding effective diffusivity into the CNN model for training, 
and use the trained CNN model to predict effective diffusivity across different poros-
ity ranges.

The results indicate that the proposed model predicts the effective diffusivity with 
a relative error between 0.026 and 8.95% for porosities ranging from 0.39 to 0.79, 
significantly outperforming the LBM method while greatly reducing computation 
time. The effective diffusivity predicted by the CNN model and the lattice Boltzmann 
method are shown in Figure 9(d). Specifically, for a porosity prediction of 0.5, the 
CNN required only 3 × 10−4 hours compared to the LBM’s 16.96 hours.

4.2  Prediction of heat and mass transfer fields for 3D porous materials

In addition to directly using CNNs to predict thermal and mass properties (such 
as effective thermal conductivity and diffusivity), CNNs can also be used to predict 
transfer fields due to their ability to perform image-to-image transformations [47]. 
This method not only improves the accuracy of predictions but also significantly 
simplifies the simulation process of complex transfer fields.

Wang et al. [48] proposed a deep learning-based three-dimensional steady-state 
heat conduction solver to address the challenges of high computational costs and large 
memory requirements faced by traditional numerical methods like the FEM. They 
employed a U-net structured deep convolutional neural network, trained using data 
on 3D geometries and thermal physical parameters generated through COMSOL soft-
ware and MATLAB. This approach maintained accuracy comparable to the FEM while 
improving computational speed by approximately 280 times. The study also demon-
strated that the framework has good generalization capability when handling unseen 
complex geometries, with an average relative error typically ranging from 3 to 9%, 
two histograms showing the distribution of errors are represented in Figure 10(a). 
Future work may involve extending this framework to 3D transient simulations, 
requiring further efforts in data generation and framework enhancement.

However, in industrial applications, environmental variables are constantly chang-
ing, leading to continually shifting boundary conditions for the porous structures 
that need to be predicted. Therefore, accurately forecasting the field under these 
variable boundary conditions presents a significant research challenge. By consider-
ing the change of boundary conditions, our team [49] proposed a deep learning-based 
method for predicting the temperature field in three-dimensional porous media, 
specifically using a CNN. A model combining a 3D U-Net architecture with 3D VGG 
blocks was constructed, capable of handling complex three-dimensional structures 
and predicting temperature fields under various boundary conditions. By utilizing 
training data generated through LBM, the CNN could quickly and accurately predict 
temperature fields, with relative errors in effective thermal conductivity ranging from 
0.7 to 22.8% (spherical-packed) and 3.1 to 16.0% (irregular). A comparison between 
the temperature field computed by LBM and predicted by the proposed model is 
represented in Figure 10(b). Compared to traditional experimental measurements, 
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numerical simulations, and empirical models, this method significantly reduces 
computation time and improves prediction efficiency. However, it requires a large 
amount of sample data and the model’s interpretability is relatively poor. Overall, this 
work provides an efficient tool for optimizing heat transfer in porous systems.

Ko et al. [50] designed a CNN architecture that includes sub-models trained to 
learn the spatial relationships of different velocity components. To ensure quality and 
fluid conservation, the research team implemented a physics-informed loss function, 
enabling the model to predict complex three-dimensional flow fields rather than 
relying solely on two-dimensional binary images. The model excelled in predicting 
flow fields and heat transfer in foam-like structures, demonstrating its accuracy and 
efficiency, particularly in forecasting permeability and Nusselt numbers. Compared 
to traditional computational fluid dynamics (CFD) methods, the model significantly 
reduced computation time and resource requirements. Although currently focused 
on foam-like structures, the research suggests the potential adaptability of the model 
to other porous media flow field predictions. The study also discusses optimizing 
the model to improve prediction accuracy in low-velocity regions. Furthermore, the 
application of the physics-informed loss function is considered potentially extendable 
to other physical conservation laws.

In conclusion, these works provide an efficient and accurate tool for predicting 
heat and mass transfer fields in porous media, reducing the reliance on large-scale 
experiments and simulations. Future research should focus on collecting and generat-
ing more diverse and larger-scale datasets to enhance model robustness. Additionally, 
exploring more efficient algorithms, such as incorporating attention blocks, and 
improving model explainability will be the main tasks.

5.  Restructure of porous media with best performance

In the pursuit of enhancing evaporation performance, optimizing the structure of 
porous media is crucial. There are various ways to do performance optimization.

The first method involves optimization based on the relationship between struc-
tural descriptors and evaporation performance. Initially, it is necessary to collect 
structural descriptors of porous materials (such as pore size distribution, porosity, 
specific surface area, etc.) and the corresponding evaporation performance data. This 
data can be obtained through experimental measurements or literature searches. The 

Figure 10. 
Prediction results. (a) Statistical analysis of the average relative error on passive and active cases of the open-
source dataset. Reprinted from Ref. [48]. (b) Comparison between the temperature field calculated by LBM and 
CNN model. Reprinted from Ref. [49].
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collected data may contain missing values and outliers, so data cleaning is required. 
Common cleaning methods include filling in missing values, removing outliers, and 
standardizing and normalizing the data to ensure that all features are on a similar 
scale, facilitating subsequent model training. After preparing the data, feature 
engineering is performed. Useful features are extracted from the raw data, such as the 
mean, variance, maximum, and minimum of pore size. PCA and other methods are 
then used for feature selection to reduce dimensionality and improve model training 
speed and performance. Next, appropriate regression models are chosen for perfor-
mance prediction. Possible models include linear regression [51], SVR [52], random 
forest regression [53], and gradient boosting regression (such as XGBoost, LightGBM) 
[54, 55]. Each model is trained and evaluated using k-fold cross-validation (e.g., k = 5 
or 10) to prevent overfitting. The predictive performance of each model is assessed 
using metrics such as Mean Squared Error (MSE), R-squared (R2), and Root Mean 
Squared Error (RMSE), and the best-performing model is selected.

Next, a generative model is built to generate porous structures that meet the struc-
tural descriptor conditions. First, a large amount of porous structure data is collected, 
which can be obtained through simulations or experiments. The data is then cleaned 
to ensure consistency and integrity, and standardized. VAE or GAN is chosen as the 
generative model. For VAE, the encoder is used to encode the input structural descrip-
tors into latent variables, and the decoder reconstructs the porous structures from these 
latent variables. The VAE’s loss function includes reconstruction loss and KL divergence 
to ensure that the generated samples are similar in distribution to the original samples. 
For GANs, the generator produces porous structures, and the discriminator distinguishes 
between real and generated structures. In cGAN, structural descriptors are included as 
conditions in both the generator and discriminator to improve the quality of the gener-
ated samples. VAEs are trained by maximizing the likelihood, while GANs are trained 
through adversarial training between the generator and discriminator, incorporating 
conditional constraints during cGAN training to enhance the conditional conformity of 
the generated samples. By following this process, the evaporation performance of porous 
materials can be systematically optimized, improving their effectiveness in practical 
applications. This method combines the advantages of performance prediction models 
and generative models, ensuring that the generated porous structures meet the structural 
descriptor conditions and exhibit excellent evaporation performance.

The second method is based on performance conditions. To directly optimize the 
evaporation performance of porous materials, a performance-based conditional genera-
tive model is employed. In this approach, evaporation performance is used as a condition 
for generation, with the generative model directly producing porous structures that meet 
specific evaporation performance requirements. Initially, a large amount of structural 
data of porous materials and their corresponding evaporation performance data are 
collected and preprocessed. Conditional Variational Autoencoders (cVAE) or cGAN 
are chosen as the generative models. For cGAN, evaporation performance is added as a 
condition in both the generator and discriminator. Specifically, the generator receives 
random noise and target evaporation performance conditions as input to generate 
porous structures, while the discriminator receives porous structures and corresponding 
evaporation performance conditions to distinguish between generated and real struc-
tures. In cVAE, the encoder encodes the input porous structures into latent variables, and 
the evaporation performance condition is combined in the latent space. The decoder then 
reconstructs porous structures from these latent variables and evaporation performance 
conditions. cGANs are chosen for their ability to generate high-quality samples, while 
cVAEs are selected for their capability to generate diverse samples.
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Figure 11. 
Workflow of optimization based on the relationship between structural descriptors and evaporation performance.

During model training, both cGANs and cVAEs face convergence difficulties, 
particularly in cGANs where the adversarial training requires a large amount of training 
data. Therefore, it is essential to ensure sufficient training data covering a wide range of 
evaporation performance. During training, model parameters are continuously adjusted 
through maximum likelihood estimation (for cVAE) or adversarial loss (for cGAN) to 
ensure that the generated porous structures meet the evaporation performance condi-
tions and possess reasonable structural characteristics. To address the convergence dif-
ficulties in cGAN training, several strategies can be adopted: adjusting the architecture 
of the generator and discriminator to better handle porous structure data, using more 
stable optimization algorithms such as the Adam optimizer, and gradually increasing the 
training data volume to enhance the model’s generalization capability. Upon completing 
model optimization, experimental validation is required to test the actual evaporation 
performance of the generated porous structures. Experimental results are fed back into 
the model to further refine the generative model. By iteratively cycling through the pro-
cess of “generate-evaluate-optimize-validate,” the generative model gradually improves 
its ability to produce porous structures with optimal evaporation performance.

The third method involves combining generative models with optimization 
algorithms, such as genetic algorithms [56], building on the first method by introduc-
ing multi-objective optimization techniques. Multi-objective optimization not only 
considers evaporation performance but also other important structural characteris-
tics, such as mechanical strength and stability. Genetic algorithms simulate natural 
selection and genetic variation processes, iteratively optimizing the generated porous 
structures to achieve global optimality. The workflow is shown in Figure 11.

