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Abstract: As global demand for freshwater grows, seawater desalination has become one of the
most promising methods for obtaining freshwater. Many coastal nations have included it in their
sustainable development plans and are actively advancing related technologies. Compared with
traditional desalination methods, such as distillation and membrane-based desalination, seawater
freezing desalination offers the benefit of producing large amounts of freshwater at lower costs. This
study provides an overview of the main methods and principles of seawater freezing desalination
and summarizes the latest research progress. This paper also discusses experimental and simulation
studies of different principles. Current research shows that both direct and indirect seawater freezing
desalination technologies have become relatively mature, laying a foundation for practical applica-
tions. Hydrate-based desalination, eutectic freezing technology, and vacuum freezing technology
offer cost-reduction benefits, but existing technologies have limitations, making these areas hot topics
in research. Additionally, this paper discusses the experimental progress and simulation methods as-
sociated with this, elaborates upon, and analyzes the freezing crystallization process and desalination
efficiency from the perspective of the bottom layer of crystal growth, offering valuable insights for
future research. It concludes by summarizing and predicting the development of these technologies,
emphasizing their great potential due to their low-cost and sustainable features.

Keywords: seawater; freeze desalination; crystal growth; experiment research; numerical simulation

1. Introduction

Driven by human daily activities and industrial development, global demand for
freshwater resources has increased sharply. However, 97.5% of surface water is saline,
and only 0.3% of freshwater is directly available for human use [1]. Population growth,
accelerated industrialization, urbanization, and economic development have intensified
this demand, exacerbating the global water crisis. As demand continues to rise while
fresh-water supply remains limited, our planet is facing an increasingly severe freshwater
shortage. Roughly half of the world’s population currently experiences severe water
scarcity for at least part of the year. One quarter of the world’s population faces ‘extremely
high’ levels of water stress [2]. According to the World Population Prospects 2024 Summary
of Results released by the United Nations, the global population is expected to reach
10.3 billion by 2080 [3]. The large population will exacerbate the situation of insufficient
freshwater resources.

Desalination is a technology that address freshwater shortages by treating seawater or
brackish water to meet water supply needs. As shown in Figure 1, these technologies can
be divided into the following two categories:
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• Thermal methods, which mainly include multi-stage flash distillation (MSF), multi-
effect distillation (MED), membrane distillation (MD), freeze desalination (FD), and
hydrate desalination (HFD).

• Membrane methods, which mainly include reverse osmosis (RO), electrodialysis (ED),
and nanofiltration (NF).

Thermal methods utilize the phase change of water through evaporation and subse-
quent condensation to achieve desalination [4]. Membrane methods employ the potential
differences, such as pressure and concentration gradients, between two liquids to remove
salt ions and other impurities from the solution, thereby achieving desalination [5].
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The latent heat of freezing for water is approximately 334.7 kJ/kg, which is about 15%
of the latent heat of vaporization at 2255.3 kJ/kg [7]. The energy consumption of MSF is
18 kWh/m3 [8], and this method requires operation at high temperatures, which can lead
to scaling and corrosion. These issues not only affect system stability but also result in
high construction and maintenance costs, hindering sustainable economic development [9].
Additionally, membrane fouling is a major issue in membrane desalination, as it not only
increases maintenance costs but also shortens the lifespan of membranes. Moreover, to
generate appropriate water fluxes during the desalination process, it is necessary to apply
an osmotic pressure higher than that of the concentrate. Before the reverse osmosis stage,
seawater needs to be pre-treated with microfiltration or ultrafiltration to remove dissolved
substances and particulates from the raw seawater, thereby reducing membrane fouling
and extending its lifespan [10]. However, this pre-treatment, further increases the cost of
membrane desalination.

FD technology may effectively overcome many of the technical challenges faced
by traditional desalination methods. This method separates the water in seawater from
saltwater by freezing it. During the freezing process, water will preferentially crystallize and
grow salt, removing salt from the solution. Freshwater is then extracted from the ice [11].
After these crystallized ice blocks are separated from the saltwater, they are washed and
melted to obtain pure water. Figure 2 illustrates the principle of freezing desalination: as the
temperature decreases, the saltwater cools to its freezing point, resulting in the formation
of solid ice and a more concentrated brine solution.

Compared to the energy-intensive thermal methods and the expensive membrane
methods, freeze desalination is a relatively eco-friendly and sustainable seawater desali-
nation technology. This method is less prone to corrosion and scaling, allowing for lower
operating and maintenance costs [12], while also eliminating the need for additional chemi-
cal agents, thus avoiding environmental pollution [13]. Additionally, FD can handle the
high-concentration brine produced by methods such as MD and RO [14].
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Although seawater freezing desalination technology has many advantages, it has not
yet been applied on a commercial scale. This is mainly due to a conservative attitude
towards new technologies, with concerns that the process is mechanically too complex and
lacks sufficient test data [15]. Additionally, the desalination mechanism in the freezing
process is not yet fully understood, particularly its performance under different process pa-
rameters. A major challenge during the freezing process is that salts tend to remain trapped
between ice crystals, forming high-concentration brine pockets [16], which necessitates
additional Post-treatment or pre-treatment steps, thus increasing operational costs [17].

Although there are numerous experimental studies on FD, the scholarly domain
lacks comprehensive evaluations of the latest developments in saltwater permeation, as
observed in both experimental and computational research. To better understand the FD
process, this paper will first provide a detailed explanation of the mechanism of seawater
freezing desalination and summarize the most recent and representative developments
across various desalination technologies. Based on this theoretical foundation, the paper
will present the experimental and simulation progress of freezing desalination, focusing
on the effects of experimental and simulation parameters (such as freezing temperature
and salinity) on ice formation rates and salinity levels within the ice. Finally, the paper will
discuss the challenges of freezing desalination and provide relevant recommendations.

2. Principles and Main Types of Seawater Freezing Desalination

FD is an application of freeze crystallization technology, in which dissolved salts are
excluded during ice crystal formation, leading to the separation of ice and brine. However,
in naturally frozen sea ice, due to the different crystallization temperatures of water and
salt, salt tends to accumulate during freezing, forming brine pockets that get trapped
within the sea ice [16]. To better understand the process of freezing desalination, Paul
M. Williams [18] and his colleagues conducted the experiment presented in Figure 3b,
where a solution containing methylene blue dye was placed in a metal beaker and slowly
frozen. This process successfully separated the dye from the water. As also shown in
Figure 3b, the edges of the ice block are almost pure water, while the center contains
concentrated methylene blue solution, which can be drained off, leaving behind pure ice.
However, Figure 3b also highlights the issue of small amounts of dye being trapped in
the ice, resulting in a slight blue tint. Therefore, to obtain purer water, the ice needs to be
washed to remove any residual dye before it is melted to produce freshwater. This simple
experiment demonstrates the three main steps of the freeze separation process: lowering
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the temperature to form ice, separating the ice from the brine, and melting the ice. Figure 3a
shows the current main-stream freezing desalination process. First, seawater is introduced
into a crystallizer to initiate the crystallization process. All types of freezing processes are
defined by the form of freezing that occurs during crystallization. Once ice crystals form,
the ice slurry is transferred to a separator, where the ice crystals and brine are separated.
This apparatus usually takes the form of pressing, gravity drainage, centrifuges, filters, or
washing columns [19]. Typically, this apparatus also serves as a washing device, where
fresh water is used to wash the ice crystals to remove entrained brine. Finally, the ice
crystals enter the melting unit, where freshwater is obtained after melting.
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The processes of freeze crystallization can be sorted into five separate groups, differ-
entiated by the freezing conditions and techniques implemented within the crystallizer:
(1) direct FD [20]; (2) hydrate FD [21]; (3) indirect FD [22]; (4) eutectic FD [23]; and (5) vac-
uum FD, each differentiated by their operating conditions. In seawater desalination, direct
FD involves transferring cooling energy through direct contact between the refrigerant and
the seawater. In contrast, indirect FD uses a thermally conductive solid surface to separate
the refrigerant from the seawater. The cooling energy is transferred to the seawater via this
surface, which is cooled by the circulating refrigerant. In both methods, the temperature
remains above the eutectic point. However, if the cooling temperature is reduced to the
eutectic point during the freezing process, eutectic freezing occurs [24]. Under these circum-
stances, the formation of salt crystals and ice occurs together, with separation achievable
through gravitational forces. Moreover, vacuum freeze desalination (VFD) functions in
an environment of elevated vacuum pressure. In this technique, the swift vaporization
of a portion of the water removes considerable heat from the mixture, inducing a chilling
effect that prompts the leftover water to turn into ice. Additionally, the water vapor that
has evaporated can be recaptured and condensed back into drinkable water [25].
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2.1. Direct FD

In this freezing desalination method, an insoluble liquid hydrocarbon refrigerant
(such as butane) is introduced into the saline solution and comes into direct contact with
the saltwater. Under low-pressure conditions, the refrigerant evaporates and vaporizes,
rapidly absorbing a large amount of heat from the saltwater, causing the water molecules to
nucleate and freeze. A schematic of the freezing desalination process is shown in Figure 4a.
The resulting ice slurry then undergoes separation, washing, and melting steps to produce
fresh water. The refrigerant vapor is compressed and condensed back to a high-pressure
state, restarting the cycle. Meanwhile, the separated brine is used to pre-cool the incoming
seawater, allowing for partial heat recovery.
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The benefit of direct freeze desalination (FD) is its high efficiency in producing freshwa-
ter, stemming from the direct contact between saltwater solution and refrigerant, allowing
for rapid transfer of cold energy [27]. Direct FD is considered the most effective method of
freeze desalination [28,29], commonly utilizing non-soluble refrigerants like butane and
freon, which vaporize upon contact with seawater [30], drawing out substantial latent heat
and forming ice crystals. The refrigerants typically have boiling points below −4 ◦C and
their evaporation pressures are relatively low, under 2.8 atmospheres. Additionally, refrig-
erants are non-toxic and exhibit relatively stable physicochemical properties in seawater,
making it difficult to form hydrates with seawater. Nevertheless, a primary disadvantage
of direct FD is that the refrigerant may not fully evaporate, leaving some residue in the ice,
which can affect the safety of the produced drinking water [31]. Table 1 summarizes the
key research findings on direct FD.
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Table 1. State of the art in direct FD.

