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Abstract
Due to the changing consumer lifestyles, the tendency to adopt foods that require
less preparation time and offer both variety and convenience has played a signif-
icant role in the development of the frozen food industry. Freezing is one of the
fundamental food preservation techniques, as it maintains high product quality.
Freezing reduces chemical and enzymatic reactions, lowers water activity, and
prevents microbial growth, thereby extending the shelf life of foods. The freezing
and thawing procedures directly impact the quality of frozen foods. The degree
of tissue damage is determined by the freezing rate and the structure of the ice
crystals that form during the freezing process. Generally, thawing occurs more
slowly than freezing. During thawing, microorganisms, as well as chemical and
physical changes, can cause nutrient damage. Thus, the goal of this review is to
identify innovative and optimal thawing strategies. In order to save energy and/or
improve quality, new chemical and physical thawing aids are being developed
alongside emerging techniques such asmicrowave-assisted, ohmic-assisted, high
pressure, acoustic thawing, and so on. In addition to discussing the possible uses
of these technologies for the thawing process and their effects on food quality,
the purpose of this study is to present a thorough comparative overview of recent
advancements in thawing techniques.
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1 INTRODUCTION

Microbial growth and enzymatic activity reduce the shelf
life of refrigerated food products, particularly in items
such as meat, fish, and shellfish. Consequently, freezing
is a widely used preservation technique to ensure the
quality and safety of these products, until they undergo
further industrial processes or are used immediately after
thawing. Every stage of the cold chain, from initial chill-
ing or freezing to storage, transportation, retail display,
and home storage, requires meticulous management to
maintain safe, high-quality chilled food items. The cold
chain involves two main components: chilled or frozen
storage, transportation, and retail display, which aim to
maintain food temperature; and primary and secondary
chilling, which focuses on adjusting food temperature. As
food progresses along the cold chain, temperature control
becomesmore challenging, especially as bulk packages are
less sensitive to minor temperature changes. Before addi-
tional processing or portioning, frozen products must be
thawed or tempered to an appropriate temperature (James
& James, 2023; Llave & Erdogdu, 2022).
The three primary processes in freezing are prefreezing,

freezing, and frozen storage. The freezing process alters
the vitamin and mineral contents; however, if the product
is stored for a short period of time at a low nonfreezing
temperature, minimal losses may occur. Depending on a
number of variables, including the product, prefreezing
procedures, pack and package type, and storage circum-
stances, significant losses may occur during frozen storage
(Fennema, 2019). Ice crystallization is a critical phase that
impacts both the efficiency of freezing processes and the
overall quality of frozen food products. Rapid freezing
facilitates the formation of small, uniformly distributed
ice crystals, both externally and internally, within the cel-
lular structure, thereby minimizing damage to the food
matrix. The cellular structure and changes that occur dur-
ing rapid and slow freezing are illustrated in Figure 1. This
process is beneficial for maintaining the intrinsic quali-
ties of food that has been frozen. Thawing, on the other
hand, is an exact opposite of freezing and may drastically
change the physicochemical properties and quality of the
frozen parts (Qiu et al., 2020). The emergence of synergis-
tic technologies for freezing is being recognized as themost
effective approach for frozen food processing, attributed to
their ability to improve quality preservation and streamline
thawing procedures (Hu et al., 2022).
Traditional thawing techniques apply heat to the sur-

faces of food products using air or water, which causes
the food to transmit heat within. The water thawing
method is characterized by its rapidity; however, it presents
two significant drawbacks. First, thawing in water results
in a greater loss of soluble substances, which adversely

affects the processing quality, particularly the water-
holding capacity of foods and cohesion. Second, prolonged
immersion in water increases the risk of microbial con-
tamination, as it may become exposed to microorganisms
present in the water. Additionally, thermal conductivity is
decreased by the thawed insulating properties of the sur-
face. The insulating layer thickens as the product thaws,
slowing down and lengthening the process (Jiao et al.,
2018; Llave & Erdogdu, 2022; Qian et al., 2022). Besides
that, losses in commercial value and changes in someprop-
erties (apart from thermal conductivity) of food products
may occur during thawing. Although more recent thermal
and nonthermal techniques are quick and easy to use, they
have drawbacks such as favored surface heating, runaway
heating, and relatively elevated energy usage. Nonthermal
methods, such as vacuum thawing, ultra-high pressure,
and ultrasound, are difficult to execute; because they cause
localized warmth and low penetration and can lead to
food quality denaturation. The quality of frozen food can
be decreased by physicochemical changes and microbi-
ological development that are accelerated by suboptimal
thawing (Cai et al., 2019a; Hanenian & Mittal, 2004).
This review provides a comprehensive analysis of both

traditional and advanced thawing methods for frozen
foods, focusing on their principles, techniques, and appli-
cations. It evaluates conventional approaches alongside
innovative techniques such as high-pressure, microwave,
ohmic, acoustic, and high-voltage electrostatic field meth-
ods, highlighting their respective advantages and limi-
tations. Beyond individual methods, the paper explores
the synergistic effects of combining novel techniques,
such as microwave thawing with magnetic nanoparti-
cles or ultrasound-assisted thawing using slightly acidic
electrolyzed water, offering fresh perspectives on enhanc-
ing thawing efficiency and food quality. Unlike prior
studies that often center on a single food type, this
work adopts a broader scope by examining multiple food
categories. Additionally, it delves into emerging tech-
nologies like high-voltage electric field thawing, vacuum
sublimation-rehydration thawing, and multi-frequency
ultrasonic thawing, which remain relatively underex-
plored. By incorporating insights from food science, engi-
neering, and consumer research, the review provides a
multidimensional resource. It also suggests leveraging arti-
ficial intelligence and machine learning to optimize thaw-
ing processes, paving the way for future advancements in
the field.