Based on multi-objective optimization, iterative optimization is performed. 
After the generative model outputs a series of porous structures, the performance 
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prediction model is used to evaluate their evaporation performance and other target 
characteristics. Based on the evaluation results, the input and parameters of the 
generative model are adjusted, and multiple iterations of optimization are carried out 
to ensure that the generated porous structures gradually approach optimal perfor-
mance. In each iteration, evaluation results are continuously fed back, updating the 
generative model and performance prediction model to ensure that the generated 
porous structures achieve optimal status within the framework of multi-objective 
optimization.

6.  Conclusions

In this chapter, we explored how machine learning can assist in the intelligent 
control of evaporation performance in porous media, addressing several key areas. 
First, the chapter demonstrated the capability of machine learning, particularly deep 
learning techniques like CNNs and GANs, to generate accurate and representative 
two-dimensional and three-dimensional porous media structures. These methods 
surpass traditional approaches in replicating the intricate geometries and material 
properties of natural porous structures.

Next, we investigated the coefficient relationships between porous media 
structure and evaporation-related properties (permeability, effective thermal con-
ductivity, and diffusivity). Traditional methods often struggle to fully capture the 
complexity of these relationships. Machine learning models, however, can analyze 
extensive datasets to identify patterns and correlations, leading to more efficient and 
effective material design and optimization.

Following this, the chapter discussed the prediction of heat and mass transfer fields 
during evaporation in porous media. Traditional simulation methods, while accurate, are 
computationally intensive. Machine learning offers a powerful alternative by integrating 
physical principles with advanced algorithms to provide rapid and accurate predictions, 
thereby enhancing the performance of porous media in practical applications.

Finally, we examined three possible methods for optimizing and generating 
porous structures with desired properties. These methodologies provide a compre-
hensive framework for systematically optimizing the evaporation performance of 
porous materials, ensuring their effectiveness in practical applications. By integrating 
performance prediction models with generative and optimization algorithms, it is 
possible to create porous structures that meet stringent performance criteria and 
contribute significantly to advancements in the field.

Future research should focus on several key areas to further advance the applica-
tion of machine learning in controlling evaporation performance in porous media. 
These areas include the diversification of training datasets, the integration of advanced 
machine learning techniques, improving scalability and automation of processes, foster-
ing interdisciplinary collaboration, and enhancing model interpretability. Addressing 
these aspects will pave the way for more efficient and effective solutions in various 
applications involving porous media and evaporation performance.
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Chapter 7

Desalinated Seawater
Re-Mineralization Using Materials
Dissolution
Bin Lu, Jiajiong Xu and Jianbo Lu

Abstract

Desalinated seawater has a strong ability to dissolve solid salt substances (such as
pipe scale) and has a low buffering capacity due to the almost complete removal of
ions, alkalinity, and hardness. To meet the requirements for protecting the water
distribution network and ensuring the health of drinking water, re-mineralization is
needed to increase alkalinity and hardness. Based on the principles of convenient
operation management and stable and reliable water quality, a re-mineralization dis-
solution tank is used to increase the alkalinity and hardness of desalinated water. This
chapter uses a mathematical model of the re-mineralization dissolution tank to reveal
the effects of appropriate limestone-like materials, dissolution tank structure param-
eters, and operation parameters of the re-mineralization dissolution tank on alkalinity,
calcium hardness, dissolved inorganic carbon, pH, and calcium carbonate precipita-
tion potential (CCPP) within the tank. Based on the water quality stability criteria to
be met, it was also investigated the cost of consumed limestone-like material and
reagent under different operating conditions.

Keywords: desalinated seawater, re-mineralization dissolution tank, water quality
stability criteria, LSI, CCPP

1. Introduction

With population growth, urbanization, climate change impacts, and increased
water usage in households, agriculture, and industry, the competitive demand for
water resources intensifies, and water scarcity is projected to deteriorate further. In
the face of freshwater scarcity, seawater desalination is increasingly being utilized to
provide potable water [1]. Desalinated seawater serves as a significant water source
supplement in China, primarily used for industrial and household purposes, account-
ing for 66.56 and 33.11%, respectively [2]. Along the Mediterranean coast, desalinated
seawater, as a non-traditional water resource, constitutes a primary source of drinking
water and is delivered to users through municipal water distribution networks [3, 4].
Additionally, desalinated seawater provides a stable water source for agriculture in
numerous counties and cities facing water scarcity [5, 6]. Due to the removal of most
ions from the water, desalinated seawater exhibits low hardness, alkalinity, and pH,
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essentially lacking buffering capacity. During long-term transportation, scaling or
corrosion often forms within water distribution pipe networks, achieving a stable
reaction balance with the stable hydraulic quality of water transmission. The scale or
corrosion surfaces maintain relatively stable morphologies and physicochemical
properties [7–9]. Desalinated seawater tends to “dissolve” the scale layers on the inner
walls of water distribution pipes, leading to water pollution [10]. As desalinated
seawater lacks essential nutrients such as minerals, it also adversely impacts human
health and agriculture [11]. Therefore, re-mineralization of desalinated seawater is
crucial to increase hardness, alkalinity, buffering capacity, and beneficial mineral ions
of desalinated seawater for various end-uses. Re-mineralization of desalinated seawa-
ter can typically be achieved through various strategies. Blending with surface water
[12, 13], adding chemicals [14], and dissolving minerals [15–17] are common prac-
tices. Water quality standards are typically set by national authorities based on an
assessment of the trade-offs associated with various uses of desalinated seawater.
Lahav et al. proposed a set of quality criteria for the re-mineralization process of
desalinated water specified by the Israeli Ministry of Health, considering multiple
angles such as chemical stability, biological stability, impact on wastewater treatment,
water palatability, health and economic impacts, and post-treatment engineering
considerations [18]. Duranceau et al. also suggested water quality targets for post-
treated desalinated seawater entering existing water supply systems [19]. The techni-
cal guideline, developed and provided by ISO/TC8, addresses the water quality of
seawater reverse osmosis desalination products for municipal water supply [20].
Proposed by the Food and Agriculture Organization of the United Nations, a docu-
ment serves as a field guide for assessing the suitability of water for irrigation [21].
Based on Israeli experiences, Yermiyahu et al. suggested expanding the water quality
parameters in seawater desalination facilities supplying water to farmers [22]. The
water supply sector is responsible for mapping re-mineralization strategies and
selecting appropriate re-mineralization processes. This raises the question of whether
there is sufficient technical evidence to justify the efforts and costs associated with
various re-mineralization methods, necessitating measures to meet these stringent
water quality criteria. This chapter, taking material dissolution as an example, estab-
lishes a mathematical model for the re-mineralization dissolution tank based on the
thermodynamics and kinetics of material dissolution, represented by a set of
differential-algebraic equations. The differential-algebraic equation system is solved
using mathematical methods, and evaluated based on the required strict water quality
criteria, and technical and economic feasibility.

2. Structure of re-mineralization and dissolution tank

The section of the re-mineralization dissolution tank is shown in Figure 1. It operates
in an up-flow mode. The re-mineralization packing materials adopt limestone-like filler
(such as calcite, dolomite, shell, and so on). The supporting layer uses coarse sand. The
flushing method adopts simultaneous air and water flushing, and the flushing cycle
depends on the consumption and replenishment of the packing. The flushing process is
as follows: first, air flushing for 2 minutes with an air flushing intensity of 60m3/(m2�h);
then simultaneous air and water flushing until the flushed water quality does not exceed
the sanitary standard for domestic drinking water, with an air flushing intensity of 60
m3/(m2�h) and a water flushing intensity of 25 m3/(m2�h); finally, single water flushing
for 6 minutes with a water flushing intensity of 25m3/(m2�h).
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3. Re-mineralization dissolution tank model

The design of re-mineralization dissolution tank refers to the optimal selection of
appropriate limestone-like materials, dissolution tank structure parameters, and
operation parameters, which affect alkalinity, calcium hardness, dissolved inorganic
carbon, pH, and calcium carbonate precipitation potential (CCPP) in the dissolution
tank. A re-mineralization dissolution tank model will be established to investigate the
effects of appropriate limestone-like materials, dissolution tank structure parameters,
and operation parameters of the re-mineralization dissolution tank on alkalinity,
calcium hardness, dissolved inorganic carbon, pH, and calcium carbonate precipita-
tion potential (CCPP) within the tank, in order to achieve the optimized design of re-
mineralization dissolution tank.