Reference Methodology Performance

M. Landau, A. Martindale [20]

Using butane as the refrigerant, the
experiment tested the freezing

performance of a stirred tank crystallizer,
a segmented crystallizer, and a drainage

tube crystallizer

Increasing the stirring rate and saline
retention time improved the ice quality

and reduced salt content, indicating that
turbulence positively affects the ice

crystal growth process.

Xie, zhang, liu, lv [32]

The jacketed structure, bottom 45-degree
inclined nozzle arrangement, and air

flotation technology were used to
optimize the direct contact heat transfer

process between the refrigerant
and seawater.

At an initial refrigerant temperature of
−60 ◦C and an ice mass fraction of
0.23–0.34, the ice maker achieved a
volumetric heat transfer coefficient

reduction from 92.5 to 81.9 kW/m3 · ◦C,
achieving the optimal balance for the

seawater freezing desalination process
and efficient utilization of LNG

cold energy.

Liu, ming, wu, richter, fang [33]

A spray freezing desalination system
based on a natural ventilation tower was
developed, utilizing large-area heat and

mass transfer between cold air and
sprayed water droplets to improve

freezing efficiency.

Under an ambient temperature of −26 ◦C
and with 2 mm water droplets, the

system could produce 27.7 kg of
freshwater per second.

Jiang, cao, fei, zhao [34]

Two wastewater treatment devices based
on freeze separation were developed

using an air-cooling device and a
direct-contact cooling device.

When the solution concentration was
0.5 g/L, both freezing methods achieved
over 90% removal of inorganic salts, with

the copper contact cooling device
showing the best performance in

energy efficiency.

Mehdi, Amirsaman, Hossein [35]

A seawater freezing desalination system
that directly utilizes LNG cold energy
was developed, and a multi-objective
optimization study was conducted to
find the best combination of design

variables to achieve maximum ice mass
and minimum salinity.

The optimal LNG temperature was
−47.5 ◦C, and under a Reynolds number

below 16,000, the system could meet
potable water standards after a

three-stage freezing process.

2.2. Indirect FD

In contrast to direct FD, indirect FD involves the seawater and refrigerant not coming
into direct contact, with a cold barrier surface separating the two, and with the solution’s
heat being transferred to the refrigerant through the wall, as shown in Figure 5. This
method is mainly divided into two categories: suspended freeze crystallization [36] and
progressive freezing on a cold surface [37], as shown in Figure 6.
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During the suspension crystallization process, the saltwater solution is circulated
through a scraping surface heat exchanger at lower temperatures, encouraging the forma-
tion of tiny ice crystals (50 µm). Subsequently, the ice slurries are channeled back into the
main vessel to facilitate crystal growth, and the ice is eventually isolated from the slurry
through a filtration process.

Suspension crystallization typically cannot meet freshwater standards (≤0.1% salinity)
because the ice crystals formed are small, and salts contaminate the surface of the ice crys-
tals, with no uniform freezing direction provided. Additionally, studies show that the cost
and challenges involved in using suspension methods for seawater desalination to meet
freshwater standards are far greater than those required for progressive freezing [39]. Sus-
pension freeze crystallization is a well-known process used in the food industry; however,
in terms of cost and the simplicity of process and equipment, it is inefficient [36].

This is also the reason why current FD research focuses on progressive freezing
desalination [40]. Initially, a monolayer of ice forms on the cooling surface, and as the
freezing process continues, the ice layer’s thickness gradually increases. Compared with
suspension freeze crystallization, the ice crystals formed during the freezing of the ice layer
are larger, which helps reduce the brine attached to the ice layer, thereby improving the
desalination effect. Additionally, this method exploits the temperature differential between
pure water crystallization and salt crystallization, resulting in greater freshwater yield with
lower energy consumption [7].

The challenge of this method is that pure water crystallizes before the salt, causing
the salt to accumulate and form “brine pockets” trapped in the ice crystals [41], leading to
excessively high salt concentrations in the ice [42]. Therefore, Post-treatment techniques
are required to purify seawater, mainly including water washing and centrifugation [43].
Due to these challenges, further improvements are necessary in the technology to reduce
costs, increase freshwater production, and enhance water network interconnectivity.

Another option is to implement pre-treatment techniques instead of Post-treatment,
with the key being to control crystallization conditions to suppress the formation of “brine
pockets”. Current research focuses primarily on spray freezing [44], vertical freezing [45],
directional freezing [46] and axial freezing. These findings indicate that seawater freez-
ing desalination is mainly influenced by the nucleation method, supercooling temper-
ature, and cold flux, and that the latent heat released during crystallization affects the
concentration and temperature gradients of the solution. However, the mechanism of
brine pocket removal from ice crystals and the microscopic growth mechanisms remain
unclear. Researchers are currently studying the inhibitory effects of pre-treatment tech-
niques on brine pocket formation. Table 2 summarizes key research findings on indirect
seawater desalination.
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Table 2. State of the art in indirect FD.

Reference Methodology Performance

Osato, Liu, Shirai, Shigeru [38]

This paper designs a tubular ice system
that uses a large cooling surface to

promote the formation of single-crystal
ice, simplifying the separation process of

ice crystals from the mother liquor.

The results show that higher circulation
rates and slower ice advancement speeds

can significantly reduce the solute
distribution coefficient and improve

ice purity.

Yahui, Yudong, Jinyan, Xiao [47]

Batch experiments were conducted to
study the effects of different freezing
temperatures, initial concentrations,

freezing rates, and total dissolved solids
(TDS) on fluoride removal efficiency.

The results showed that the optimal
temperature range is between −15 ◦C
and −20 ◦C. In deionized water, the

fluoride removal rate ranged between
75% and 85%.

Thouaïba, Claudia, Emilie, Denis [48]

The solid-liquid phase diagram of the
water/acetone system was determined
using differential scanning calorimetry

(DSC) and the synthetic method.

The results indicated that the lowest
impurity concentration was 3.92 g/L,

requiring further Post-treatment steps to
reduce the impurity content.

Jiang, cao, fei, zhao [34]

Two wastewater treatment devices based
on freeze separation were developed

using an air-cooling device and a
direct-contact cooling device.

When the solution concentration was
0.5 g/L, both freezing methods achieved
over 90% removal of inorganic salts, with

the copper contact cooling device
showing the best performance in

energy efficiency.

Reza Kaviani, Hamidreza Shabgard, Aly
Elhefny, Jie Cai, Ramkumar

Parthasarathy [49]

A novel FD system utilizing an
intermediate cooling liquid (ICL) is

fabricated and used to desalinate brines.

At constant feed brine salinity, as the
cooling temperature decreased the
recovery ratio increased. At a fixed

cooling temperature, the ice generation
was greater for feed brine with

smaller salinities.

2.3. Hydrate FD

Hydrate FD is considered quite similar to direct contact FD [50]. The desalination
process, illustrated in Figure 7, involves the formation of water molecule cages around
greenhouse gas molecules (e.g., CO2, CH4, C2H6, and SF6) [51,52], resulting in natural
gas hydrates under specific temperature and pressure conditions (TPC) [53]. During the
process of seawater desalination and freshwater separation, these hydrates facilitate the
removal of salts from the solution.
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CO2 hydrates, in particular, have relatively milder formation conditions. While param-
eters such as induction time, generation rate, and volume may initially seem less favorable,
they can be improved through the addition of thermal or kinetic enhancers and their syn-
ergistic effects. This makes CO2 a viable guest gas for hydrate formation. By introducing
gaseous or liquid hydrocarbons alongside CO2 as formation gases [54], hydrates can form
at temperatures above the freezing point. Notably, the formation of natural gas hydrates
can raise the freezing point of the solution to as high as 12 ◦C [50], making this method
highly effective under certain operating conditions.
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The hydrate FD offers several unique advantages, including efficient greenhouse gas
treatment and utilization, along with low-cost wastewater concentration, and freshwater
production [55]. Additionally, the concentrated ion solution generated during this process
can be used to extract valuable mineral resources [56].