2 FREEZING OF THE FOODS

Freezing is a widely used method to extend the shelf life
of various foods, because freezing technology effectively
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F IGURE 1 The cellular structure and changes that occur during rapid and slow freezing (adapted from Jiang et al., 2023; Köprüalan
Aydın et al., 2023) (created by Biorender.com).

preserves product quality (James et al., 2015; Zhao &
Takhar, 2017). Freezing process works by reducing chemi-
cal and enzymatic reactions, lowering water activity, and
inhibiting microbial growth (Sun, 2005), and typically
involves nucleation, growth, and maturation (recrystal-
lization) of ice crystals. The frozen product eventually
undergoes a transition from the liquid/rubbery phase
to the solid/glassy phase, if the temperature decreases
enough. The overall quality, texture, and appearance of
frozenmeals are significantly influenced by the crystalline
microstructure (Zhaon & Takhar, 2017; Zhu et al., 2019).
The process through which a minimal crystal of critical
radius forms, and has the potential to develop and expand
is known as nucleation. The freezing point of water rep-
resents an equilibrium point. Before ice starts to form,
the temperature must drop significantly below the freez-
ing point, as nucleation cannot occur unless pure water
is supercooled. Once a stable ice core forms, molecules at
the solid−liquid interface can facilitate further ice develop-
ment. In solutions, crystal growth is influenced by the rate
of mass transfer and the release of latent heat during the
phase change (Fennema et al., 1973; Sun, 2005). Recrystal-
lization is the process throughwhich an ice crystal’s shape,
size, number, orientation, andperfection change over time.
After initial crystallization, recrystallization takes place

in frozen storage to generate more stable crystals on the
surface of larger crystals (Fennema et al., 1973).
The size of the ice crystal is determined by the rate of

freezing; the faster the rate, the more nucleation occurs,
and the smaller the crystals that will form (Figure 1). Dur-
ing freezing, two distinct mechanisms of cell damage are
visible:

(i) Solution damage: This occurs at moderate cooling
rates, when the cell remains near osmotic equilib-
rium, and cells cool down too slowly. The slower the
cells are cooled, the longer dehydration takes to trigger
irreparable damage.

(ii) Intracellular ice damage: This occurs, when super-
cooled water inside the cell freezes rapidly. By the
time cells are cooled too quickly, they retain water
which expands during freezing, causing intracellular
ice crystals to break apart and damage the cell. This
phenomenon is known as intracellular ice damage
(James et al., 2015; Mazur, 1984; Sun, 2005; Zhu et al.,
2019).

There are several traditional (air blast, plate con-
tact, cryogenic, fluidized-bed, immersion, etc.) and novel
food freezing techniques, such as high-pressure freezing,
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microwave-assisted freezing, ultrasound-assisted freezing,
electrically and magnetically disturbed freezing, osmo-
dehydro-freezing, and so on (Cheng et al., 2017). By
utilizing various technologies, innovative freezing proce-
dures can enhance or inhibit the nucleation and growth
of ice crystals and improve the crystallization process (Dai
et al., 2016; James et al., 2015; Zhu et al., 2019). In addi-
tion to new technologies developed to prevent intracellular
damage during ice formation, antifreeze proteins (which
irreversibly bind to the surface of ice crystals to prevent
further growth) and ice-nucleating proteins/agents (which
can trigger ice crystal formation) are also being used (Li
et al., 2002; Zhu et al., 2019).
In conclusion, ice crystals created by freezing have

a major impact on food quality and cellular integrity.
Conditions during the freezing process (freezing rate, tem-
perature, etc.) substantially affect the size, shape, and
distribution of ice crystals. Large and unevenly distributed
ice crystals in the foodmatrix, resulting from slow freezing
rates, can irreversibly damage the cellular structure. But
smaller, more uniformly distributed crystals produced at
high freezing rates cause less damage to the food (Cheng
et al., 2017; James et al., 2015; Zhu et al., 2019).

3 THAWING OF FROZEN FOODS

Food thawing refers to the process of converting food from
a frozen state back to a simply unfrozen condition, prepar-
ing it for further preparation or consumption. When food
is frozen, molecular activity is significantly reduced, and
thawing restores the activity of water molecules within
the food. However, this process is not merely a matter of
allowing the food to sit at room temperature (Ice Cool
Trailers, 2023). As a frozen product warms, it absorbs heat
from its surroundings, causing it to melt gradually from
the outer layers inward. The temperature changes occur-
ring during the thawing of the frozen product are shown
in Figure 2. Notably, the thawing process generally takes
longer than freezing, even when exposed to the same tem-
perature gradient. This is because, during thawing, water
melted from the outer layers acts as the medium for heat
transfer, and its thermal conductivity is lower than that
of ice in the outer layers of the frozen product during
freezing (Jiang et al., 2023; Zaritzky, 2012). The melting of
ice crystals can significantly impact the quality of frozen
foods, leading to chemical and physical changes, like gaps
in the product, a softer texture, and altered flavor. Various
factors—including the freezing rate, storage temperature,
and both the temperature and duration of thawing—affect
the quality of frozen foods. While some changes (mois-
ture migration, textural softening, etc.) are immediate,
others (such as oxidation, spoilage, contamination, etc.)
become more evident during storage after thawing (Has-