The reaction in limestone-like material dissolution with pre-dosed CO2 dosing is
represented by the following Eq. (1) [23]:

Figure 1.
Section and photos of the re-mineralization dissolution tank in Shandong province of China.
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CO2 þH2Oþ CaCO3 $ Ca2þ þ 2HCO3 (1)

When the desalinated seawater pre-dosed by CO2 enters the limestone-like filter
bed in the re-mineralization dissolution tank, CaCO3 will be dissolved into the bulk
solution and the ionic product of Ca2+ and CO3

2� will be lower than that under the
equilibrium condition meeting with the following Eq. (2). It can be recognized that if
the dissolution reaction time is long enough, the ionic product of Ca2+ and CO3

2� will
be increasingly close to the equilibrium condition. For limestone-like packed-bed
designs, the most convenient formula was proposed by Yamaguchi et al. [24].
According to Yamaguchi et al., the driving force in the dissolution process is the excess
concentration of CO2, namely, the difference between the actual bulk-phase CO2

concentration and the equilibrium CO2 concentration. The equilibrium CO2 concen-
tration is the concentration under equilibrium conditions satisfying Eq. (2) below,
where CCO2�

3 _eqand CCa2þ_eq are the equilibrium concentration of CO2�
3 and Ca2þ under

the equilibrium condition, KspCaCO3
is the ionic product constant of CO2�

3 and Ca2þ:

CCO2�
3 _eq �

CCa2þ_eq

100
¼ KspCaCO3

(2)

Based on their respective equilibrium constants, CO2(aq) and H2CO3(aq) can release
protons into water. For simplicity, the sum of the concentrations of these two species
(i.e., H2CO3* = CO2(aq) + H2CO3(aq)) is typically considered rather than their individ-
ual concentrations. Therefore, it is reasonable to attribute the driving force to the
difference between the actual bulk H2CO3* concentration and the equilibrium H2CO3*
concentration. The fundamental dissolution rate (r) expression is:

r ¼ �Q � dCH2CO ∗
3

dS
¼ k� CH2CO ∗

3
� CH2CO ∗

3 _eq

� �
(3)

where Q is the water flow rate, S is the surface area of limestone-like material
particles, CH2CO ∗

3
is the actual bulk H2CO3* concentration, and the H2CO3* concentra-

tion of CH2CO ∗
3 _eq adheres to Eq. (2) above under equilibrium conditions, where k

represents the reaction rate constant. The difference in Ca(HCO3)2 concentration,
derived from Eqs. (1) and (3), can be expressed by the following Eq. (4):

dCCa HCO3ð Þ2 ¼ �dCH2CO ∗
3
¼ k� 6� 1� εð Þ

dp �∅
� dH

u
� CH2CO ∗

3
� CH2CO ∗

3 eq

� �
(4)

wherein, ε represents the porosity of the bed, dp represents the particle diameter,
∅ represents the particle shape factor (sphere is 1, irregular shapes are less than 1), u
represents the superficial velocity, and H represents the height of the packed bed.

Alkalinity (Alk) can be expressed by Eq. (5) below. The equilibrium constant K1
(mol/L) for H2CO3*/HCO3

� can be represented by Eq. (6) below. The equilibrium
constant K2 (mol/L) for HCO3

�/CO3
2� can be represented by Eq. (7) below. cH is the

concentration of hydrogen ion. Kw is the ionic product constant of water:

Alk ¼ CHCO�
3
þ 2� CCO2�

3
þ 1000� Kw

cH
� 1000� cH (5)

K1 ¼ CHCO�
3
� cH

CH2CO ∗
3

(6)
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K2 ¼
CCO2�

3
� cH

CHCO�
3

(7)

By solving the system of equations (Eqs. 5–7), the concentrations of H2CO3*
and CO3

2� can be calculated using the following equations (Eqs. 8 and 10).
Under equilibrium conditions consistent with (Eqs. 5–7), the equilibrium
concentrations of H2CO3* and CO3

2� can also be expressed in (Eqs. 9 and 11),
respectively. cHeq is the equilibrium concentration of hydrogen ions under the
equilibrium condition:

CH2CO ∗
3
¼ cH� Alk� cHþ 1000� cH2 � 1000� Kw

� �
K1� cHþ 2� K2ð Þ (8)

CH2CO ∗
3 _eq ¼

cHeq� Alkeq� cHeqþ 1000� cHeq2 � 1000� Kw
� �

K1� cHeqþ 2� K2ð Þ (9)

CCO2�
3

¼ Alk
1000

þ cH� Kw
cH

� �
� 1000� K2
2� K2þ cH

(10)

CCO2�
3 _eq ¼

Alkeq
1000

þ cHeq� Kw
cHeq

� �
� 1000� K2
2� K2þ cHeq

(11)

Subsequently, the concentration of H2CO ∗
3 decreases from its initial CH2CO ∗

3
to the

equilibrium CH2CO ∗
3_eq

, while the concentration of Ca2+ increases from its initial CCa2þ to
the equilibrium CCa2þ_eq, a process governed by the law of conservation of mass [25],
as shown in the following Eq. (12):

CH2CO ∗
3
þ CCa2þ

100
¼ CH2CO ∗

3 _eq þ
CCa2þ_eq

100
(12)

During the dissolution process of CaCO3, calcium and alkalinity or bicarbonate
ions change simultaneously at the same equivalent. The equivalent of dissolved cal-
cium must equal the equivalent of dissolved alkalinity, as shown in Eq. (13):

2� CCa2þ

100
� Alk ¼ 2�

CCa2þeq

100
� Alkeq (13)

Combining Eqs. (2), (9), (11)–(13) and solving the simultaneous equations system,
the equilibrium CH2CO ∗

3_eq
can be expressed as the function of the bulk terms of CH2CO3 ,

CCa2þ , Alk, and cH as Eq. (14):

CH2CO ∗
3 _eq ¼ f CH2CO ∗

3
,CCa2þ ,Alk, cH

� �
(14)

It can be seen from Eq. (14) that CH2CO ∗
3 _eq is also a function of CH2CO ∗

3
, so variable

separation cannot be directly applied to integrate Eq. (4). The aforementioned
limestone-like packed bed model comprises a set of differential-algebraic equations,
and this study proposes for the first time to the use of the finite element differential
recursive numerical method for solution. The height of the dissolution bed is divided
into 1000 sub-elements (i.e., n = 1000 in the vertical direction). The dimension ΔH of
each element is calculated as follows:
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ΔH ¼ H
n

(15)

The alkalinity, calcium ion concentration, and dissolved inorganic carbon concen-
tration at the entrance of the dissolution reactor can be represented by Eqs. (16–18)
when the first-bed height difference is observed. Herein, Alk½ �0, CCa2þ

� �
0 and Ct½ �0

represent the alkalinity, calcium ion concentration, and dissolved inorganic carbon
concentration of the desalinated seawater, respectively. CO2½ �0 denotes the CO2 dos-
ing concentration injected into the desalinated water prior to entering the limestone-
like dissolution bed:

Alk 1½ �½ � ¼ Alk½ �0 mmol=Lð Þ (16)

CCa2þ 1½ �½ � ¼ CCa2þ
� �

0 mgCaCO3=Lð Þ (17)

Ct 1½ �½ � ¼ Ct½ �0 þ CO2½ �0 mmol=Lð Þ (18)

The hydrogen ion concentration of cH 1½ �½ � can be obtained by solving Eq. (19) as
follows:

Ct 1½ �½ � � 2� α1þ α2ð Þ
¼ Ct 1½ �½ � � K1� cH 1½ �½ � þ 2� K2ð Þ

cH 1½ �½ �2 þ cH 1½ �½ � � K1þ K1� K2

¼ Alk 1½ �½ � þ 1000� cH 1½ �½ � � 1000� Kw
cH 1½ �½ �

(19)

The bulk concentration of H2CO3* at the first-bed height difference can be calcu-
lated from Eq. (8), as shown in Eq. (20):

CH2CO ∗
3

1½ �½ � ¼
cH� Alk� cH 1½ �½ � þ 1000� cH 1½ �½ �2 � 1000� Kw

� �

K1� cH 1½ �½ � þ 2� K2ð Þ (20)

According to Eq. (4), the concentration difference of Ca(HCO3)2 at the i-th height
difference can be expressed as Eq. (21):

ΔCCa HCO3ð Þ2 i½ �½ �

¼ k� 6� 1� εð Þ
dp �∅

� ΔH
u

� CH2CO ∗
3

i½ �½ � � f CH2CO ∗
3

i½ �½ �,CCa2þ i½ �½ �,Alk i½ �½ �, cH i½ �½ �
� �� �

(21)

The alkalinity, calcium ion concentration, dissolved inorganic carbon, and hydro-
gen ion concentration at the next difference can be expressed below:

Alk iþ 1½ �½ � ¼ Alk i½ �½ � þ 2� ΔCCa HCO3ð Þ2 i½ �½ � (22)

CCa2þ iþ 1½ �½ � ¼ CCa2þ i½ �½ � þ 100� ΔCCa HCO3ð Þ2 i½ �½ � (23)

Ct iþ 1½ �½ � ¼ Ct i½ �½ � þ ΔCCa HCO3ð Þ2 i½ �½ � (24)
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cH iþ 1½ �½ � can be obtained by solving Eq. (25) as follows:

Ct iþ 1½ �½ � � 2� α1þ α2ð Þ
¼ Ct iþ 1½ �½ �
� K1� cH iþ 1½ �½ � þ 2� K2ð Þ
cH iþ 1½ �½ �2 þ cH iþ 1½ �½ � � K1þ K1� K2

¼ Alk iþ 1½ �½ � þ 1000� cH iþ 1½ �½ � � 1000

� Kw
cH iþ 1½ �½ �

(25)

The bulk H2CO3* concentration and equilibrium H2CO3* concentration at the next
difference are expressed below:

CH2CO ∗
3

iþ 1½ �½ � ¼
cH iþ 1½ �½ � � Alk iþ 1½ �½ � � cH iþ 1½ �½ � þ 1000� cH iþ 1½ �½ �2 � 1000� Kw

� �

K1� cH iþ 1½ �½ � þ 2� K2ð Þ
(26)

CH2CO ∗
3 _eq iþ 1½ �½ � ¼ f CH2CO ∗

3
iþ 1½ �½ �,CCa2þ iþ 1½ �½ �,Alk iþ 1½ �½ �, cH iþ 1½ �½ �

� �
(27)

The alkalinity, calcium ion concentration, and dissolved inorganic carbon concen-
tration at the outlet of the limestone-like dissolution bed are expressed as Alk n½ �½ �,
CCa2þ n½ �½ �, Ct n½ �½ �. The bulk and equilibrium concentrations of H2CO3* at the outlet of
dissolution reaction bed are determined as CH2CO ∗

3
n½ �½ �, CH2CO ∗

3 _eq n½ �½ �.