The key to the hydrate FD process lies in the formation and decomposition of hydrate
crystals, which occur under specific temperature and pressure conditions involving host
and guest molecules. During the formation stage, the “hydrate cage” excludes salt ions
and particulate pollutants [57]. The process is influenced by various factors such as the
state of the guest molecules, the type of promoters used, the reaction system, and the
apparatus. Once hydrate crystals are formed, Post-treatment methods such as filtration and
centrifugation are employed to separate the crystals from the high-concentration impurity
solution, resulting in pure hydrate crystals [58]. By subsequently adjusting the temperature
and pressure conditions, the system is shifted out of hydrate phase equilibrium, enabling
the separation of freshwater and recoverable guest molecules. Figure 8 illustrates the
efficient implementation process of hydrate-based freshwater separation technology, while
Table 3 summarizes key research findings related to the use of natural gas hydrates in
seawater desalination.
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Table 3. State of the art in hydrate FD.

Reference Methodology Performance

Hai, seong, changsu [60]

Using HFC134a as the hydrate-forming
gas, a continuous hydrate

formation-pressing-dissolution process
was conducted, and Raman spectroscopy

was used to analyze the
hydrate structure.

In a single-stage hydrate process, 89% of
dissolved minerals from seawater,

approximately 80% of ions and total
dissolved solids from hypersaline brine,

and about 81% of pollutants from
wastewater (Coca-Cola sample) were

successfully removed.

Ponnivalavan, Abhishek, Zheng [61]

The cold energy produced during the
regasification of liquefied natural gas

(LNG) was used for hydrate formation
and desalination.

Under a bed thickness of 1.9 cm and a
hydrate formation time of 30 min, a water
recovery rate of 34.85 ± 0.35% and a salt

rejection rate of 87.5 ± 1.84%
were achieved.
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Table 3. Cont.

Reference Methodology Performance

Park, Hong, Lee, Kang [62]

A device was designed for the
continuous production and compression

of CO2 hydrate particles, and Raman
spectroscopy was used to analyze the

hydrate structure.

The single-stage hydrate process
effectively removed 72–80% of dissolved
minerals, with the removal order being

K+ > Na+ > Mg2+ > B3+ > Ca2+.

Han, rhee, kang [63]

This study explored the seawater
desalination process using cyclopentane

hydrate formation and washing
treatment technology.

Experimental results showed that
approximately 63% of salt ions could be
removed through single-stage hydrate

formation and filtration, while
subsequent washing treatment could

further improve salt removal efficiency,
reaching up to 90%.

2.4. Eutectic FD

Eutectic FD is a method that enables the simultaneous separation of ice and salt from
saline wastewater under eutectic conditions, without the use of additional chemicals [64].
As seawater freezes, ice forms and floats, while the concentration of the remaining brine
gradually increases. Once the seawater reaches its eutectic point, the salts begin to precipi-
tate, forming salt crystals. Due to the density difference between the ice crystals and the
salt crystals, they can be separated under the influence of gravity [65]. A simplified process
flow diagram of the EFD process is shown in Figure 9.
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The EFD process starts with the brine solution being fed into a pre-cooler to lower
its temperature, preparing it for the crystallization stage. The pre-cooled brine is then
transferred into a crystallizer, where further cooling below the eutectic temperature results
in the formation of both ice and salt crystals. The ice, which rises to the top of the crystallizer,
is directed to a wash column where it undergoes purification through washing with cold
water. This process effectively removes any remaining impurities, yielding pure ice as the
final product [66].

As a freeze desalination method with low ice melting heat requirements, it demon-
strates exceptionally high energy efficiency, making it highly advantageous for treating
saline wastewater [65]. Life cycle assessments have shown that the EFD process signif-
icantly reduces both energy consumption and carbon footprint compared to traditional
evaporative crystallization (EC) processes.

Additionally, the EFD process minimizes issues related to corrosion and scaling [18].
It also offers the benefit of recovering pure salt and water, which can be reused in industrial
processes. This not only supports resource conservation but also reduces the overall cost of
raw materials [67,68]. Table 4 provides a summary of key research findings related to EFD.
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Table 4. State of the art in eutectic FD.

Reference Methodology Performance

A.E. Lewis, J. Nathoo, K. Thomsen, H.J.
Kramer [69]

A eutectic freeze crystallization process
was studied and designed for treating
multi-component wastewater streams.
Thermodynamic modeling and phase

diagram tools were used to simulate the
phase behavior of complex brine systems.

The first crystallization product was
Na2SO4·10H2O (3.5 ◦C), followed by ice

(−5.25 ◦C), and finally NaCl·2H2O
(−23.25 ◦C).

W. N. A. Mazli, S. Samsuri, N. A.
Amran [70]

The article studied Progressive Freeze
Concentration (PFC) and Eutectic Freeze

Crystallization (EFC) technologies.
Experiments were conducted using

different stirring speeds, cooling times,
and coolant temperatures to assess the

efficiency of both methods.

The study found that in the PFC method,
the optimal separation efficiency was

achieved at a stirring speed of 300 RPM, a
cooling time of 35 min, and a coolant

temperature of −12 ◦C.

Debbie, Jemitias, Chivavava, Alison [71]

The occurrence of ice fouling
development during the Eutectic Freeze

Crystallization (EFC) process, where
brine flows at low scraper velocities and
experiences high supersaturation, was

investigated. The impacts of the driving
force for heat transfer, scraper rotation

speed, and brine composition on the ice
fouling formation time were analyzed.

The experiments showed that ice fouling
formation is closely related to scraper

speed, heat transfer driving force, and the
type and concentration of impurities in

the brine.

Mehdi, Roman, Jemitias, Joonas,
Marjatta [72]

The research investigated the formation
of ice crystals under conditions of

minimal agitation and elevated levels of
supersaturation within a jacketed,

agitated eutectic freeze
crystallization unit.

At low temperatures, ice fouling time is
inversely proportional to temperature; at

higher temperatures, stirring intensity
significantly affects ice fouling time.

2.5. Vacuum FD

Vacuum FD employs a vacuum-assisted freezing mechanism to draw water vapor
out of seawater, complemented by a vapor-compression process for vapor collection. At
elevated vacuum pressures, a fraction of the seawater undergoes evaporation, and the
evaporation removes the latent heat necessary to initiate the freezing process, effectively
allowing the seawater to serve as the refrigerant, similar to direct FD. The vapor and ice
formed during this process are collected, ultimately producing freshwater.

However, a primary obstacle to the broader adoption of vacuum freeze desalination
(FD) is the substantial expense associated with the transportation of vapor at pressures
below the triple point. This issue is further exacerbated by the lack of dependable ice
formation management and the significant energy demands for the compression and
collection of water vapor [7].

In their latest research, Cao and Wang [73] effectively showcased the concurrent
freezing and vaporization of seawater, yielding pure water as both solid ice crystals and
vapor under vacuum and triple-point circumstances. Their methodology incorporated
the use of advanced nucleating agents, which facilitated zero thermal energy expenditure
during the vacuum freezing stage.

In recent years, with the rapid advancement of LNG, the cold energy released during
the LNG gasification process has garnered significant attention from scholars [74]. LNG
regasification can generate approximately 840 kJ/kg of cryogenic energy. However, most
of the cold energy released during the LNG regasification process is wasted. In order to
maximize the efficient use of this cold energy, freeze desalination has become a suitable
option for its utilization. Currently, there have been numerous experimental studies on



Sustainability 2024, 16, 10138 12 of 39

the combination of LNG with seawater freezing desalination. Table 5 summarizes the key
research findings in this area.

Table 5. State of the art in LNG-FD.

Reference Methodology Performance

Attilio Antonelli [75]
A seawater desalination process based on
LNG cold energy was proposed for the

first time.

The study results showed that each ton of
LNG can produce 3.2 tons of freshwater,

and an LNG terminal processing
500 million cubic meters of natural gas

per year can produce approximately
10,000 tons of freshwater daily.

Cao, Lu, Lin, Gu [76]
The FD process using LNG cold energy

was developed and simulated using
gPROMS software.

One kilogram of LNG cold energy is
roughly equivalent to extracting 2 kg

of freshwater.

Lin, Huang, Gu [77]

The system used R410A as a secondary
refrigerant to cool seawater through heat
exchange with LNG, utilizing a flake ice

mechanism to produce ice.

The results showed that the system could
achieve the designed freshwater

production rate of 150 L/h, with a cold
energy conversion efficiency of 2 kg
freshwater/1 kg LNG. The system’s

single-stage freezing desalination rate
was about 50%, indicating that multiple

freezing cycles are needed to produce
potable water.

Seong, Sang, Amadeu, Kun, Ju [78]
LNG cold energy was used as a cryogenic

source for desalinating high-salinity
water through gas hydrate formation.

HFC-134a achieved the fastest hydrate
formation rate at a pressure of only

0.16 MPa.

Sang, Kyungtae [79]

A process design and economic analysis
were conducted for gas hydrate-based

combined power generation and
seawater desalination using LNG

cold energy.

he combined power generation cycle
produced both pure water and electricity,

with an energy consumption of
−5.202 kWh, a simplified desalination

cycle energy consumption of
0.566 kWh/ton of water, and a water

production cost of $0.544.