soun et al., 2020; Leygonie et al., 2012; Nakazawa and
Okazaki, 2020; Shumilina et al., 2020; Wu et al., 2017). The
ideal thawing temperature is one that prevents the rapid
growth of harmful microorganisms. According to USDA
(2024), keeping the temperature below 5◦C (41◦F) ensures
food remains outside the “danger zone,” where bacteria
multiply quickly. Rapid thawing is preferred over slow
defrosting at room temperature, as it minimizes the risk
of bacterial contamination (Xiao et al., 2024).
Thawing loss is a key indicator used to assess the qual-

ity of foods, as it reflects the extent of damage to cells and
tissues caused by freezing and thawing. This metric pri-
marily measures the loss of juice and water during the
thawing process. Significant thawing loss, which includes
the loss of substantial fluid and nutrients, can negatively
impact the nutritional value and sensory qualities of the
food. Therefore, minimizing thawing losses is essential to
maintaining food quality (Cai et al., 2020;Wang et al., 2021;
Zhang et al., 2023a). In the case of a particular food group,
for instance, thaw loss in meat is an inevitable outcome
of freezing and subsequent thawing, largely attributed to
the damage caused to muscle fibers by ice crystal forma-
tion and the denaturation of myofibrillar proteins during
freezing. The denaturation of myofibrillar proteins during
freezing is a complex process that significantly impacts
meat quality. Recent studies have elucidated key mech-
anisms. Ice crystal formation during freezing increases
solute concentration in unfrozen water, disrupting protein
structure and leading to partial unfolding or denatura-
tion of myofibrillar proteins (Zhang et al., 2023b). Cold
denaturation occurs at typical meat freezing temperatures
(below −18◦C), altering secondary and tertiary protein
structures and affecting functional properties (Lee et al.,
2024). Freezing damagesmuscle cellmembranes, releasing
enzymes that accelerate protein degradation and oxida-
tion. Freeze-thaw cycles cause irreversible changes in
myofibrillar protein structure, including decreased solu-
bility, increased hydrophobic interactions, and disulfide
bond formation (Yu et al., 2024). These structural modi-
fications negatively impact the gel-forming properties of
proteins during subsequent heating, crucial for processed
meat quality (Zhang et al., 2023b). Tomitigate these effects,
proper freezing techniques are essential, such asmaintain-
ing temperatures below the glass transition temperature
and avoiding temperature fluctuations during storage (Lee
et al., 2024). The impact of protein denaturation on thaw-
ing losses has not been thoroughly explored in existing
literature (Zhang et al., 2022). To assess the effects of thaw-
ing on muscle foods, indicators of eating quality, along
with microbiological and chemical stability, are evaluated.
These indicators—including color, texture, cooking and
water-holding capacity, and thaw loss—reveal both the
intrinsic quality and sensory attributes of the food. Inmus-
cle foods, pH is linked to spoilage microorganism growth
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F IGURE 2 The temperature changes occurring during the thawing of the frozen product (adapted from EFSA et al., 2021; Pham 2016)
(created by Biorender.com).

and protein degradation, while Total volatile basic nitro-
gen (TVB-N) and Thiobarbituric acid reactive substances
(TBARS) values indicate lipid oxidation and the forma-
tion of nitrogenous compounds.Accurately assessing these
quality indicators aids in enhancing and optimizing freez-
ing technology by determining the quality state of muscle
foods (Bekhit et al., 2021; Fernández-Segovia et al., 2012; Ju
et al., 2018; Toldrá, 2022; Zhang et al., 2023a).
While thawing has been underexplored in the scientific

literature (FRPERC, 2024) and often studied in the con-
text of domestic practices, commercial thawing systems
like those provided by Klinge Corporation (2022) repre-
sent efforts to bring more controlled and efficient thawing
processes into industrial settings. These systems, such as
portable thawing containers and built-in units, offer poten-
tial solutions to address the challenges of implementing
rigorously controlled thawing systems in the food indus-
try. For instance, the integration of built-in units helps
minimize delays and ensures smoother workflows within
processing facilities.

3.1 Traditional thawing methods

Traditional thawing methods for frozen foods involve
using air at ambient temperature, immersion in coldwater,
and refrigeration. Due to low heat conductivity, these tech-

niques have relatively slow thawing rates, which may
negatively impact food quality. The longer it takes for food
to reach 1◦C, the greater the risk of microbial contami-
nation. Frequently, people circulate air in a refrigerator
at 4◦C, until the food’s internal temperature matches the
refrigerator’s. However, there are certain drawbacks to this
method, namely, extended thawing durations and consid-
erable drip loss.While thawing food in coldwater expedites
the process, it necessitates storing it in a hermetically
sealed container or other packaging to avoid contami-
nation. There are several air thawing methods, such as
air blast thawing and still air thawing, both of which
are thought to be economical. Continuous air thawing,
which uses saturated air to prevent dehydration, has seri-
ous disadvantages, including uneven thawing, potential
microbial growth, and food quality deterioration (Ander-
son et al., 2004; Aydin et al., 2023; Backi, 2018; Brown et al.,
2006; Cai et al., 2019a and 2020; Liao et al., 2020; Zhang
et al., 2021a).