4. Water quality for re-mineralization of desalinated seawater

The following parameters are typically used to determine the water quality
required for re-mineralizing desalinated seawater, with a focus on health and its
interaction with water distribution systems, including the concentration of Ca2+,
alkalinity (Alk), pH, Langelier saturation index (LSI) and calcium carbonate precipi-
tation potential (CCPP). LSI can be calculated through the method depicted by liter-
ature [26]. CCPP can be calculated through the method depicted by literature [27].
After re-mineralization, the water quality of desalinated seawater needs to meet
certain water stability standards before entering the municipal public water supply
network. Lahav et al. evaluated the water quality stability standards in terms of
chemical stability, biological stability, impact on subsequent wastewater treatment,
drinkability, health and economic impact, and feasibility of post-treatment engineer-
ing, proposing that the seawater-freshwater re-mineralization process should meet the
water quality standards: Alk > 80 mgCaCO3/L, 80 < calcium hardness <120
mgCaCO3/L, 3 < CCPP <10 mgCaCO3/L, LSI > 0, pH < 8.5, and these standards have
been implemented by the Israeli Ministry of Health [18]. Duranceau et al. also
recommended water quality targets for desalinated seawater post-treatment to enter
the water supply system [19]. On September 29, 2021, the International Organization
for Standardization (ISO) published “Marine Technology - Product Water Quality of
Seawater Reverse Osmosis (RO) Desalination - Guidelines for Municipal Water Sup-
ply” (ISO 23446:2021), which proposes Alk ≥ 50 mgCaCO3/L, 60 ≤ calcium hardness
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≤120 mgCaCO3/L,�0.5 ≤ LSI ≤ 0.5, 7.5 ≤ pH ≤ 8.5. Based on the various water quality
stability standards mentioned above and combined with practical experience, CCPP
and LSI both play an important role in characterizing water quality properties.
Clearly, different values for these parameters can be achieved using different re-
mineralization methods. So, these water quality criteria can map the strategies of
desalinated seawater re-mineralization processes. This study will conduct technical
and economic evaluations of the limestone-like mineral dissolution method using the
above-mentioned precise model calculations to justify the efforts and costs incurred in
meeting the aforementioned water quality standard limits.

5. Simulation result of re-mineralization dissolution tank

The pre-injected CO2 desalinated seawater was introduced into a dissolution bed
reactor in a typical seawater reverse osmosis plant located in Shandong Province,
China, for dissolution and re-mineralization. The bed height (H) of the reactor was
2.7 m, and the superficial velocity was 12.75 m/h. The desalinated effluent water
represents dissolved inorganic carbon of 0.062 mmol�L�1, alkalinity of 2.49 mg
CaCO3�L�1, calcium ion concentration of 1.15 mg CaCO3�L�1 and pH of 6.91. Effects of
CO2 dosage concentration and packing height on the aqueous concentration and
equilibrium concentration of H2CO3* are shown in Figure 2. It can be seen from the
Figure that the aqueous concentration of H2CO3* decreases with increasing the pack-
ing height and increases with increasing the CO2 dosage concentration. The former is
attributed to the more consumption of H2CO3* with increasing the residence time in
the limestone-like material packing bed. The equilibrium concentration of H2CO3*
slowly increases with increasing the packing height increases and significantly
increases with increasing CO2 dosing concentration. These are attributed to the
increase of dissolved inorganic carbon resulting to shift carbonate system toward
H2CO3*.

Figure 2.
Effects of CO2 dosage concentration and packing height on the aqueous concentration and equilibrium
concentration of H2CO3

*.
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The effects of CO2 dosage concentration and packing height on the alkalinity are
shown in Figure 3. As can be seen from Figure 3, alkalinity increases with increasing
the packing height and CO2 dosage concentration, respectively. The decrease in the
aqueous concentration of H2CO3* simultaneously accompanies the increase in alka-
linity. When the CO2 dosage reached 5.088 mmol/L, 2.088 mmol/L, 1.588 mmol/L,
and 1.088 mmol/L, the alkalinity at the outlet of the re-mineralization dissolution tank
reached 259.546 mgCaCO3/L, 139.533 mgCaCO3/L, 112.520 mgCaCO3/L, and 82.174
mgCaCO3/L, respectively. According to Eq. (1), when 1 mmol/L of H2CO3* is con-
sumed, 100 mgCaCO3/L of alkalinity will be produced.

The effect of CO2 dosage concentration and packing height on the concentration of
calcium ions is shown in Figure 4. As can be seen from the Figure, the calcium ion

Figure 3.
Effects of CO2 dosage concentration and packing height on the alkalinity.

Figure 4.
Effects of CO2 dosage concentration and packing height on the concentration of calcium ion.
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concentration increases with increasing the packing height and CO2 dosage concen-
tration, respectively. The decrease in aqueous concentration of H2CO3* simulta-
neously accompanies the increase in calcium ion concentration. When the CO2 dosage
reached 5.088 mmol/L, 2.088 mmol/L, 1.588 mmol/L, and 1.088 mmol/L, the calcium
ion concentrations at the outlet of the re-mineralization dissolution tank reached
258.206 mgCaCO3/L, 138.193 mgCaCO3/L, 111.18 mgCaCO3/L, and 80.834 mgCaCO3/
L, respectively. According to Eq. (1), when 1 mmol/L of H2CO3* is consumed, 100
mgCaCO3/L of calcium ion will be produced.

The effect of CO2 dosage concentration and packing height on the concentration of
dissolved inorganic carbon is shown in Figure 5. As can be seen from Figure 5, the
dissolved inorganic carbon concentration increases with increasing the packing height
and CO2 dosage concentration, respectively. The decrease in aqueous concentration of
H2CO3* simultaneously accompanies the increase in dissolved inorganic carbon con-
centration. When the CO2 dosage reached 5.088 mmol/L, 2.088 mmol/L, 1.588 mmol/
L, and 1.088 mmol/L, the dissolved inorganic carbon concentrations at the outlet of
the re-mineralization dissolution tank reached 7.721 mmol/L, 3.520 mmol/L,
2.750 mmol/L, and 1.947 mmol/L, respectively. According to Eq. (1), when 1 mmol/L
of H2CO3* is consumed, 2 mmol/L of dissolved inorganic carbon will be produced.

The effect of CO2 dosage concentration and packing height on pH is shown in
Figure 6. As can be seen from the Figure, pH increases with increasing the packing
height and decreases with increasing CO2 dosage concentration. The decrease in
aqueous concentration of H2CO3* simultaneously accompanies the increase in pH.
When the CO2 dosage reached 5.088 mmol/L, 2.088 mmol/L, 1.588 mmol/L, and
1.088 mmol/L, the pH at the outlet of the re-mineralization dissolution tank reached
6.582, 6.871, 6.948, and 7.035, respectively. CO2(aq) can release a proton to the water
according to its own equilibrium constant, resulting in lowering pH.

The effect of CO2 dosage concentration and packing height on CCPP is shown in
Figure 7. As can be seen from the Figure, CCPP increases with increasing the packing
height and decreases with increasing CO2 dosage concentration. The decrease in
aqueous concentration of H2CO3* simultaneously accompanies the increase in
CCPP. When the CO2 dosage reached 5.088 mmol/L, 2.088 mmol/L, 1.588 mmol/L,

Figure 5.
Effects of CO2 dosage concentration and packing height on the concentration of dissolved inorganic carbon.
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and 1.088 mmol/L, the CCPP at the outlet of the re-mineralization dissolution tank
reached �59.786 mgCaCO3/L, �36.422 mgCaCO3/L, �30.066 mgCaCO3/L,
and � 22.515 mgCaCO3/L, all of which are negative. This can be attributed to the
limited packing height impossible to achieve dissolution equilibrium. The lower
pH owing to the more CO2 dosage also results in the lower CCPP. These indicate that
the outlet product water from the re-mineralization dissolution tank still has certain
corrosion tendency, and pH adjustment is still required.

The outlet product water from the re-mineralization dissolution tank is generally
added with NaOH to meet the required water quality criteria for CCPP and LSI,
aiming for a pH increase to approximately 8.3 (i.e., the equivalent point), where the
proportion of HCO3

� is highest in dissolved inorganic carbon, and the alkalinity and

Figure 6.
Effects of CO2 dosage concentration and packing height on pH.

Figure 7.
Effects of CO2 dosage concentration and packing height on CCPP.
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acidity are equal [28]. The alkalinity, pH, CCPP, and LSI before and after
NaOH adjustment are compared, as shown in Table 1. As seen from the table, higher
CO2 dosage concentration for desalinated seawater produces higher alkalinity, cal-
cium ion concentration, and LSI for the outlet product from re-mineralization disso-
lution tank. However, the higher CO2 dosage concentration is for desalinated
seawater, the lower pH and CCPP is for outlet product from re-mineralization disso-
lution tank, requiring the addition of NaOH to adjust the pH. If pH is adjusted to 8.3
(i.e., equivalent point), the alkalinity, CCPP, and LSI in conditions I to III are all
relatively high. For condition IV, the alkalinity is 97.555 mgCaCO3�L�1, calcium ion is
80.834 mgCaCO3�L�1, CCPP is 4.410, and LSI is 0.452. The cost of consumed
limestone-like material (taking shell filler as an example) and chemical reagent dosage
(used CO2 and NaOH) for condition IV is approximately 0.229 ¥/m3.