2.6. Summary

This section reviews several major existing seawater desalination methods, including
the widely used direct freezing desalination method and indirect freezing desalination
method, as well as the hydrate freezing desalination method, eutectic freezing desalination
method, and vacuum freezing desalination method, each of which show great potential
for future development. The direct freezing method is highly efficient but has issues such
as refrigerant residue and low ice crystal separation efficiency, limiting its application
mainly to small-scale seawater desalination. The indirect freezing method currently has
the widest application and strongest adaptability to production conditions. By utilizing
existing cold sources such as liquefied natural gas (LNG), it enhances the overall energy
efficiency, making it suitable for large-scale, high-efficiency, and long-term production
scenarios. Hydrate freezing desalination is an efficient and environmentally friendly sea-
water desalination technology that achieves efficient utilization of greenhouse gases while
enabling the concentration and reuse of wastewater. It features low energy consumption,
high salt separation efficiency, and environmental friendliness. However, this technology
is constrained by factors such as the state of guest molecules, the type of promoter, the
reaction system, and desalination equipment. It is currently in the stages of theoretical
and experimental research and limited to specific environmental applications. Eutectic
freezing desalination has potential in wastewater treatment but is limited by high costs
and complex equipment maintenance. Vacuum freezing desalination, on the other hand,
offers advantages such as high-purity freshwater and low pollution emissions; however,
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its technical complexity limits its broader application. The advantages of the desalination
methods mentioned above are analyzed as shown in Figure 10.
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3. Progress in Experimental Study on Freeze Desalination

The basic types of freeze desalination systems were introduced in the previous section.
This section will now focus on the experimental advancements in freezing desalination,
grounded in the theory of freezing separation. The success of the FD process is largely
dependent on the operating conditions during the crystallization phase. Critical factors
influencing crystallization include initial solution concentration, refrigerant temperature,
degree of supercooling, solution flow rate, and the presence of nuclei.

This article employs the following experimental parameters to assess the efficacy of
various freeze crystallization techniques:

1. Ice crystal size;
2. Salt concentration in the produced ice;
3. Freshwater yield;
4. Growth rate of the ice crystal tip;
5. Desalination efficiency R and effective distribution constant K [80].

Desalination efficiency R and the effective distribution constant K are commonly used
metrics to evaluate the performance of seawater desalination processes [6].

The desalination efficiency, denoted as R, is calculated by taking the difference between
the initial salinity (C0) and the salinity of the ice (Cice), and dividing it by the initial salinity.
It can be expressed by Equation (1) as follows:

R =
(

1 − Cice
C0

)
× 100% (1)

The effective distribution constant K is defined as the ratio of the ice salinity Cice to
the salinity of the remaining concentrated solution CL. It can be expressed by Equation (2)
as follows:

K =
Cice
CL

(2)
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Numerous experimental studies have been conducted to improve desalination ef-
ficiency. This section provides a brief review of the research focused on enhancing de-
salination efficiency, including various freezing methods, identifying optimal operating
parameters, and exploring Post-treatment and pre-treatment techniques. These efforts aim
to enhance salt diffusion and mitigate salt retention during the desalination process.

As discussed in the previous section, most experimental work in seawater freezing
desalination has employed indirect FD systems. Fujioka et al. [81] conducted a progressive
freezing desalination experiment, illustrated in Figure 11, to investigate the effects of ice
tip growth speed, stirrer rotation speed, and initial solution concentration on desalination
performance. The study revealed that desalination efficiency improved with a decrease
in ice tip growth speed and an increase in stirrer rotation speed. This aligns with findings
in other literature, which suggest that slower cooling rates promote the formation of ice
crystals with lower salinity [82,83]. Conversely, lower freezing temperatures lead to faster
crystallization, which prevents salts from being expelled from the ice crystals in time,
thereby reducing the desalination efficiency [84].
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To address the issue of low desalination efficiency, researchers have proposed several
methods. One key limitation is that a single freezing process cannot produce freshwater
directly from seawater. Therefore, multiple desalination cycles involving freezing and
melting of ice crystals can be performed until potable water standards are met. Jayakody
et al. [85] used a combination of computational fluid dynamics simulations and experimen-
tal verification to demonstrate that gradual freezing and melting operations can reduce
the salt content in ice, ultimately achieving desalination. Badawy et al. [86] experimentally
examined the effects of crystallinity, the number of freeze-melt cycles, and gradual melting
on total dissolved solids and salt removal efficiency, with results presented in Figure 12.
After a single freeze-melt cycle, the TDS of the ice water was approximately 18,932 mg/L,
significantly lower than the original seawater TDS of 40,916 mg/L. With multiple freeze-
melt cycles, the TDS decreased further to 610 mg/L, which meets drinking water standards.
In the gradual melting experiment, the TDS of the ice water dropped to 693 mg/L within
6 h. The study demonstrated that by controlling crystallinity and the number of freeze-melt
cycles, seawater salt content can be effectively reduced without the need for chemical
additives. Although multi-stage freezing desalination significantly improves efficiency, the
increased complexity and costs associated with multiple freezing cycles raise the overall
cost of producing potable water [87].
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Figure 12. The influence of experimental parameters on desalination rate: (a) the influence of freezing
melting cycles on desalination rate and freshwater loss; (b) melting time parameter; (c) the influence
of freezing melting cycles on desalination rate and freshwater loss; (d) the influence of freezing
melting cycles on desalination rate and freshwater loss [86].

Another method to improve desalination efficiency is to perform a post-treatment to
the desalinated water after a single freezing desalination process. Post-treatment meth-
ods can reduce salt concentrations and increase freshwater yield, but the impact of Post-
treatment processes on cost must also be balanced [88]. Erlbeck et al. [19] used high-pressure
pressing of the frozen desalinated product to obtain high-purity freshwater, analyzing the
effect of different pressures and holding times on desalination efficiency, Process schematic
and effect are shown in Figure 13a. Chen et al. [89] achieved the freshwater salt content
standard of 0.5% and obtained a 60% freshwater yield using Post-treatment methods, such
as gravity filtration for 20 min or centrifugation for 1 min, Process schematic and effect
are shown in Figure 13b. Additionally, after removing the surface salt from ice crystals
through centrifugation, the freshwater salt content could reach the 0.05% drinking water
standard. Similarly, washing ice crystals with seawater [88] or freshwater [61] is a simple
and economical Post-treatment method that helps improve desalination efficiency, although
the impracticality of using freshwater to produce more freshwater must be considered,
Process schematic and effect are shown in Figure 13c.
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The treatment methods described above are referred to as Post-treatment methods,
which use physical processes to improve desalination efficiency after freezing desalination
and the formation of brine pockets. In contrast, methods applied before brine pocket for-
mation are referred to as pre-treatment methods, which involve influencing the formation
of brine pockets during the process of sea ice formation by applying physical means [90].
By altering external factors to influence crystallization conditions, pre-treatment methods
affect the dendritic growth process of ice crystals. Currently, most scholars are conducting
research aimed at fundamentally improving the quality of ice.

Song et al. [91] analyzed the crystallization process of seawater from the perspective of
seawater flow, and designed experiments to compare ice crystal growth under different flow
velocities. The diagram of experimental system is shown in Figure 14. The experimental
results revealed that, compared to the ice crystal area in static seawater, the ice crystal
area decreased by 21.8% at a flow velocity of 0.025 m/s, and by 25.3% at 0.05 m/s. The
heat generated by seawater is a key factor affecting ice crystal growth. Additionally, Song
et al. utilized heterogeneous particles to simulate ice crystal growth under heterogeneous
nucleation conditions. The results indicated that, in the presence of heterogeneous particles,
the ice crystal area was 10.8% larger than that under homogeneous nucleation conditions,
with a difference of approximately 14.8% in the salt content of the ice crystals between the
two conditions.
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Figure 14. Diagram of experimental system: (a) Experiment setup; (b) Main equipment; (c) Crystal
unit, 1, channel top (glass); 2, seawater; 3, copper base; 4, helium inlet/outlet; 5, anti-fog shell; 6,
seawater inlet; 7, crystal observation unit; 8, seawater outlet [91].

Wang et al. [92] investigated the inhibitory effect of salt adsorption on the formation
of salt pockets and conducted experiments on assisted adsorption during the directional
growth of sea ice. The absorption freeze crystallization experimental system is shown
in Figure 15. The results indicated that, under the influence of adsorption, the growth
of salt pockets was inhibited, and the saltwater channels between adjacent ice crystals
were significantly reduced. In the simulations and experiments, the area of the ice crystals
increased by 6.08% and 11.79%, respectively.
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Figure 15. Schematic and pictures of absorption freeze crystallization experimental system. A:
Sandwich crystallizer, A1: transparent glass (front), A2: stainless steel mesh plate, A3: transparent
glass (back), B: adsorbent layer between A2 and A3, B1: cation exchange resin, B2: anion exchange
resin, B3: seawater [92].