3.2 Novel thawing methods

Traditional thawing methods are characterized by their
operational simplicity and cost-effectiveness (Arshad et al.,
2023; Lan et al., 2021). Nevertheless, these methods
necessitate extended thawing durations, and there is a
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F IGURE 3 The advantages and disadvantages of the novel thawing methods (adapted from Amiri et al., 2019; Çabas et al., 2022; Jia
et al., 2020; Köprüalan Aydın et al., 2023; Liu et al., 2024; Mohsenpour et al., 2023; Sun et al., 2023; Wang et al., 2024; Wiktor et al., 2015; Zhang
et al., 2022) (created by Biorender.com).

significant proliferation of microorganisms on the surface
of the food (Guo et al., 2021). For instance, significant quan-
tities of wastewater are generated during the process of still
water thawing, which also accelerates the deterioration of
food products, particularly meat (Gan et al., 2022). Con-
sequently, to mitigate the quality degradation associated
with thawing, it is essential to implement alternative thaw-
ing methods, including high-pressure, microwave, ohmic,
ultrasonic, and pulsed electric field thawing (Zhang et al.,
2021b). The advantages and disadvantages of novel thaw-
ing methods are shown in Figure 3. The application of
thawing methods to different types of foods is provided in
Tables 1 and 2.

3.2.1 High-pressure thawing

High hydrostatic pressure is a method that applies pres-
sures between 100 and 800 MPa, sometimes combined

with heat, to inactivate harmful microorganisms and
ensure food safety (Park & Kim, 2024). High-pressure
thawing had been first applied to food preservation by
Takai et al. (1991), whose work discovered that the pro-
cess would thaw food at temperatures below 5◦C more
quickly, although it affected the color and texture of the
products. Initially used in biological research, HPT has
been slow to gain widespread use in the food industry,
due to its complexity and need for specialized equipment.
Despite these challenges, HPT improves heat transfer,
speeding up the thawing process (Cai et al., 2019a). At
high pressures, ice’s melting point drops, and its thermal
properties change, creating a larger temperature differ-
ence between the heat medium and the thawing surface,
which increases efficiency. At pressures up to 210 MPa,
the boiling point of water decreases, according to HPT,
but at pressures higher than this, it starts to increase
again. The food is vacuum-sealed and then put in a cham-
ber that is filled with a liquid that transmits pressure,
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∙
A
ir
ex
po
su
re
m
et
ho
d
by

fiv
e
tim

es
∙
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d
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:
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at
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ra
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∙
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at
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at
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ra
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ad
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ad
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m
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ra
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d
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fic
ie
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ad
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➢
M
ic
ro
w
av
e
th
aw
in
g

➢
Re
fr
ig
er
at
or
th
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th
aw
in
g

➢
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m
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at
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at
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at
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at
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at
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at
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re
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at
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at
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ro
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g
th
e
qu
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p
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al
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usually water. Next, we impart the pressure to the food.
This technique allows frozen foods to thaw rapidly under
low-temperature, high-pressure conditions, which inhibits
spoilage from microorganisms and enzymes while pre-
serving the product’s quality (Köprüalan Aydın et al.,
2023). A significant temperature difference between the
thawing food, and its surroundings enhances the pro-
cess by increasing the thermodynamic driving force (Cai
et al., 2019a). Importantly, in HPT, product size and shape
are critical variables that influence the effectiveness and
distribution of applied pressure. Larger and nonhomoge-
neous products may require longer thawing times and
result in increased energy consumption. Additionally, HPT
has been shown to reduce ascorbic acid loss and main-
tain the texture and color of fruits and vegetables during
thawing, improving overall product quality (Peng et al.,
2022). AlthoughHPT systems offer advantages like shorter
thawing times, microbial control, and reduced drip loss,
they come with downsides. These include high costs,
potential changes in protein structure, and color alter-
ations in some foods (Cartagena et al., 2020; Cui et al.,
2019).

3.2.2 Microwave thawing

Microwave thawing is a highly efficient method that
offers several advantages, including reduced thawing time,
energy conservation, and ease of operation, making it
widely utilized in both commercial and household set-
tings (Cai et al., 2018). This process essentially converts
electromagnetic energy into thermal energy by directly
interacting with the material being treated, eliminating
the need for heat to diffuse from the surface inward.
This allows for rapid thawing, as water molecules within
the material are agitated, facilitating a more uniform
energy distribution compared to conventional methods.
For instance, in meat thawing, MT significantly reduces
thawing time and lowers the risk of microbial contami-
nation (Zhu et al., 2019), while enhancing the nutritional
properties and acceptability in certain food products, such
as meats and frozen fruits (Peng et al., 2022). However, its
practical application in meat processing is somewhat lim-
ited by the microwave’s shallow penetration depth, which
can result in uneven heating and localized overheating,
complicating the thermal conversion process (Cai et al.,
2018). In order to minimize the nonuniform temperature
distribution in MT, product dimensions should be opti-
mized, andmicrowave energy should be evenly distributed
across the sample.
Despite its advantages, the limitations associated with