As can be seen from Table 1, when a higher concentration of CO2 is added to the
inlet water of the re-mineralization dissolution tank, a higher alkalinity and calcium
hardness can be obtained from the outlet water. So, a portion of the desalinated
seawater can bypass the re-mineralization dissolution tank (e.g., with a water flow of
0.75 � Q, where Q is the total flow of desalinated seawater), while another portion of
the desalinated seawater is added with higher CO2 dosage (e.g., 5.088 mmol/L) and
then injected into the re-mineralization dissolution tank (e.g., with a water flow of
0.25 � Q) to dissolve out a higher alkalinity and calcium hardness. After that, the
bypassed desalinated seawater is blended with the outlet product water from the re-
mineralization dissolution tank and then adjusted with NaOH to regulate pH to 8.3.
The results are shown in Table 2. The alkalinity is 99.057 mgCaCO3�L�1, calcium ion is
65.414 mgCaCO3�L�1, CCPP is 3.540 mgCaCO3�L�1, and LSI is 0.378. The cost of

Operating conditions I II III IV

After re-mineralization using limestone-like material dissolution

CO2 dosage/(mmol/L) 5.088 2.088 1.588 1.088

Dissolved CaCO3/(mgCaCO3�L�1) 257.056 137.043 110.030 79.684

Dissolved inorganic carbon concentration/(mmol�L�1) 7.721 3.520 2.750 1.947

Calcium ion concentration/(mgCaCO3�L�1) 258.206 138.193 111.180 80.834

Alkalinity/(mgCaCO3�L�1) 259.546 139.533 112.520 82.174

pH 6.582 6.871 6.948 7.035

CCPP/(mgCaCO3�L�1) �59.786 �36.422 �30.066 �22.515

LSI �0.308 �0.530 �0.633 �0.810

After NaOH adjustment

NaOH dosage for pH adjustment/
(mmol�L�1)

2.566 0.740 0.507 0.308

Alkalinity/(mgCaCO3�L�1) 387.821 176.530 137.863 97.555

Adjusted pH with NaOH 8.3 8.3 8.3 8.3

CCPP/(mgCaCO3�L�1) 89.096 19.821 11.175 4.410

LSI 1.409 0.900 0.720 0.452

Cost of consumed limestone-like material and reagent/(¥/m3) 0.942 0.422 0.327 0.229

Table 1.
Regulation of outlet product water from re-mineralization dissolution tank using NaOH adjustment.
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consumed limestone-like material (taking shell filler as an example) and chemical
reagent dosage (used CO2 and NaOH) is approximately 0.236 ¥/m3. It is worth noting
that the construction scale of the re-mineralization dissolution tank can be approxi-
mately reduced by 75%.

The re-mineralization dissolution tank model has been established to correlate
appropriate limestone-like materials, dissolution tank structure parameters, and
operation parameters of the re-mineralization dissolution tank to water quality.

Outlet product water from re-
mineralization dissolution tank

Bypassing re-
mineralization
dissolution tank

Water flow 0.25 � Q 0.75 � Q

After re-mineralization using
limestone-like material dissolution

—

CO2 dosage/(mmol/L) 5.088 —

Dissolved CaCO3/(mgCaCO3�L�1) 257.056 —

Dissolved inorganic carbon
concentration/(mmol�L-1)

7.721 0.062

Calcium ion concentration/
(mgCaCO3�L�1)

258.206 1.15

Alkalinity/(mgCaCO3�L�1) 259.546 2.49

pH 6.582 —

CCPP/(mgCaCO3�L�1) �59.786 —

LSI �0.308 —

Blending desalinated seawater bypassing re-mineralization dissolution tank with outlet product water
from re-mineralization dissolution tank

Dissolved inorganic carbon
concentration of blended water/
(mmol�L�1)

1.977

Calcium ion concentration of blended
water/(mgCaCO3�L�1)

65.414

Alkalinity of blended water/
(mgCaCO3�L�1)

66.754

After NaOH adjustment

NaOH dosage for pH adjustment/
(mmol�L�1)

0.646

Alkalinity/(mgCaCO3�L�1) 99.057

Adjusted pH with NaOH 8.3

CCPP/(mgCaCO3�L�1) 3.540

LSI 0.378

Cost of consumed limestone-like
material and reagent(¥/m3)

0.236

Table 2.
Regulation of the water blending desalinated seawater bypassing re-mineralization dissolution tank with outlet
product water from re-mineralization dissolution tank using NaOH adjustment.
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Furthermore, using water quality criteria as constraint conditions, construction and
operation costs as the optimization objective function, a multi-factor optimization can
be conducted based on controlled variables like characteristics of limestone-like
materials, structure parameters of re-mineralization dissolution tank, and operating
parameters. As the re-mineralization dissolution tank model is solved in this study
using the finite element differential recursion method and the method fails to obtain
the analytical solution of the objective function, the gradient descent and
backpropagation method may serve as one of the paths to solve the current multi-
factor optimization problem.

6. Conclusions

This chapter carried out the optimization of re-mineralization processes (taking
minerals dissolution as an example) based on accurate model computation with
emphasis on technical efforts and material costs for achieving narrow water quality
criteria. A mathematical model of re-mineralization dissolution tank was found based
on thermodynamics and kinetics of materials dissolution, and represented a set of
differential-algebraic equations, revealing the variations in alkalinity, calcium hard-
ness, dissolved inorganic carbon, pH, and CCPP within the tank as a function of the
CO2 dosage concentration of desalinated seawater and the structural parameters of the
tank. Furthermore, the operating costs under different operating conditions were
examined based on the required water quality stability criteria. The alkalinity, calcium
hardness, and dissolved inorganic carbon increase with the increase in the packing
height and with the increase in CO2 dosage concentration. Conversely, pH and CCPP
increase with the increase in the packing height but decrease with the increase in CO2

dosage concentration. The CCPP of the outlet water from the re-mineralization disso-
lution tank is negative, indicating a need for pH adjustment. The cost of consumed
materials and chemical reagents under operating condition IV is approximately
0.229¥/m3.
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Chapter 8

Perspective Chapter: Desalination
System Performance Index and
Artificial Intelligence
Amr Seoudy

Abstract

Desalination using reverse osmosis theory is a well-established technology to
produce fresh water from saline water for more than five decades, the complexity,
high cost, and high energy consumption of this process have an effect on plant
performance and a negative environmental impact. Performance index for reverse
osmosis desalination plants (PIRO) to indicate the performance of the entire desali-
nation system is created, to make it easier for the owners and investors to directly
know the reasons for the difference between the planned and actual water cost and
correction action to be done. A proposed tool has been created in this study to make
the analysis easier for the owners and investors to directly know the reasons for the
difference between the planned and actual water cost and the correction action that
needs to be done. To lessen the impact of reverse osmosis plants on climate change, an
assessment of their environmental impact is required. The environmental perfor-
mance index for a reverse osmosis desalination plant (ROEPI) has been introduced to
indicate its influence on global warming and climate change. Integration between
desalination and Artificial Intelligence (AI) allows for increased productivity, reduced
energy costs, and minimizes its negative effect on global warming and climate change.

Keywords: reverse osmosis, performance index, climate change, environmental
performance index, artificial intelligence

1. Introduction

Desalination using reverse osmosis theory is a well-established technology to pro-
duce fresh water from saline water for more than five decades, nowadays it is becom-
ing the most used technology for desalination around the world, as per our synthesis
of desalination data suggests that there are 15,906 operational desalination plants
producing around 95 million m3/day of desalinated water for human use, of which
48% is produced in the Middle East and North Africa region [1].

This huge amount of desalinated water produced by different technologies such as
multi-stage flash (MSF), multi-effect distillation (MED), electrodialysis (ED), reverse
osmosis (RO), nanofiltration (NF), and others technologies, the current production of
desalinated water from reverse osmosis now stands at 65.5 million m3/day, accounting
for 69% of the volume of desalinated water produced [1].
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With this steady increase in the production of desalinated water using reverse
osmosis technology, it has become necessary to find a unified reference to determine the
performance efficiency of the plants that operate with the technology of reverse osmo-
sis, and it is important that all stakeholders of the desalination industry conform to this
reference, whether they are, manufacturers of plant components, solution providers,
and those in charge of operation and maintenance works, owners and investors.

A study has been done to introduce a performance index for reverse osmosis
desalination plants (PIRO). The proposed performance index (PIRO) is a
calculation of how well the production cost meet its defined cost value along the
plant lifetime [2].

Meanwhile, desalination using reverse osmosis has a negative environmental
impact that can be generated both in the construction and operation of desalination
plants, which causes marine environment pollution, terrestrial environment pollution,
and air pollution due to emissions of greenhouse gasses (GHGs) and air pollutants and
carbon emission as it is a high energy consumption process. Figure 1 shows the
environmental pollution types in the reverse osmosis system.

A rule must be developed to allow governments, international organizations,
owners, and businesses to assess the environmental performance of their plant in an
integrated system such as a RO system, which incorporates a large number of equip-
ment and items.