Some researchers have influenced the growth process of ice crystals by altering ex-
ternal environmental conditions. Song et al. [93] analyzed the effect of magnetic fields
on crystal supercooling and the crystallization growth patterns of seawater. Under the
influence of a direct current magnetic field, the ice crystal area increased by 103.9%, while
the number of salt cells decreased by 13.05%. The application of an alternating current
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magnetic field resulted in a 37.8% increase in the ice crystal area and a 17.0% improvement
in overall seawater desalination rates, but it also increased the salt pocket formation by
11.6%. The stepped magnetic field did not affect the crystal area but increased the overall
desalination rate by 14.3%. Zhang et al. [94] compared natural ice melting (NIM), oscil-
lation ice melting (OIM), and ultrasound ice melting (UIM). OIM and UIM can promote
ice desalination. When the OIM and UIM melt ice ratio reach 40% and 65%, the salt can
meet agricultural irrigation water standard. The experimental platform for seawater crys-
tallization is designed as shown in Figure 16. Yang et al. [95] applied microwaves in a
combined process of centrifugal seawater desalination and gravity-induced desalination
to study the effects of microwaves on ice production rate and crystallization time. The
illustrating steps are shown in Figure 17. The findings indicated that microwave treatment
significantly accelerated seawater desalination in both combined processes. By applying a
two-minute microwave treatment, the desalination effect of gravity-induced desalination
was improved compared to centrifugal seawater desalination. Using TDS and Cl− concen-
trations as reference indicators, when the proportion of brine waste is greater than 54%,
the quality of the ice products from gravity-induced desalination of seawater can meet
drinking water standards.
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field [94].

Regarding the seawater freezing desalination method, this section summarizes the
current state of experimental techniques in freezing desalination, focusing on comparative
studies of experimental parameters, data processing, and salt diffusion effects that improve
desalination rates. Experimental methods in academia have evolved from gradual experi-
ments involving slow cooling to form low-salinity ice crystals to more advanced techniques
such as freeze-thaw cycles, multi-stage freezing desalination, and high-pressure freezing
desalination. Currently, most of these experimental techniques are limited to laboratory
research. In optimizing technological pathways, the focus is on analyzing and improving
inefficient processes to enhance desalination efficiency and reduce energy consumption.
Furthermore, by introducing new materials in crystallization equipment that are corrosion-
resistant, have good thermal conductivity, and high strength, the structural design of the
equipment can be further optimized, improving performance and longevity, thereby provid-
ing more reliable support for the practical application of freezing desalination technology.
Overall, freezing desalination experimental technology is still in continuous development,
with multiple fields offering rich research opportunities and potential.
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4. Numerical Simulation Study on Freeze Desalination

Although significant progress has been made in experimental studies of freezing
desalination, achieving better seawater desalination performance through controlling
supercooling, nucleation, multi-stage freezing, and Post-treatment methods, it remains
challenging to directly reveal the microscopic mechanisms of freezing desalination and their
fundamental impact on desalination performance through experiments. Currently, research
on seawater freezing desalination primarily focuses on the principles of ice formation and
growth, as well as the mechanisms brine pocket formation. Experimental studies have
certain limitations in investigating these principles and mechanisms. Numerical simulation,
as a crucial research tool, can facilitate the study of cryogenic desalination mechanisms.
It allows for the exploration of ice crystal growth and brine pocket formation at different
scales [49,85,96].

Simulating seawater desalination through freezing is a complex multi-physics chal-
lenge involving the combined phenomena of heat and mass transfer. In both direct and
indirect FD technologies, cold energy is transferred from the refrigerant to the solution,
creating a temperature differential spurring the migration of salt. Heat exchange occurs
via two primary processes: convection to the saline solution and conduction through the
forming ice crystals. However, indirect freezing includes an additional step of conduction
through a cold barrier between the saline solution and the refrigerant. In contrast, direct
freezing involves the concurrent evaporation of the refrigerant as ice crystals form.

4.1. Computational Fluid Dynamics (CFD)

The computational fluid dynamics (CFD) software ANSYS Fluent has been used to
simulate the indirect freezing seawater desalination process. Several numerical studies
have examined the ice growth rate, control conditions, temperature distribution [97], heat
transfer coefficients [98], unsteady heat transfer [99], and ice growth dynamics during
continuous freezing [100].

The fundamental equations that regulate a typical indirect FD system for seawater
are formulated in Equations (3)–(8). These are statements of the three conservation laws:
mass, momentum, energy, and their derivatives such as the conservation of species, state
equations, and additional functional relationships inferred from phase diagrams.
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Liquid Fraction:

ϕ =


0 T < Tsolidus

T−Tsolidus
Tliquidus−Tsolidus

Tsolidus < T < Tliquidus

1 T > Tliquidus

(3)

Tsolidus = Tmelt +
mSYS

K0
(4)

Tliquidus = Tmelt + mSYS (5)

Continuity Equation:

∂(ρYs,liq)

∂t
+∇ · (ϕvYs,liq) = ∇ · (ρϕvDs,m,liq∇Ys,liq)− K0Ys,liq

∂[ρ(1 − ϕ)]

∂t
+

∂[ρ(1 − ϕ)]Ys,liq

∂t
(6)

Momentum Equation:

∂(ρv)
∂t

+∇ · (ρvv) = −∇p + µ∇2v + ρg +
(1 − ϕ)2

(ϕ2 + ε)
Amushv (7)

Energy Equation:

∂(ρH)

∂t
+∇ · (ρvH) = ∇ · (K∇T − hsJs) (8)

The formation of ice crystals is regulated by the methodology of solidification/melting.
Within ANSYS Fluent, this phenomenon is depicted through an enthalpy–porosity ap-
proach called the “solidification/melting model”, which manages a unified domain rather
than a scenario involving multiphase flow. In this model, a liquid/solid mushy zone is
integrated into the domain, acting as a permeable region. The porosity of this zone is
determined by the proportion of liquid present, varying from 0 to 1 [101].

The liquid fraction can be ascertained using Equation (3), with T representing the local
temperature, which defines the mushy zone’s boundaries between the liquid and solid
phases. The mushy zone is situated above the higher liquidus temperature (Tliquidus) and
the lower solidus temperature (Tsolidus) for a multicomponent mixture. These boundary
temperatures can be calculated using Equations (4) and (5). In these equations, Tmelt denotes
the melting point of pristine water, whereas K0 signifies the ratio of the solute’s mass fraction
in the solid phase to that in the liquid phase at the interface, which is proportionally related
to the initial salinity. ms is the slope of the liquidus line with respect to the local solute mass
fraction, YS.

In the brine solution’s solidification process, the S model delineates the repartitioning
and stratification of salt between the solid and liquid phases, presupposing an absence
of salt diffusion within the solidified region. In this model, a nonlinear correlation is
established between the liquid fraction and the temperature at the interface, consequently,
the altered continuity equation is depicted in Equation (6). In this equation, ρ denotes the
density, Ys,liq represents the salt mass fraction in the liquid region, v is the liquid velocity,
and Ds,m,liq is the solute mass diffusion coefficient in the liquid phase.

The momentum equation is applied across the entire domain, with the resulting
velocity field apportioned among various phases. To accommodate the pressure reduction
due to the transition from water to ice, the fundamental momentum equation is modified
by incorporating a suitable sink term [102]. The final momentum equation is presented
in Equation (7), where p is the static pressure, µ is the molecular viscosity, g represents
gravitational acceleration, Amush is the mushy zone constant, and ε is a small value added
to avoid division by zero. The energy equation in this model is shown in Equation (8),
where H represents the overall enthalpy, k is the thermal conductivity, and hsJs includes
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species transport for solidification/melting problems. Specifically, hs is the enthalpy of the
salt species and Js is the diffusion mass flux of salt.

Jayakody et al. [103] developed a 3D CFD model to simulate the freezing process of
a single unit in salt solutions with salinity ranging from 1.5% to 4.5%, as illustrated in
Figure 18. The model was validated against experimental data obtained from an instru-
mented ice maker. The results showed a maximum temperature deviation of 0.93%, a
maximum ice salinity deviation of 15%, and a maximum brine salinity deviation of 13.1%.
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EI Kadi et al. [104] performed a parametric analysis of indirect freeze desalination in
a rectangular tray. They examined various factors, such as the salinity of the initial brine,
the temperature of the ice source, and the temperature of the initial brine. The outcomes,
illustrated in Figure 19, suggest that brine with a lower salt concentration tends to yield
higher quality ice.
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Figure 19. Contours of liquid fraction (left) and salt mass fraction (right) at a section of the FD system
running under different freezing temperatures [104].

Savvopoulos et al. [105] conducted high-fidelity modeling of droplet freeze desali-
nation for sustainable water purification and diverse applications. They compared and
analyzed the brine cooling process under different conditions using CFD at both bulk and
droplet scales. At a cooling temperature of −15 ◦C, Symeon conducted simulation using
5 µL saltwater droplets to analyze the temperature curve and solid-liquid mass fraction
during the solid-liquid equilibrium stage under the influence of gravity. The results indicate
that the influence of gravity on the local freezing dynamics of saline droplets becomes sig-
nificant. As shown in Figure 20, the salt in the droplet begins to diffuse towards the liquid
portion, mainly concentrated at the center and bottom of the droplet. Over time, this will
result in the formation of a highly concentrated liquid area of 60 g/L at the bottom of the
droplet, while ice with a salinity of 20 g/L accumulates at the top of the droplet. The study
analyzed the concentration distribution and parameter changes along the vertical distance
of droplets under different salt concentrations, and their effects on the freezing process
and saltwater mass transfer inside the droplets, as shown in Figure 21. Researchers used
CFD simulation to illustrate the concentration distribution of the salt content in droplets,
demonstrating the intricate diffusion patterns of salt within droplets during ice formation.
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4.2. The Phase-Field Method

The phase-field method is widely used for mesoscopic-scale simulations, primarily to
simulate the solidification process of two-dimensional and three-dimensional binary solu-
tions. This method is based on the Ginzburg–Landau theory [106]. A continuously varying
order parameter Φ is introduced to track the thermodynamic states of the two phases,
thereby constructing the free energy form of each phase. The phase-field method is mainly
used to model complex interfacial morphology changes and has been widely applied to
processes such as solid-liquid phase transitions, two-phase flows, and solid-solid phase
transitions during solidification. It effectively replicates the complex evolution of inter-
faces during solidification and has become an important tool for simulating mesoscopic
structural evolution [107,108].