MT restrict its broader applicability, particularly in indus-
trial food processing, where precision and uniformity are

critical. The primary challenge lies in the uneven heating
patterns caused by the microwave’s shallow penetration,
often resulting in partially thawed areas and localized over-
heating. This issue is further exacerbated in larger food
items, where heat may not be uniformly distributed across
the product, leading to quality degradation and compro-
mised safety. In response to these challenges, researchers
have explored the integration of microwave technology
with alternative methods to enhance thawing efficiency
and product quality. For instance, Cai et al. (2019b) inves-
tigated the combination of ultrasound and MT for frozen
largemouth bass. Their findings indicated that the vis-
coelastic properties of proteins in samples thawed using
this combined method were more similar to those of fresh
samples, resulting in thawed products that demonstrated
both protein stability and gelation characteristics. This
combined approach significantly improved the texture and
sensory quality of the thawed fish, making it a promis-
ing alternative for industrial applications, where protein
integrity is crucial. In a similar study, Cao et al. (2018)
used a combination of microwaves andmagnetic nanopar-
ticles to thaw red snapper. Their experimental findings
showed that proteins in red snapper thawed with this inte-
grated method retained stability and displayed enhanced
gel properties, as well as stable secondary and tertiary
structures. The use of magnetic nanoparticles facilitated
more efficient heat distribution within the sample, miti-
gating the issues of uneven heating traditionally associated
with MT. Despite the potential of these advanced meth-
ods, they remain challenging to implement in typical home
kitchen thawing practices, where simplicity and ease of use
are paramount. While these techniques offer promising
improvements in thawing efficiency and product qual-
ity, their complexity and cost may limit their adoption
to specialized industrial processes rather than everyday
household use. As research in this area continues to
evolve, it is expected that future innovations may address
these practical limitations, potentially making microwave-
assisted thawing technologies more accessible to a broader
range of users (Hu et al., 2023).

3.2.3 Ohmic thawing

Ohmic thawing is an innovative electrical heating method
increasingly used for thawing various food products,
offering notable advantages over conventional thawing
techniques. The key principle behind this method is the
passage of electrical current through the food, which
generates heat internally due to its inherent electrical
resistance. This process, referred to as volumetric heat-
ing, ensures more uniform heat distribution throughout
the product compared to external heating methods like
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conventional or MT (Chen et al., 2022; Döner et al., 2024).
As a result, OT greatly shortens thawing time while main-
taining the quality of food products, mainly by reducing
the risk of surface microbial growth and enhancing energy
efficiency (Çabas et al., 2022; Fattahi & Zamindar, 2020).
In contrast to direct-current ohmic heating, which can

lead to electrolysis, degradation of food components, and
electrode corrosion, causing contamination, alternating-
current OT reduces these problems. The heat generated
by alternating current is inversely related to the resistance
of the food material, leading to less electrolytic transfor-
mation and a cleaner heating process (Cai et al., 2019a).
Consequently, OT primarily utilizes alternating current at
appropriate voltage levels, where the electrical resistance
of the food is transformed into heat, providing a more
efficient and safer method of thawing.
A major advantage of OT is its ability to maintain the

physicochemical properties of foods, such as color, tex-
ture, and lipid oxidation, due to the reduced mechanical
damage associated with traditional thawing methods (Fat-
tahi & Zamindar, 2020). Studies on minced meat and fish
products have demonstrated that OT causes less drip loss
and protein degradation compared to conventional meth-
ods (Cevik& Icier, 2021). Additionally, the process has been
shown to be particularly effective for minimizing ascorbic
acid degradation in fruit-based products when performed
at lower voltage gradients, further enhancing its appeal in
food processing (Mercali et al., 2012).
Despite its advantages, OT presents certain challenges,

particularly in ensuring uniform electrode contact with
the food, which is critical for preventing local overheating
and nonhomogeneous thawing. Variations in the electri-
cal conductivity of different regions within a food product,
particularly those with heterogeneous compositions like
meat, can result in uneven heating and potential cold spots
(Cevik & Icier, 2021; Döner et al., 2024). This issue is exac-
erbated by changes in food volume during thawing, which
may impair consistent contact between the electrodes and
the food surface. In OT processes, the use of adaptable
surfaces in electrode design for different product shapes
is recommended. To address these challenges, researchers
have focused on optimizing electrode designs and pro-
cess conditions to ensure more uniform heat distribution
(Cokgezme et al., 2021). According to Cokgezme et al.
(2021), factors like the shape of the sample, voltage gradi-
ent, and the form of the electrode surface play a crucial
role in determining the exergoeconomic performance of
the process. Cylindrical samples, for instance, tend to expe-
rience lower exergy efficiency due to greater heat losses
and poor electrode contact. Moreover, different electrode
surface designs, particularly needle-type and pyramid-type
electrodes, have shown improved contact, reducing ineffi-
ciencies and preventing overheating (Döner et al., 2024).