Another study has been done to create an environmental performance index
(ROEPI) for reverse osmosis desalination plants. Environmental performance index
will help governments, international organizations, and decision-makers assess their
facilities and determine the best course of action for minimizing their negative envi-
ronmental effects [3].

Figure 1.
Environmental pollution types in reverse osmosis system.
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1.1 General background

Due to the water demand is continually increasing to meet the needs of population
growth, higher living standards, expansion of greenery, increase of per capita con-
sumption, urban development, and industrial expansion, there for new desalination
activities and the growing number of large facilities worldwide. Desalination is an
energy-intensive process that employs energy to produce freshwater from seawater
and rejects the brine back to the sea [4].

Performance index is a calculation of how well work is meeting its defined goal.
A long time ago when the reverse osmosis plant started to be wide world used, a lot of
studies were done to develop a methods to evaluate reverse osmosis plant perfor-
mance, most of the developed method considered the membrane’s ability to produce
fresh water considering quantity and quality in terms of membrane flux and salt
rejection, as it is the core of RO unit, after that power and chemical consumption to
produce one cubic meter of fresh water is considered as a key factors indicate the
performance of the RO system [4].

Desalination plants using reverse osmosis theory normally consist of three main
sections, pretreatment, reverse osmosis, post-treatment. Each section contains differ-
ent items depend mainly on the water source type characteristics and the specifica-
tions of the needed water from the treatment process, we consider the water intake as
an item in pretreatment section, regardless the type of the intake. Overall perfor-
mance of entire reverse osmosis desalination plant depends on the performance of
each of the plant components [4].

Water desalination has negative environmental impacts on marine environment
pollution, air environment pollution, and terrestrial environment pollution. In addi-
tion, the desalination plants face several problems, such as corrosion, scale formation,
membrane fouling, and sedimentation. The disposal of reject brine from coastal or
inland desalination plants and its adverse effects on the ecosystems of the marine
environment and groundwater.

The major environmental concerns of desalination are broadly categorized into
direct and indirect environmental impacts (EIs). The direct impacts are mainly allied
with brine-associated pollution, the emissions of air pollutants such as greenhouse
gases (GHGs) emissions and intensified use of energy. The indirect impacts include
noise pollution, use of land, and construction related impacts [2].

1.2 Desalination role in aggravate climate change

Desalination process involves removing salt from seawater and filtering it to
produce drinking quality water. But the fossil fuels normally used in the energy-
intensive desalination process contribute to global warming due to increased levels of
greenhouse gases, and the toxic brine it produces pollutes coastal ecosystems.

Desalination is energy-intensive. RO needs up to 6 kWh of electricity per cubic
meter of water (depending on both process and its original salt content), though the
latest RO plants such as in Perth, Western Australia, and Singapore use 3.5 kWh/m3,
or 4 kWh/m3 including pumping for distribution. Hence 1 MWe continuous will
produce about 4000–6000 m3 per day from seawater. Nuclear-powered water
desalination with RO has a carbon footprint of about 50 gCO2eq/m3, compared with
1700 g/m3 for gas and 2900 g/m3 for coal [5].

However, desalination is an extensive energy process in which to produce 1000
cubic meters of water per day it requires about 10,000 tons of fossil fuel per year [6].
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Replacing the depleted fossil fuel by renewable and sustainable energy resources
becomes a crucial need to decrease the carbon footprint and greenhouse gases emis-
sion which they are the main reasons of global warming and climate change.

The World Wide Fund for Nature study found that desalination uses large
amounts of energy, emits greenhouse gases, and destroys marine life in some coastal
areas. In all cases, desalination affects the environment and climate change, whether
this effect is primary or secondary, and vice versa, climate change affects desalination.
Figure 2 shows the carbon intensity of electricity generation varies greatly depending
on the fuel source.

2. Research objectives

In last two decades, most of the owners and investors tender documents asking the
bidding companies to indicate in their technical solutions not only plant capital
expenditure (CAPEX) but also operating expense (OPEX). In last two decades, most
of the owners and investors tender documents asking the bidding companies to
indicate in their technical solutions not only plant capital expenditure (CAPEX) but
also operating expense (OPEX). Figure 3 shows that in some projects CAPEX is lower
than the OPEX and in other projects CAPEX is higher than the OPEX, but the real
decision has to be done after calculate freshwater cubic meter total production cost
(CAPEX & OPEX).

Figure 2.
The carbon intensity of electricity generation varies greatly depending on the fuel source.

Figure 3.
CAPEX and OPEX cases for RO plant.
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Both owners and companies face a challenge to validate or compare design and
actual RO total production cost, especially the (OPEX), due to the variation in source
water parameters and plant operating condition, either during plant startup or after
years of operation.

A rule has to be found to enable both owners and companies to judge their plant
performance, in an integrated system such as RO system which contains a lot of
equipment and items, each has its performance, it is a big challenge to find an index
that can give us a good indication for the entire system [2].

The development of a performance index for reverse osmosis desalination plants
(PIRO) to indicate the performance of all the three main sections of the RO desalina-
tion plant which include different equipment with it is own performance and with
different reference for performance, becomes mandatory.

Meanwhile, the development of the environmental performance index for a
reverse osmosis desalination plant (ROEPI) becomes a must to monitor the negative
environmental impact of desalination plants and to protect our world from climate
change as we can.

The fact that the technical performance, environmental index, and cost are
affected by each other and the optimum total performance affects the
environmental effect, that is, less performance means higher cost and higher
negative environmental effect and vice versa, guides us to consider the comparison
between planned and actual production cost for one cubic meter from entire
reverse osmosis system to indicate performance index for reverse osmosis
desalination plants (PIRO) and to consider the comparison between planned and
actual environmental protection cost for one cubic meter from entire RO system
to indicate environmental performance index for a reverse osmosis desalination
plant (ROEPI).

3. Methodology

3.1 Reverse osmosis desalination plants performance index

Performance index (PI) is the matching of ongoing results against set goals of
production cost along the plant lifetime. The proposed performance index (PIRO) is
calculated by dividing the actual cost (AC), by the planned cost (PC) for the produc-
tion of one cubic meter of the entire RO system.

The water production cost of the RO desalination plant for specific design and
location is affected by the variation of a lot of parameters, such as feed water quality
(i.e., salinity, turbidity, pH, COD, BOD, … . etc.), feed water temperature, membrane
aging, chemicals quality, maintenance schedules, shutdown time, and operators’skills.

Two options can be considered for calculation of the planned cost (PC), either
according to the design parameters, or according to the startup parameters. The
planned cost (PC) according to the design parameters normally considers the varia-
tion of feed water temperature and the membrane aging, which mean that we have a
different value, which gives us another choice, either consider the lowest value,
highest value, the average value or create a value for the planned cost function of time
PC (t).

The planned cost (PC) according to the startup parameters consider the actual
data for feed water temperature, membrane aging, feed water quality … etc., at
specific time.
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As the variation of parameters in the real operation cannot be pre-detected and the
change of parameters affect directly the cost, we consider a mirage between the two
options as follows:

• Develop a cost graph for the production cost through plant lifetime according to
the design parameters PCD (t).

• Develop a cost graph for the production cost through plant lifetime considering
the startup parameters and the trend of the graph developed from the design
parameters PCS (t), the developed graph will be considered as the reference for
evaluation.

A design performance index for the RO system (DPIRO) can be considered to judge
and evaluate the plant design. The performance of the entire system is dependent
upon the proper design and operation of each component. It is desirable that the RO
plant is capable of sustainably producing the required amount of potable water with
acceptable quality at minimum cost [4].

3.2 Reverse osmosis plants environmental performance index

Environmental performance index (EPI) is the matching of ongoing negative
environmental impact (NEI) results against set goals of production cost along the
plant lifetime.

The proposed environmental performance index for reverse osmosis plants
(ROEPI) is calculated by dividing the considered environmental evaluation parame-
ters actual cost (EEPAC), by the environmental evaluation parameters planned cost
(EEPPC) for the production of one cubic meter of the entire reverse osmosis plants [3].

Due to the variation of operation parameters such as saline water temperature and
operation conditions, we consider minimum and maximum values for environmental
evaluation parameters planned cost is to be considered as the reference of evaluation
for the Environmental Performance Index, as shown in Figure 4.

Two options can be considered for the calculation of the planned cost (PC):

• According to the design parameters.

• According to the startup parameters.

The planned cost (PC) according to the design parameters normally considers the
variation of feed water temperature and the membrane aging, which means that we have
a different value, which gives us another choice, either consider the lowest value, highest
value, the average value or create a value for the planned cost function of time PC (t).

Figure 4.
Maximum and minimum environmental evaluation parameters for RO plant.
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The planned cost (PC) according to the startup parameters considers the actual data for
feed water temperature, membrane aging, feed water quality … etc., at a specific time.

Due to the variation of governing parameters in RO system, a dynamic reference is
considered to be able to evaluate the environmental performance index through the
plant lifetime as shown in Figure 5.

An environmental performance index based on design for the RO system (RODEPI)
can be consider to judge and evaluate the plant design.

The environmental performance of the entire system is dependent upon the proper
design and operation of each component. It is desirable that the RO plant is capable of
sustainably producing the required amount of potable water with acceptable quality at
a minimum cost.

4. Reverse osmosis performance index calculation

The performance index calculation depends on the calculation of both the actual
cost (AC) and the planned cost (PC) for the production of one cubic meter of the
entire RO system.

The planned cost or the planned total water cost (PTWC) includes both CAPEX
and OPEX as shown in Figure 6.