The phase-field method is centered on the Ginzburg–Landau theory, and based on
statistical physics, it solves phase transition processes through differential equations while
studying solute diffusion, ordering potentials, and thermodynamic driving forces.

The phase-field model couples the phase-field, temperature field, concentration field,
and flow field, visualizing the crystallization process and directly displaying the formation
of dendrites.

The following are the control equations of the phase-field method constructed based
on the free energy density function.
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Phase-field control equation:

∂φ

∂t
= M[ε2∇2 φ − ∂

∂x
(ε(θ)ε′(θ)

∂φ

∂y
) +

∂

∂y
(ε(θ)ε′(θ)

∂φ

∂x
) +

RT
Vm

h′(φ)In
(1 − ce

L)(1 − cS)

(1 − ce
S)(1 − cL)

− Wg′(φ)] (9)

In the equation, t represents time, M represents the phase-field mobility, ε and W
are phase-field parameters, ε(θ) is the anisotropy parameter, R is the gas constant, Vm is
the molar volume, and CS and CL represent solute concentrations in the solid and liquid
phases, respectively.

Concentration field control equation:

∂c
∂t

= ∇[D(φ)∇c] +∇[D(φ)h′(φ)(cL − cS)∇φ] (10)

In the equation, D(ϕ) represents the solute diffusion rate, and DS and DL represent the
solute diffusion coefficients in the solid and liquid phases, respectively.

Temperature field control equation:

∂T
∂t

+∇·(VT) = DT∇2T +
1
2

L
Cp

∂h(φ)

∂t
(11)

In the equation, T represents temperature, L represents latent heat of crystallization,
CP represents specific heat, and DT represents thermal diffusivity.

Yuan et al. [37] utilized the phase-field approach to model the development of ice
crystal growth during the freeze desalination procedure of a binary water-NaCl mixture.
Perturbation terms were introduced into the mathematical model to more accurately
replicate the real crystallization process. As shown in Figure 22, when dendrites solidify,
heat flow and disturbances influence their growth. The initial disturbance destabilizes the
planar interface, causing it to transform into columnar dendrites. Competition among the
dendrites causes some to grow more rapidly, which inhibits the growth of others. The
faster-growing dendrites widen, further suppressing neighboring crystals and forming
numerous small brine pockets. The tips of the dendrites grow quickly, and solute migrates
toward their roots, but due to the slow diffusion rate, salt accumulates and raises the
temperature at the root. This results in a decrease in supercooling and an increase in
concentration that hinders growth at the root. In contrast, the central portion of the
dendrite experiences less inhibition, leading to lateral growth. As the columnar crystals
make contact, they form high-concentration brine cells, while growth at the upper part of
the dendrite remains uninhibited.
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initial stage, ice crystals grow directionally, leading to a continuous increase in the 
thickness of the ice layer at the bottom. As the process continued, the ice crystals 
differentiated into dendritic structures. Salts accumulate in the dendrite interstices, 
forming high−concentration brine pockets, which subsequently inhibit the growth of the 
bottom dendrites. The study indicates that the inlet temperature of the seawater and the 
heat flux have a significant impact on the efficiency of seawater desalination. As the inlet 
temperature of the seawater increases, the salinity concentration in the ice crystals gradu-
ally decreases, while higher heat flux led to an increase in ice crystal salinity. 

Figure 22. Results of directional crystallization of multiple crystal nuclei on horizontal wall: (a) phase-
field results; (b) temperature field results; (c) concentration field results; (d) dendrite tip growth rate
and tip radius [37].

Song et al. [91] proposed a novel coupled model combining the phase-field method
(PFM) and the lattice Boltzmann method (LBM) for simulating sea ice crystallization, as
illustrated in Figure 23. The study aimed to provide a comprehensive numerical approach
to simulate sea ice crystallization, including phase change, solute migration, heat transfer,
and fluid flow, while also exploring feasible control methods to enhance the efficiency of
seawater freeze crystallization desalination. The study revealed that during the directional
competitive growth of ice crystals, the salt content in ice decreased by 17.4% and 21.9% at
growth rates of 0.025 m/s and 0.05 m/s, respectively. However, the ice crystal area also
decreased by 21.8% and 25.3% at these same growth rates. Additionally, the presence of
heterogeneous particles was found to narrow the brine channels, which in turn increased
both the growth rate and the area of ice crystals
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Figure 23. Comparison of experimental and simulation results of directional competitive growth of
ice crystals [91].

Zhang et al. [109] studied the phase transition process of seawater crystallization
in narrow channels using the phase-field method coupled with the lattice Boltzmann
method, and investigated the efficiency of seawater desalination. As illustrated in Figure 24,
at the initial stage, ice crystals grow directionally, leading to a continuous increase in
the thickness of the ice layer at the bottom. As the process continued, the ice crystals
differentiated into dendritic structures. Salts accumulate in the dendrite interstices, forming
high-concentration brine pockets, which subsequently inhibit the growth of the bottom
dendrites. The study indicates that the inlet temperature of the seawater and the heat flux
have a significant impact on the efficiency of seawater desalination. As the inlet temperature
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of the seawater increases, the salinity concentration in the ice crystals gradually decreases,
while higher heat flux led to an increase in ice crystal salinity.
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Song et al. [93] investigated how magnetic fields influence ice crystal growth and
the formation and removal of brine pockets, using the phase-field and lattice Boltzmann
methods. As shown in Figure 25, the study demonstrated that magnetic fields enhance
the desalination rate of ice crystals. The application of a direct current (DC) magnetic field
was found to significantly affect ice crystal growth, increasing the desalination rate and
promoting the formation of brine pockets on the ice crystal surface. In comparison, the
alternating current magnetic field had a smaller impact on ice crystals. Additionally, the
use of a stepped magnetic field was effective in reducing the formation of brine pockets on
the ice crystal surface.
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4.3. Molecular Dynamics (MD)

The swift progress in molecular dynamics modeling has markedly enhanced research
into the molecular-scale freezing phenomena in seawater desalination processes. MD simu-
lations provide a method to analyze molecular mechanisms using numerical techniques
and classical Newtonian equations. These simulations have been instrumental in studying
various phenomena, including macromolecule behavior, protein folding, crystal nucleation,
deformation processes, and nanoengineering [110].

The simulation equation can be expressed as the following:

⟨q⟩ = qB
ice +

qB
ice − qB

water
2

[tanh(
x − x∗

w
) + c] (12)

where qB
ice and qB

water are the order parameters for bulk ice and water, w is the width of the
interfacial region, c is a constant, and x* represents the location of the interface.

The ion rejection rate is calculated as follows using Equation (13), based on the position
of the ice-water interface:

RR = (1 − CI

CL
) (13)

where CI is the ratio of the number of ions trapped in the ice to the number of ice molecules
and CL is the initial salt concentration in the solution.

The radial distribution function describes the probability of finding a particle (such as
a molecule or ion) at a specific distance from a reference particle. It is commonly used to
analyze the interactions between two particles. The RDF can be computed as:

g(r) =
V
N2

0

N

∑
i=1

N

∑
j ̸=i

δ(r − rij) (14)

where V is volume, N0 is the total number of water/ice molecules, δ is Dirae’s delta function,
and rij is distance between particles i and j.

Current research primarily focuses on water–NaCl systems [111], investigating aspects
such as freezing point depression [112], salt solubility [113], surface tension [112], and the
mechanisms and kinetics of ion rejection and inclusion in freeze desalination systems [114].
The freeze desalination systems are shown in Figure 26.

Luo et al. [115] employed molecular dynamics simulations to explore the microscopic
mechanisms underlying ion rejection during the freezing of sodium chloride aqueous
solutions. Their research uncovered that the hydration energy of ion-water interactions
surpasses that of ion-ice interactions, which fundamentally drives the ion rejection process
during freezing. The probability of ions being rejected by the ice is governed by the
interplay between the energy barrier at the ice-water interface and thermal effects.

Tsironi et al. [116] combined X-ray diffraction with molecular dynamics simulations to
study the freezing process of NaCl solutions across various brine concentrations, ranging
from seawater conditions to saturation. The freezing process of NaCl solutions are shown
in Figure 27. Their study demonstrated that ion inclusions, caused by the formation of
NaCl·2H2O hydrates are another source of salt in the ice. The simulations estimated that
the concentration of ions trapped in the ice is around 0.5%. This value is significantly
lower than the initial NaCl concentration of 3%, and it falls near the upper salinity limit for
freshwater, with typical drinking water containing around 0.1% salinity and agricultural
water up to 0.5%.
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Figure 26. Snapshots of the molecular dynamics simulations for growth of ice in NaCl solutions at
245 K. Na+, and Cl− are represented by blue and cyan spheres, respectively. Only the oxygen atoms
of water molecules are depicted by red spheres, shown in both the ice and solution [114].