Such findings underscore the importance of optimizing
both equipment and process parameters to mitigate the
inherent challenges of OT, ensuring better uniformity in
heat distribution and enhancing overall efficiency.
Recent developments in the field have focused on the

effects of various factors, such as voltage gradients and
fat content, on the efficiency and quality of the thawed
product. Higher fat content in meat, for example, has
been associated with lower electrical conductivity, result-
ing in longer thawing times (Indiarto & Rezaharsamto,
2020). Similarly, the selection of appropriate voltage gra-
dients has been shown to minimize product degradation,
ensuring better retention of texture and moisture content
(Cevik & Icier, 2021; Cokgezme et al., 2021). Additional
research has emphasized the need for continuous and
full contact between the electrodes and the food, with
some studies suggesting the use of electrolytic solutions
to ensure consistent contact and uniform heating (Fat-
tahi & Zamindar, 2020). In conclusion, OT represents a
promising technology in food processing, offering faster,
more energy-efficient, and higher-quality thawing com-
pared to conventional methods. While challenges related
to uniform heating and electrode contact persist, ongo-
ing research and technological advancements continue to
improve the efficacy and reliability of this method across a
wide range of food products, from meat to fruit purees.

3.2.4 Acoustic thawing/ultrasound-assisted
thawing

The application of acoustic energy for thawing frozen
foods was explored approximately five decades ago (Cai
et al., 2019a). UAT has emerged as a promising method
for accelerating the thawing process while maintaining
food quality. Ultrasonic technologies expedite thawing by
increasing the absorption of energy, especially at the inter-
face between thawed and frozen regions, which allows
for faster heat transfer compared to conventional meth-
ods (Cai et al., 2019b). This increased efficiency stems
from the cavitation effect, where ultrasonic waves cause
the formation and collapse of vapor bubbles, leading to
microstreaming and enhanced energy transfer to the thaw-
ing medium (Guo et al., 2021). However, the effectiveness
of UAT is influenced by product size and shape, as these
factors impact the transmission of ultrasonic waves and
energy distribution within the product. When ultrasonic
waves pass through frozen foods, like meat, an amount
of the energy is converted into heat, aiding the thaw-
ing process. The surface temperature escalates rapidly,
while the core temperature ascends more slowly. Upon
beyond the original freezing point, the tissue next to the
thawed-frozen barrier absorbs more energy, accelerating
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the thawing process. Ultrasound’s physical effects, such as
high-speed jets and uneven bubble collapse, improve heat
transfer and help move the frozen-thawed boundary for-
ward, shortening thawing times (Cai et al., 2019a). UAT
has demonstrated superior performance in reducing thaw-
ing times across various food types, includingmango pulp,
pork, and chicken breasts, with reductions of up to 80%
(Gambuteanu & Alexe, 2015; Liu et al., 2019).
Even though UAT significantly improves thawing effi-

ciency, its impact on food quality is complex. Moderate
power ultrasound enhances tenderness, improves water
retention, and promotes the gelling properties of proteins,
but excessive power can lead to cell disruption, degrada-
tion of pigments, and lipid oxidation, negatively affecting
food texture and flavor (Guo et al., 2021). Moreover, the
ultrasonic cavitation process can induce localized over-
heating, which may result in oxidative degradation and
increased drip loss, particularly at high frequencies (Cai
et al., 2018). These limitations, along with the fact that
UAT generally requires a longer duration than MT, high-
light the need for careful control of ultrasound parameters
to minimize quality degradation (Cai et al., 2019b; Zhu
et al., 2023). Despite these challenges, ultrasound has been
shown to have minimal negative effects on pH and micro-
bial growth in pork, as well as on the sensory properties
of fish like Pacific cod, making it a highly viable option for
food thawing,when properly optimized (Wang et al., 2022).
As such, UAT continues to be a valuable tool for the food
industry, offering a balance of efficiency and quality, while
mitigating the risks associated with conventional thawing
techniques (Qiu et al., 2020).

3.2.5 High-voltage electrostatic field
thawing

Electrostatic field -assisted thawing is an innovative tech-
nology aimed at improving the quality of frozen food.
Initially developed to reduce thawing losses and shorten
thawing time, EF thawing has shown potential economic
benefits, including reduced purge loss and faster thawing
rates (Corrette et al., 2024). Qian et al. (2019) found that
applying a 2.5 kV voltage to frozen beef striploins cut thaw-
ing time by 42% and reduced purge loss by approximately
20% (Qian et al., 2019). This observation was corroborated
by Jia et al. (2017), who utilized EF at 20 kV on frozen rab-
bit meat, demonstrating a 60% reduction in thawing time
and a 30% decrease in purging loss. EF-assisted thawing
has shown efficacy in enhancing quality attributes, includ-
ing the reduction of lipid oxidation in rabbit meat and the
decrease of microbial loads in pig tenderloins (Jia et al.,
2017).
HVEF thawing is an important nonthermal food pro-