The actual cost or the actual total water cost include both CAPEX and OPEX, the
results from calculating the actual total water cost (ATWC) has three probabilities;
the first is ATWC less than PTWC, the second is ATWC equal to PTWC, and the third
is ATWC more than PTWC. The proposed reverse osmosis performance index for
reverse osmosis desalination plants (PIRO) is the deviation of ATWC by PTWC as
shown in (Eqs. (1) and (2)).

PIRO ¼ TWCA

TWCP
(1)

Where: PIRO, Reverse Osmosis Performance Index; TWCA, Actual Total Water
Cost; TWCP, Planned Total Water Cost.

Figure 5.
Environmental performance index dynamic reference.
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PIRO ¼ CAPEXAC þOPEXAC

CAPEXPC þOPEXPC
(2)

Where: PIRO, Reverse Osmosis Performance Index; CAPEXAC, Capital Expenditure
Actual Cost; OPEXAC, Operating Expense Actual Cost; CAPEXPC, Capital Expenditure
Planned Cost; OPEXPC, Operating Expense Planned Cost.

The case we have ATWC less than PTWC, seems for the first impression that is the
plant performance index is good as the cost of operation is less than expected, maybe
this is good indication from investors’ point of view, but from a technical point of
view, it has two option either that the plant in a good performance and the design is

Figure 6.
Planned total water cost include both CAPEX and OPEX.

Figure 7.
High and low total water cost for OPEX.
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perfect, or maybe the plant not working in the design conditions and this will affect
the plant lifetime, so a technical analysis should be done.

The case we have ATWC equal to PTWC, is considered the best scenario as it
indicates that everything is going well, but an analysis of all the technical and financial
data has to be done. The case where we have ATWC more than PTWC, indicate that
something is wrong a deep technical and financial analysis needs to be done.

A certain margin needs to be considered as a low and high value for the actual total
water cost as the operation and maintenance of reverse osmosis systems is compli-
cated and contains a lot of items and parameters that affects the calculations, in this
study, we will consider this margin only for the OPEX with a value of �10% of the
planned operation cost as shown in Figure 7.

5. Performance index calculation tool

A proposed tool has been created in this study to make the analysis easier for the
owners and investors to directly know the reasons of the difference between the
planned and actual water cost and the correction action needs to be done.

A logic flow chart indicates how we can follow the reason or reasons for the
variation depending on checking the difference of the cost of each item which directs
us to technical reason if applicable, as example if the tool found that the actual power
consumption is higher than the cost of the planned one, it is automatically makes a
compare the actual and planned power consumption for all the items previously listed
in the tool, then indicate to the operator that as an example the power consumption
for the filter feed pump is higher than planned, so a correction action by the operator
has to be done to overcome this higher power consumption.

Performance index tool will minimize the time and help the operators and the
managers to trace the reasons for the higher operation cost. A part of the logic flow
chart is shown in Figure 8.

Figure 8.
Logic flow chart for total water cost.
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6. Environmental performance index calculation

An evaluation of the environmental impact of reverse osmosis plants become
absolutely necessary to reduce it is effect on climate change. The environmental
performance index for a reverse osmosis desalination plant (ROEPI) shows the impact
of both the design and operation for each plant of global warming and climate change.

A rule has to be found to enable governments, international organizations, owners
and companies to judge their plant environmental performance, in an integrated
system such as RO system which contains a lot of equipment and items. An environ-
mental performance index for reverse osmosis desalination plants (ROEPI) has been
developed to enable the governments, international organization and decision makers
to judge their plants and take the correction actions to reducing the environmental
impact can be effectively achieved.

The proposed Environmental Performance Index for reverse osmosis
desalination plants (ROEPI) consists of three main items as shown in Figure 9 and
(Eqs. (3) and (4)).

ROEPI ¼ ROMEPI þ ROTEPI þ ROAEPI (3)

Where: ROEPI, Reverse Osmosis Environmental Performance Index; ROMEPI,
Reverse Osmosis Marine Environmental Performance Index; ROTEPI, Reverse Osmosis
Terrestrial Environmental Performance Index; ROAEPI, Reverse Osmosis Air Environ-
mental Performance Index.

ROEPI ¼ ROEPIAC

ROEPIPC
¼ ROMEPIAC

ROMEPIPC
þ ROTEPIAC

ROTEPIPC
þ ROAEPIAC

ROAEPIPC
(4)

Where: ROEPI, Reverse Osmosis Environmental Performance Index; ROEPIAC,
Reverse Osmosis Environmental Performance Index Evaluation Parameters Actual
Cost; ROEPIPC, Reverse Osmosis Environmental Performance Index Evaluation
Parameters Planed Cost; ROMEPIAC, Reverse Osmosis Marine Environmental Perfor-
mance Index Evaluation Parameters Actual Cost; ROMEPIPC, Reverse Osmosis Marine

Figure 9.
Reverse osmosis environmental performance index main items.
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Environmental Performance Index Evaluation Parameters Planned Cost; ROTEPIAC,
Reverse Osmosis Terrestrial Environmental Performance Index Evaluation Parame-
ters Actual Cost; ROTEPIPC, Reverse Osmosis Terrestrial Environmental Performance
Index Evaluation Parameters Planned Cost; ROAEPIAC, Reverse Osmosis Air Environ-
mental Performance Index Evaluation Parameters Actual Cost; ROAEPIPC, Reverse
Osmosis Air Environmental Performance Index Evaluation Parameters Planned Cost.

Marine environment pollution index (ROMEPI), considering high salinity, high
temperature, high pH, and chemical residuals.

The governing equations for the marine environment pollution index (ROMEPI) are
shown in (Eq. (4))

ROMEPI ¼ ROSaEPI þ ROTeEPI þ ROpHEPI þ ROCrEPI (5)

Where: ROMEPI, Reverse Osmosis Marine Environment Pollution Index; ROSaEPI,
Reverse Osmosis Salinity Environment Pollution Index; ROTeEPI, Reverse Osmosis
Temperature Environment Pollution Index; ROpHEPI, Reverse Osmosis
pH Environment Pollution Index; ROCrEPI, Reverse Osmosis Chemical Residuals
Environment Pollution Index.

ROSaEPI ¼ SaAC
SaPC

(6)

Where: ROSaEPI, Reverse Osmosis Salinity Environment Pollution Index; SaAC,
Salinity Environment Evaluation Parameters Actual Cost; SaPC, Salinity Environment
Evaluation Parameters Planned Cost.

ROTeEPI ¼ TeAC
TePC

(7)

Where: ROTeEPI, Reverse Osmosis Temperature Environment Pollution Index;
TeAC, Temperature Environment Evaluation Parameters Actual Cost; TePC, Tempera-
ture Environment Evaluation Parameters Planned Cost.

ROpHEPI ¼ pHAC

pHPC
(8)

Where: ROpHEPI, Reverse Osmosis pH Environment Pollution Index; pHAC,
pH Environment Evaluation Parameters Actual Cost; pHPC, pH Environment Evalua-
tion Parameters Planned Cost.

ROCrEPI ¼ CrAC
CrPC

(9)

Where: ROCrEPI, Reverse Osmosis Chemical Residuals Environment Pollution
Index; CrAC, Chemical Residuals Environment Evaluation Parameters Actual Cost;
CrPC, Chemical Residuals Environment Evaluation Parameters Planned Cost.

ROMEPI ¼ SaAC
SaPC

þ TeAC
TePC

þ pHAC

pHPC
þ CrAC

CrPC
(10)
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Where: ROMEPI, Reverse Osmosis Marine Environment Pollution Index; SaAC,
Salinity Environment Evaluation Parameters Actual Cost; SaPC, Salinity Environment
Evaluation Parameters Planned Cost; TeAC, Temperature Environment Evaluation
Parameters Actual Cost; TePC, Temperature Environment Evaluation Parameters
Planned Cost; pHAC, pH Evaluation Environment Parameters Actual Cost; pHPC,
pH Evaluation Environment Parameters Planed Cost; CrAC, Chemical Residuals Envi-
ronment Evaluation Parameters Actual Cost; CrPC, Chemical Residuals Environment
Evaluation Parameters Planned Cost.

Terrestrial environment pollution index (ROTEPI), considering membrane ele-
ments, cartridge filter elements, spare parts, and heavy use of chemicals.

The governing equations for terrestrial environment pollution index (ROTEPI) are
shown in (Eq. (11)).

ROTEPI ¼ ROMeEPI þ ROCaEPI þ ROSpEPI þ ROChEPI (11)

Where: ROTEPI, Reverse Osmosis Terrestrial Environment Pollution Index;
ROMeEPI, Reverse Osmosis Membrane Elements Environment Pollution Index;
ROCaEPI, Reverse Osmosis Cartridge Filter Elements Environment Pollution Index;
ROSpEPI, Reverse Osmosis Spare Parts Environment Pollution Index; ROChEPI, Reverse
Osmosis Chemical Environment Pollution Index.

ROMeEPI ¼ MeAC
MePC

(12)

Where: ROMeEPI, Reverse Osmosis Membrane Elements Environment Pollution
Index; MeAC, Membrane Environment Evaluation Parameters Actual Cost; MePC,
Membrane Environment Evaluation Parameters Planned Cost.

ROCaEPI ¼ CaAC
CaPC

(13)

Where: ROCaEPI, Reverse Osmosis Cartridge Filter Elements Environment Pollution
Index; CaAC, Cartridge Filter Elements Environment Evaluation Parameters Actual Cost;
CaPC, Cartridge Filter Elements Environment Evaluation Parameters Planned Cost.