Sustainability 2024, 16, x FOR PEER REVIEW 30 of 40 
 

Figure 26. Snapshots of the molecular dynamics simulations for growth of ice in NaCl solutions at 
245 K. Na+, and Cl− are represented by blue and cyan spheres, respectively. Only the oxygen atoms 
of water molecules are depicted by red spheres, shown in both the ice and solution [114]. 

Luo et al. [115] employed molecular dynamics simulations to explore the microscopic 
mechanisms underlying ion rejection during the freezing of sodium chloride aqueous 
solutions. Their research uncovered that the hydration energy of ion-water interactions 
surpasses that of ion-ice interactions, which fundamentally drives the ion rejection process 
during freezing. The probability of ions being rejected by the ice is governed by the 
interplay between the energy barrier at the ice-water interface and thermal effects. 

Tsironi et al. [116] combined X-ray diffraction with molecular dynamics simulations 
to study the freezing process of NaCl solutions across various brine concentrations, 
ranging from seawater conditions to saturation. The freezing process of NaCl solutions 
are shown in Figure 27. Their study demonstrated that ion inclusions, caused by the 
formation of NaCl·2H2O hydrates are another source of salt in the ice. The simulations 
estimated that the concentration of ions trapped in the ice is around 0.5%. This value is 
significantly lower than the initial NaCl concentration of 3%, and it falls near the upper 
salinity limit for freshwater, with typical drinking water containing around 0.1% salinity 
and agricultural water up to 0.5%. 

 
Figure 27. Molecular dynamics simulation of the microscopic mechanism underlying ion repulsion 
during the freezing of sodium chloride aqueous solution [116]. 

4.4. Summary 
Simulation methods serve as an in−depth verification of experimental research, 

revealing the principles and underlying logic of seawater freezing desalination 
experiments, and are an important tool in advancing the development of freezing 
desalination technology. This section provides an overview and analysis of the three main 
simulation methods currently in use: CFD, the phase-field method, and molecular 
dynamics. In the field of seawater freezing desalination, CFD is the most widely used 
simulation method. By utilizing ANSYS Fluent software, parameters such as 
environmental temperature, boundary control, and heat and mass transfer processes are 
controlled, and ice crystal growth dynamics are introduced to simulate the ice crystal 
growth and salt separation processes. Many researchers have used CFD to simulate the 
crystallization of solutions with varying salt concentrations, ice crystal growth in different 
crystallizers, and the destruction and reconstruction of ice crystal structures. These studies 
have validated the accuracy of experiments in terms of desalination efficiency, crystal 
growth, and ice crystal purification on a macroscopic scale. The phase-field method, a 
mesoscale simulation technique for ice crystal growth, has unique advantages in handling 

Figure 27. Molecular dynamics simulation of the microscopic mechanism underlying ion repulsion
during the freezing of sodium chloride aqueous solution [116].



Sustainability 2024, 16, 10138 30 of 39

4.4. Summary

Simulation methods serve as an in-depth verification of experimental research, reveal-
ing the principles and underlying logic of seawater freezing desalination experiments, and
are an important tool in advancing the development of freezing desalination technology.
This section provides an overview and analysis of the three main simulation methods
currently in use: CFD, the phase-field method, and molecular dynamics. In the field
of seawater freezing desalination, CFD is the most widely used simulation method. By
utilizing ANSYS Fluent software, parameters such as environmental temperature, bound-
ary control, and heat and mass transfer processes are controlled, and ice crystal growth
dynamics are introduced to simulate the ice crystal growth and salt separation processes.
Many researchers have used CFD to simulate the crystallization of solutions with varying
salt concentrations, ice crystal growth in different crystallizers, and the destruction and
reconstruction of ice crystal structures. These studies have validated the accuracy of experi-
ments in terms of desalination efficiency, crystal growth, and ice crystal purification on a
macroscopic scale. The phase-field method, a mesoscale simulation technique for ice crystal
growth, has unique advantages in handling solid-phase growth, liquid-phase flow, and
solid-liquid interface changes. It can explore ice crystal growth under different conditions
while analyzing the formation mechanism of salt cells. The phase-field method has evolved
from simulating ice crystal growth to modeling it under different field properties, forming
a correlation with experimental results. Experimental data can be used to update and
refine the simulation program, ensuring the simultaneous development of experiments
and simulations. Molecular dynamics simulations focus on molecular-level processes in
seawater freezing desalination. They allow for tracking the dynamic changes of water
molecules, sodium ions, chloride ions, and other elements during crystallization, while
also studying the inclusion and exclusion phenomena of ions during phase transitions.
Many researchers have used molecular dynamics simulations to study the behavior of ions
within the ice crystal structure during crystallization, revealing the microscopic mecha-
nisms behind ice crystal desalination. This has enabled a molecular-level understanding
of the desalination process. Through these simulation methods, researchers can further
optimize seawater freezing desalination technologies, thus advancing their development
towards practical applications.

5. Current State of Development of Seawater Freezing Desalination

With the growing demand for fresh water, seawater freezing desalination technology
began gain attention in the mid-20th century [117] as a potential method for desalinating
seawater. Early research mainly focused on small-scale laboratory experiments to explore its
feasibility [118]. Theoretically, seawater freezing desalination has certain advantages, but its
development history is relatively short, and there are some notable drawbacks at the current
stage. Compared to other desalination technologies, its application is relatively limited. This
section discusses the advantages and challenges of the development of seawater freezing
desalination technology and outlines potential directions for its future development.

5.1. Development Advantages
5.1.1. Resource Consumption

Seawater freezing desalination can utilize cost-effective alternative or waste energy
sources, such as natural cold sources in high-latitude regions during winter [119], waste
heat-driven thermoacoustic engine and refrigeration [120], or liquefied natural gas (LNG)
cold energy [121]. This makes seawater freezing desalination more attractive in terms of
energy consumption. For comparison, multi-stage flash distillation requires 4–6 kWh of
energy to produce one ton of fresh water, while small-scale single-pass reverse osmosis
units typically consume 6–10 kWh/m3 of energy [122,123]. Antonelli et al. [75] proposed
a method for seawater desalination using LNG. Each ton of LNG can produce 3.2 tons
of desalted water. Under ideal conditions, a terminal with an annual processing capacity
of 510.9 million cubic meters of natural gas could produce 10,000 tons of water per year,
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which is equivalent to the needs of a town of 40,000 inhabitants. Mehdi Salakhi et al. [35]
found that lowering the LNG inlet temperature from −10 ◦C to −60 ◦C increased the ice
production from 60.9 g to 977.6 g. By increasing the Reynolds number of LNG from 4000 to
32,000, the ice production increased by 492 g, but the salinity of the ice also increased from
1.22% to 1.56%. For a Reynolds numbers below 16,000, potable water can be obtained after
three stages of desalination. Chen et al. [89] studied seawater desalination through super-
cooled water dynamic ice making, finding that the electricity consumption for producing
fresh water under these conditions is 6.7 kWh/m3. Compared to the traditional seawater
desalination methods used in large-scale commercial applications, freeze desalination offers
significant advantages in terms of waste energy utilization and resource consumption.

5.1.2. Environmental Protection

The concentrated brine produced during industrial processes may lead to the degra-
dation of local soil and ecosystems. Seawater freeze desalination technology does not
impose stringent requirements on the salt concentration of the liquid, allowing it to process
brine of various concentrations. This can reduce the environmental impact of wastewater
from desalination processes or other industrial production. For brine near the eutectic
concentration, freeze desalination is more effective in treating the concentrated brine [124].
Compared to MD, the three-stage process of FD can achieve approximately 2.3 times the
salt recovery rate [14]. Eutectic freeze crystallization has also successfully been used for the
treatment of RO brines, achieving 97% recoveries in the form of ice and salts [124]. In terms
of carbon emissions, producing one cubic meter of freshwater via reverse osmosis (RO)
generates 1.7–2.8 kg of CO2, while multi-effect distillation (MED) emits 7–17.6 kg/m3, and
multi-stage flash distillation (MSF) emits 15.6–25 kg/m3 [125]. At present, seawater freeze
desalination has not yet been widely applied on a large scale. Its actual carbon emissions
largely depend on the type of energy used and the efficiency of the technology. When LNG
cold energy or solar energy are utilized, the carbon emissions can be nearly negligible.

5.1.3. Cost Advantage

Due to the current state of development of seawater freeze desalination, its present
economic costs are based on data obtained from experimental studies. Wang et al. [31]
developed a freeze desalination-membrane distillation (FD–MD) hybrid process utilizing
liquefied natural gas (LNG) cold energy. This process produces ultrapure water with a
salinity as low as 0.062 g/L, and achieves a total water recovery rate of up to 71.5% at
a cost of 0.4 US$/m3. Chen et al. [89] used seawater desalination through supercooled
water dynamic ice making, reducing the production cost of freshwater to 0.6 US$/m3. The
production cost of freshwater using reverse osmosis (RO) ranges from 0.5 to 1.7 US$/m3,
the production costs using multi-effect distillation (MED) and multi-stage flash (MSF) range
from 1.1 to 2.0 US$/m3 and 1.9 to 2.5 US$/m3, respectively [126,127]. In the future, with
the large-scale application of seawater freeze desalination technology, the cost of freshwater
production is expected to decrease, making it more economically valuable compared to
traditional desalination methods.