cessing method that has gained significant attention in

recent years, primarily in research for thawing various
food products such as pork, tuna, chicken, rabbit meat,
shrimp, common carp, tofu, and apple tissue (Ding et al.,
2018). In the literature, the application of HVEFs typically
ranges from 105 to 106 V/m (Wang et al., 2019). HVEF
is a novel thawing technique that has been widely used,
since the 1960s for purposes such as sterilization, drying,
and preserving freshness (Cai et al., 2019a). Compared to
other thawingmethods,HVEF thawing is faster and results
in higher-quality products (Jia et al., 2018). The HVEF
process works by generating an electrical wind through
corona discharge, and involves the ionization of air within
a needle-plate electrode setup via corona discharge. The
ions produced around the needle electrodes are then accel-
erated by the electric field, transferring momentum to
neutral air molecules, which helps move the bulk fluid
toward the surface (Rahbari et al., 2018). The coronawind’s
ability to generate turbulence and vortices, which may
improve heat transmission, causes the thawing rate to rise.
Different thawing speeds may be caused by changes in
voltage, the distance between the needle-shaped corona
electrodes, and the spacing between the electrodes (Cai
et al., 2019a).
HVEF thawing offers numerous advantages over typ-

ical thawing technologies, including decreased thawing
time, preservation of food quality, prevention of microbi-
ological development, and lower energy use. The thawing
process can be conducted using either alternating current
or direct current high voltages. Multipoint and plate elec-
trode techniques are effective in expediting the thawing
of frozen materials (Bai et al., 2017). HVEF thawing also
provides benefits such as high efficiency, low equipment
costs, and ease of operation, making it a promising area of
research. He et al. (2013) found that, after 5 days of post-
thaw storage, the volatile basic nitrogen levels increased
from 10.64 to 16.38 mg/100 g with an applied voltage of
10 kV, while in the control group, the levels rose from
10.66 to 19.87 mg/100 g. This indicates that HVEF thawing
not only accelerates the thawing process of pork but also
helps extend the product’s shelf life (He et al., 2013). HVEF
thawing might decrease protein solubility by decreasing
the electrode gap, hence amplifying the corona effect (Rah-
bari et al., 2018). It was stated that the utilization of HVEF
for thawing pork tenderloin can decrease the duration and,
consequently, impede protein oxidation and lipid peroxyl
radical formation (Jia et al., 2018).

3.2.6 Pulsed electric field thawing

Electric fields are extensively utilized in food process-
ing, encompassing auxiliary frying, extraction, drying, and
preservation. PEF treatment utilizes short voltage pulses
(in microseconds) with elevated electric field intensity
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applied to samples positioned between two electrodes.
Prior research has shown that the implementation of PEF
as a treatment can enhance mass and heat transfer pro-
cesses (Li et al., 2020). The primary distinction between
PEF and low-voltage electric fields is the square wave
nature of the PEF, which exerts stronger bioelectric effects
on organisms within the electric field. As a result, PEF is
commonly used for short-term sterilization or inhibiting
enzyme activity (Chang et al., 2023).
PEF thawing is an energy-to-heat conversion process

that does not include heat. It entails speeding the disso-
lution of hydrogen bonds by transferring energy from ice
to water. Placing the meal between electrodes and deliv-
ering brief, high-voltage pulses is the method used (Cai
et al., 2019a). The thawing durations of materials treated
with PEF are much shorter than those of untreated sam-
ples (Wiktor et al., 2015). The first applications of PEFwere
to increase the transfer of mass in plant and animal tissues
and to make liquid items last longer on the shelf. Electro-
poration can be classified into two categories: reversible
and irreversible, depending on the optimization of elec-
tric field parameters, including intensity, frequency, pulse
width, and waveform (Velickova et al., 2018). Reversible
electroporation generates temporary pores that can sub-
sequently shut, facilitating the trapping of desired compo-
nents within cell membranes. Irreversible electroporation
eliminates cells by irreversible membrane damage and is
typically employed inmicrobial inactivation processes and
to enhance extraction yield (Đukić-Vuković et al., 2017;
Teissie et al., 2005). PEF operating settings and target meal
properties primarily determine whether electroporation is
reversible or irreversible. Previous research has indicated
that the electrical wind produced via corona discharge can
enhance the thawing rate in PEF-assisted thawing (Liu
et al., 2017). Upon positioning the frozen food at the center
of the stage, the corona discharge on the electrode’s sur-
face would ionize the air, augment the velocity of ions, and
convey kinetic energy to the food. Simultaneously, the ions
adhered to the surface, augmenting convective heat and
mass transport (Jia et al., 2019). Jia et al. (2018), indicated
that, in contrast to conventional air thawing, employ-
ing 10 kV HVEFs to thaw pork significantly diminishes
damage to muscle proteins and preserves gel properties,
softness, and water retention levels. In a study conducted
with PEF-assisted thawing on duck meat, the process can
successfully prevent the denaturation of duck myofibril-
lar protein and maintain the processing appropriateness
of duck meat, including gelation and emulsification. It
was demonstrated that PEF-assisted thawing is an innova-
tive method that enhances the quality of processed meat
products and minimizes processing losses (Chang et al.,
2023).