ROSpEPI ¼ SpAC
SpPC

(14)

Where: ROSpEPI, Reverse Osmosis Spare Parts Environment Pollution Index; SpAC,
Spare Parts Environment Evaluation Parameters Actual Cost; SpPC, Spare Parts Envi-
ronment Evaluation Parameters Planned Cost.

ROChEPI ¼ ChAC
ChPC

(15)

Where: ROChEPI, Reverse Osmosis Chemical Environment Pollution Index; ChAC,
Chemical Environment Evaluation Parameters Actual Cost; ChPC, Chemical Environ-
ment Evaluation Parameters Planned Cost.

ROTEPI ¼ MeAC
MePC

þ CaAC
CaPC

þ SpAC
SpPC

þ ChAC
ChPC

(16)
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Where: ROTEPI, Reverse Osmosis Terrestrial Environment Pollution Index; MeAC,
Membrane Environment Evaluation Parameters Actual Cost; MePC, Membrane
Environment Evaluation Parameters Planed Cost; CaAC, Cartridge Filter
Elements Environment Evaluation Parameters Actual Cost; CaPC, Cartridge Filter
Elements Environment Evaluation Parameters Planned Cost; SpAC, Spare Parts Envi-
ronment Evaluation Parameters Actual Cost; SpPC, Spare Parts Environment Evalua-
tion Parameters Planned Cost; ChAC, Chemical Environment Evaluation Parameters
Actual Cost; ChPC, Chemical Environment Evaluation Parameters Planned Cost.

Air environment pollution index (ROAEPI), considering high energy
consumption.

The governing equations for air environment pollution index (ROAEPI) are shown
in (Eq. (17)).

ROAEPI ¼ ROEnEPI (17)

Where: ROMEPI, Air Environment Pollution Index; ROEnEPI, Energy Environment
Pollution Index.

ROEnEPI ¼ EnergyAC
EnergyPC

(18)

Where: ROEnEPI, Energy Environment Pollution Index; EnergyAC, Energy Envi-
ronment Evaluation Parameters Actual Cost; EnergyPC, Energy Environment Evalua-
tion Parameters Planned Cost.

7. Environmental performance index indicators

An indicator for the reverse osmosis desalination environmental status is proposed,
this indicator shows the environmental status of the station based on the eeverse
osmosis desalination environmental index (ROEPI).

The indicator has three cases. Figure 10 shows that environmental performance
index indicator has three cases; the first case is (ROEPIAC) < (ROEPIPC), the second
case is (ROEPIAC) = (ROEPIPC), and the third case is (ROEPIAC) > (ROEPIPC).

Figure 10.
Environmental performance index indicators cases.
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The first case of (ROEPIAC) less than (ROEPIPC), for first impression this case
indicates that the environmental plant performance index is good as the cost is less
than expected. From a technical point of view, it has two prospects as follow:

• Either the plant in a good environmental performance and the design is perfect.

• Or maybe the plant not working in the design conditions and this will affect the
plant lifetime.

The second case of (ROEPIAC) equal to (ROEPIPC), is considered the best scenario as
it indicates that the environmental plant performance index is good and the plant is
working in a good manner.

The second case of (ROEPIAC) equal to (ROEPIPC), is considered the best scenario as
it indicates that everything is going well, but an analysis of all the technical and
financial data has to be done.

The third case of (ROEPIAC) higher than (ROEPIPC), indicates that something is
wrong.

A detailed review of all environmental items will identify which prospect is the
right one and show which item has a negative effect on the plant. Figure 11 shows the
detailed review sequence. The environmental performance index (ROEPI) will help to
indicate the environmental impact of the RO plants and their effect on climate change.

8. Desalination system and artificial intelligence

Desalination systems include water intake, pretreatment (where water is filtered
from solid wastes), main desalination stage (salt is removed from water), post-
treatment (chlorination and minerals addition), then fresh water is stored in tanks
ready to be transported to consumers. Like most manufacturing plants worldwide,
desalination plants face multiple challenges that hinder the fluidity of the processes
and could pose a threat to their longevity. Employee productivity and safety, machine

Figure 11.
Detailed environmental performance Index Items Review Sequence.
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failures, environmental impact, and increased water and energy costs are some
examples from these challenges.

The use of artificial intelligence technologies in desalination will improve produc-
tion efficiency, improve employee productivity, and environmental sustainability.

8.1 Desalination system integration and compatibility

The overall performance of the entire reverse osmosis desalination plant depends
on the performance of each of the plant components. A desalination system consists of
a lot of equipment, each equipment has its own governing equations and performance
evaluation behavior, integration and compatibility of all of these equipment are man-
datory. Figure 12 shows examples of reverse osmosis desalination plant equipment
governing equations.

All these processes generate a huge number of interconnected decision parameters/
variables throughout the water flow. Analyzing this complex data is often over-
whelming, inhibiting the ability of the plant managers and engineers to find adequate
solutions in a timely manner.

8.2 Gap between information technology (IT) and operational technology (OT)

All these equipment and instrumentations in the desalination industry have a huge
number of data, variables, and parameters affected by the operation parameters,
equipment performance and water production target. High-skill operators, engineers,
and managers are needed to deal with these daily data and variables. Analyzing this
complex data is often overwhelming, inhibiting the ability of the plant managers and
engineers to find adequate solutions in a timely manner.

With the right approach and mindset, the industry challenges mentioned earlier
can be converted into opportunity areas but first we have to think about them in a
more general way. In a broader context, most of these challenges can become a gap
between information technology (IT) and operational technology (OT). Due to the
lack of common software interfaces, standard data formats, and common connectivity
protocols between the two technologies, organizations are struggling with the IT and
OT worlds which have largely occupied separate domains [7].

Figure 12.
Reverse osmosis desalination plant equipment governing equations examples.
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Machine Learning (ML) which is a subset of artificial intelligence (AI) can analyze
these vast production datasets to predict and adapt to certain scenarios and thus
convert challenges into solutions, optimization, and improvement with the right
approach and mindset, the desalination industry challenges can be converted into
opportunity areas but first we have to think about them in a more general way.

These challenges can become a gap between information technology (IT) and
operational technology (OT), this gap between the two technologies forces the desa-
lination organizations to struggle with (IT) and (OT) until a common software inter-
face can be implemented.

8.3 Intelligent desalination system

Intelligent desalination plants leverage interconnected IT-OT systems plants tak-
ing advantage of Industry 4.0, featuring machines and software capable of self-
diagnosis and alerting potential malfunctions. The introduction of advanced machines
and devices equipped with smart sensors by IoT facilitates continuous streams of data
to be uploaded to the cloud for analysis. This real-time data collection allows for
immediate monitoring and assessment of various parameters within the desalination
process. Consequently, any potential issues can be detected and addressed promptly,
reducing downtime and increasing operational efficiency.

Once the data is collected, it is processed using artificial intelligence (AI) and
machine learning (ML) technologies. These systems continuously improve with the
availability of more data, enhancing their predictive capabilities and decision-making
accuracy. By integrating intelligent connected equipment within water production
units, the desalination process benefits from data-driven decision-making. This inte-
gration leads to higher efficiency and productivity, as the system can optimize opera-
tions based on real-time insights and historical data trends.

IoT sensors play a crucial role in gathering real-world data about water flow, such
as temperature, pressure, and chemical composition. They also monitor the health of
machinery by tracking temperature, vibrations, and operating conditions. Different
pieces of equipment, including pipes, pumps, and valves, are connected through IoT,
facilitating comprehensive communication throughout the desalination process. This
interconnectedness ensures that all components of the system are functioning harmo-
niously and that any anomalies are quickly identified and rectified.

While IoT is primarily concerned with the real-time gathering of production data,
AI and ML use mathematical algorithms to analyze this data and extract meaningful
insights. These insights enable better decision-making and optimization of the desali-
nation process. The high volume, velocity, and variety of IoT data often require big
data analytics technologies to manage and interpret the information effectively. By
leveraging AI, these technologies can significantly improve manufacturing efficiency
and decision-making, leading to more sustainable and cost-effective desalination
operations. Artificial intelligence technologies help the industry solve real-world
desalination problems and promptly make more practical decisions.

9. Conclusion

Performance index (PIRO) will enable both owners and companies to judge their
plant performance, in an integrated system such as an RO system which contains a lot
of equipment and items, each has its performance, it is a big challenge to find an index
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that can give us a good indication for the entire system. Performance index (PIRO) is
calculated by dividing the actual cost (AC), by the planned cost (PC) for the produc-
tion of one cubic meter of the entire RO system. A design performance index for the
reverse osmosis system (DPIRO) can be considered to judge and evaluate the plant
design. Performance index tool will minimize the time and help the operators and the
managers to trace the reasons for the higher operation cost.

Reverse osmosis environmental performance index (ROEPI) will enable both
owners and companies to judge their plant environmental performance, in an inte-
grated system such as RO system which contains a lot of equipment and items, each
has its environmental performance, it is a big challenge to find an index that can give
us a good indication for the entire system environmental performance.

Reverse osmosis environmental performance index (ROEPI) is calculated by divid-
ing the actual cost (AC), by the planned cost (PC) for the considered environmental
evaluation parameters. The environmental performance index (ROEPI) will help to
indicate the environmental impact of the RO plants and their effect on climate change.

The use of artificial intelligence technologies in desalination will improve produc-
tion efficiency, improve employee productivity, and environmental sustainability.
Artificial intelligence technologies help the industry solve real-world desalination
problems and promptly make more practical decisions.
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