5.2. Development Challenges
5.2.1. Freshwater Quality

Based on the principle of sea ice formation, theoretically, the freshwater produced by
seawater freezing desalination has relatively high quality. However, due to the limitations
of technological development, the current freshwater produced by seawater freezing de-
salination is difficult to directly use as drinking water or domestic water without further
treatment. To improve the quality of freshwater production, researchers are currently
focusing on pre-treatment and Post-treatment methods for the freezing process to reduce
the salt concentration in the ice crystals. Song et al. [91] utilized seawater flow to alter the
ice crystal growth process, finding that at a seawater flow rate of 0.025 m/s, the salt content
in the ice crystals decreased by 17.4%. When the flow rate was 0.05 m/s, the salt content
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in the ice crystals decreased by 21.9%. Additionally, Song simulated ice crystal growth
under heterogeneous nucleation conditions, and the results indicated that the salt content
in the ice crystals decreased by approximately 14.8%. D.G. Randal et al. [124] improved ice
crystal quality by using the sweating technique. Songlee Han et al. [128] used centrifuging,
washing, and sweating to treat ice crystals. Centrifuging achieved an average desalination
efficiency of 96%. Washing with an appropriate amount of freshwater effectively increased
the salt removal rate to 93%. Timely sweating also reduced the salt on the crystal surface
by more than 95%.

Compared to freeze desalination, other desalination methods can drastically reduce
salt levels. The optimized NBM presented 99.5% under SWRO testing conditions, with
50 bar applied pressure and a 32,000 mg/L NaCl feed solution concentration [129]. Porous
hydrophobic PPO/PS membranes were prepared via the NIPS method, permeate flux over
28 kg/m2h, and high salt rejection of 99.9% were obtained [127].

5.2.2. Crystallization Control

Due to the random occurrence of nucleation during seawater freezing desalination,
it is impossible to control the start time of crystallization, the crystallization temperature,
and the quality of the ice crystals. This significantly increases the technical difficulty of
controlling the freezing crystallization process. Several scholars have conducted research
on this issue using methods such as electric fields and microwaves to control nucleation.
Marta Orlowska et al. [130] applied a static electric field ranging from 0 to 6.0 × 106 V/m
in the crystallization vessel. Their results showed that as the applied voltage increased,
the nucleation temperature shifted to higher values, demonstrating the capability of the
static electric field to induce ice crystal nucleation at the desired supercooling degree.
Similarly, Yang et al. [95] used microwaves to intervene in the crystallization process. Their
experimental results found that the desalination efficiency significantly increased under
the influence of microwaves. When the microwave treatment time was increased from
60 s to 240 s, the removal efficiencies of Cl−, Mg2+, Ca2+, and total dissolved solids (TDS)
increased from 74.33%, 81.41%, 51.16%, and 74.17% to 90.98%, 89.03%, 83.26%, and 91.05%,
respectively. However, this also resulted in the ice production rate decreasing from 44.32%
to 16.70%.

5.2.3. Investment Costs

Currently, laboratory freeze desalination experiments are primarily conducted on a
small scale, and researchers have yet to accurately predict the costs associated with large-
scale implementation [131]. Although there are various freeze desalination methods, the
lack of large-scale applications results in relatively high initial investment costs and signifi-
cant trial and error risks [132,133]. Moreover, the salt concentration of freshwater produced
by different techniques is susceptible to external factors, potentially leading to product
quality instability, which could affect market sales and regular business operations [134].

The greatest advantage of seawater desalination lies in achieving efficient freshwater
production with minimal energy use. However, if existing cold sources such as LNG are
utilized, a comprehensive environmental assessment and impact analysis are necessary,
encompassing effects on marine ecology, noise, and emissions [135,136]. When using large
compressors as a cold source, the coefficient of performance (COP) is the key factor deter-
mining costs. Currently, the energy consumption for laboratory-scale freeze desalination
is approximately 7 kilowatts per ton of freshwater produced. Considering equipment
investment, environmental factors, and operational costs, and given the current freshwater
market price of about $1 to $3 per ton, the return on investment could potentially take 10 to
20 years, or even longer [137–139].
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5.3. Integrated Development of Multiple Technologies

Due to the limitations of using a single seawater freezing desalination method in of
optimal desalination effectiveness, many researchers have proposed a multi-technology
integrated approach to seawater desalination. In this approach, freezing desalination is
used as a pre-treatment method for other desalination technologies to reduce the energy
consumption, freshwater yield, and freshwater quality issues associated with traditional
desalination methods.

FD–MD [31] was demonstrated using indirect-contact freeze desalination (ICFD) and
direct contact membrane distillation (DCMD) configurations. In the ICFD process, drinking
water with a salinity of approximately 0.144 g/L was produced. Meanwhile, through the
DCMD process, ultrapure water with a salinity of 0.062 g/L was obtained under high
energy efficiency conditions. This process is an energy-efficient method, using LNG cold
energy to reduce overall energy consumption. If only the heating power is considered,
its specific energy consumption is 2.343 kWh/m3. When both heating and cooling power
are considered, this value increases to 4.633 kWh/m3. This is roughly equivalent to the
calculated specific energy consumption of RO, which is approximately 3.5 kWh/m3.

Ibtissam Baayyad et al. [140] studied an industrial hybrid seawater desalination pro-
cess by combining freezing system with reverse osmosis. In this system, the freezing
process is used as a seawater pre-treatment method for RO. By combining freezing and
membrane desalination, the hybrid system’s performance was successfully improved.
Compared to traditional RO desalination, the quality of the permeate water was improved
by approximately 71%.The industrial hybrid seawater desalination process reduces the
salinity of seawater from 35 g/L to approximately 0.111 g/L, while the water quality of
traditional RO is about 0.387 g/L. Additionally, the total energy consumption of the process
is estimated to be 5.171 kWh/m3, which is lower than the 6.95 kWh/m3 of traditional
reverse osmosis processes, reducing energy consumption by 25%.

A. Zambrano et al. [141] proposed freeze desalination by the integration of falling
film and block freeze-concentration techniques. The process produces water at a rate
of 743.1 kg/h, with a solution containing 0.05% salt concentration accounting for 74%
of the total, and a solution of 13.4% salt concentration making up the remaining 26%.
This demonstrates the technical feasibility of the process. With a COP of 8, the electrical
consumption is 59.2 kWh, which is equivalent to 11.5 kWh per 1000 kg of ice production. If
an effluent of 603 kg/h at 3.7% can be returned to the water source, the energy consumption
decreases to 23.1 kWh for the overall the process.

Kang Jia Lu et al. [142] developed a mathematical model for a zero liquid discharge
desalination (ZLDD) system, which integrates freeze desalination (FD) and membrane
distillation crystallization (MD-C), based on heat and mass transfer theories as well as
experimental results. Seawater undergoes freeze desalination, producing fresh water and
brine. The brine is treated by direct contact membrane distillation, resulting in fresh water
and concentrated brine. The concentrated brine is then supplied to a cooling crystallizer,
producing salt and ice crystals, thus achieving zero liquid discharge. Under laboratory
conditions, the ZLDD system, with a seawater processing capacity of 72 kg/d, produces
2.52 kg of salt and 69.48 kg of water daily. The system’s daily thermal and cooling energy
consumption are 58.3 kWh and 59.8 kWh. It utilizes solar panels for electricity and LNG for
daily cooling energy. The FD–MD–C system achieves a water recovery efficiency exceeding
74% in the production of potable water.

6. Conclusions

This paper systematically summarizes the development of seawater freezing desali-
nation technologies. Compared to traditional methods such as thermal and membrane
desalination, freezing desalination offers lower resource consumption, higher freshwater
output, strong environmental adaptability, and notable economic advantages. However,
its complexity, lower desalination rate, and high initial investment hinder widespread
adoption. Despite these challenges, due to its enormous potential, freezing desalination is
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becoming a research focus in the field of seawater desalination, with promising prospects
for technological development and commercial applications.

Currently, seawater freeze desalination mainly employs the direct and indirect freezing
desalination methods. The hydrate, eutectic, and vacuum freezing desalination methods
are still limited to the research and verification stages due to technical constraints and high
promotion costs.

Experimental research on seawater freeze desalination is currently focused on increas-
ing freshwater production and improving desalination efficiency. Future trends in freeze
desalination research are expected to include the optimization of freezing technologies, the
application of new materials, and improvements in the structure of freezing devices.

The simulation of freeze crystallization has achieved full-scale coverage. From macro-
scopic CFD to mesoscopic phase-field methods, down to the microscopic realm of molecular
dynamics, these approaches enable experimental comparisons and theoretical analyses
of the entire freeze crystallization process from different perspectives, thereby advancing
research into the freeze desalination process.

With the maturation of technology and the reduction of costs, seawater freezing desali-
nation is expected to achieve large-scale commercial application, becoming an important
freshwater supply method for coastal and water-scarce regions. As the technology ad-
vances, combining it with other desalination technologies, such as reverse osmosis and
distillation, will enable the creation of hybrid desalination systems that optimize resource
use while improving freshwater yield and quality. Additionally, the use of renewable
energy sources such as solar and wind power to supply energy for the seawater freezing
desalination system will reduce dependence on fossil fuels, making this a key direction for
the sustainable development of freezing desalination technology.
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