3.2.7 Radio frequency thawing

Electromagnetic waves with frequencies below 100 kHz
are absorbed by the Earth’s surface, whereas those above
100 kHz can propagate through the atmosphere. Radiofre-
quency waves are a kind of electromagnetic radiation that
have wavelengths between 300 kHz and 300 GHz. The cre-
ation of an alternating field between the two electrodes
causes bipolar molecules, such as charged ions in water
and food components, to become polarized. As a result,
the molecules continually reposition themselves toward
the poles. Radio frequency and microwave systems are
similar, although radiofrequency applications have deeper
penetration (Zhang et al., 2022). The thawing technolo-
gies utilizing the electromagnetic wave-heat conversion
mechanism generally encompass radio frequency thaw-
ing and MT, which vary in frequency and the method
of electromagnetic wave creation. RFT could penetrate
frozen muscle foods more effectively, offering superior
potential for uniform heating of food products due to its
narrower frequency range (1−300 MHz), compared to MT
(300 MHz−300 GHz) (Huang et al., 2016; Ramírez-Rojas
et al., 2020).
When food products are subjected to RFT, polar

molecules initiate dipole rotation in response to the chang-
ing field, thereby converting electromagnetic wave energy
into heat, resulting in the thawing of frozen food. Applying
alternating electrical fields to frozen food causes the disso-
ciated ions to vibrate, producing heat through molecular
friction (Cai et al., 2019a). To create the induction coupling,
the load material and electrodes come together. According
to Guo et al. (2019), in order to align the load materials
with the generator’s resistance and establish a constant
coupling of radio frequency energy, the automated tuning
adjusts the total impedance to 50 ohm.
Thawing processes increasingly utilize radiofrequency

technologies. The volumetric heating properties of
radiofrequency technology facilitate expedited thawing
durations and consistent temperature distribution during
the RFT of food items. This provides an advantage for
defrosting larger quantities of food (Zhang et al., 2022).
The RFT procedure utilizes the electromagnetic field
generated by parallel electrodes to facilitate thawing
(Köprüalan Aydın et al., 2023). Recently, the commercial
application of radio frequency for thawing frozen blocks
of meat and seafood has been implemented by companies
like SAIREM SAS (France), SONAR (Türkiye), Stalam
(Italy), and Yamamoto Vinita (Japan), offering many
advantages over conventional thawing methods and
microwave applications. These advantages encompass
decreased thawing duration and reduced product quality
degradation due to the volumetric heating property with
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extended penetration depth. The radio frequency tech-
nique enables deep penetration, attributed to its longer
wavelength (about 11 m at a frequency of 27.12 MHz),
and facilitates the heating of food materials even within
their packaging. Radio frequency technology has the
drawback of causing uncontrolled heating when used for
thawing. The analysis suggests that runaway heating is
linked to food composition, with high-fat diets being the
most problematic (Llave & Erdogdu, 2022). Moreover, the
constraints of the radiofrequency application arise from
the uneven distribution of heat throughout the product,
especially at the edges, corners, and surfaces (Wu et al.,
2017).

3.2.8 Other new thawing technologies

In recent years, research has increasingly concentrated
on physical field techniques to enhance freezing and
thawing effects through rapid freezing, including ultra-
sound, microwave, far infrared, high pressure, electric
field, magnetic field, and radio frequency. In compari-
son to rapid freezing and thawing alone, the utilization
of effective physical field aid or combined processes may
improve the quality of frozen products and decrease energy
usage. Additional potential benefits of effective physical
field aid are progressively becoming apparent (Jiang et al.,
2023). Fan et al. (2020) developed an innovative tech-
nique of osmotic-dehydrofreezing utilizing ultrasound for
kiwifruit. The utilization of ultrasound decreased freezing
duration, minimized drip loss, and successfully preserved
the characteristics of kiwifruit (Fan et al., 2020).
Thermal processes, includingmicrowave, dielectric, and

resistive thawing, offer the advantages of speed and sim-
plicity; however, they present issues such as unequal
heating, favored surface warming, and elevated energy
usage. Although nonthermal methods such as vacuum
thawing, ultra-high pressure, and ultra-high ultrasound
may lessen denaturation of food quality, they can be dif-
ficult to apply, do not always permeate samples, and
can cause physiochemical changes and microbial growth
(Cai et al., 2019a). Numerous novel thawing technologies,
including hybrid or combination procedures, have been
developed and studied in order to solve the limitations
associated with various thawing techniques. Most of them
are laboratory-scale and lack commercial applicability.
Thermal and nonthermal thawingmethods can be com-

bined for enhanced results. For instance, in order to defrost
red seabream fillets, it is possible to combine suction with
microwave or ultrasound (Cao et al., 2018). Vacuum thaw-
ing can mitigate some of the side effects of microwave and
ultrasound therapies by keeping the temperature down.
The findings demonstrated that the combination of these

strategies was more effective than each strategy alone in
preserving actin’s thermal stability and tertiary structure.
To address the uneven temperature distribution often seen
during MT, various techniques can be employed to reduce
significant temperature variations. Combining MT with
conventional heating can lead to more uniform heating,
and using air jet impingement or infrared heating along-
side MT can also help reduce temperature disparities (Cai
et al., 2018).
Prior research indicated that components such as free

radicals, active oxygen, and active nitrogen present in
plasma-activated wate can degrade the lipids and pro-
teins of microorganisms (Thirumdas et al., 2018), thereby
exhibiting a potent bactericidal effect that effectively inac-
tivates Salmonella, Staphylococcus aureus, Escherichia coli,
and other food spoilage and pathogenic bacteria. Nonethe-
less, the investigation into PAW predominantly centers on
the immersion and sterilizing of fruit and vegetable items.
To solve the issues of microbial contamination and protein
degradation associated with traditional thawing methods,
a novel frozen meat thawing medium was employed to
decrease the effects ofmicrobial contamination on chicken
and enhance the properties of PAW and ultrasound (Qian
et al., 2022).
A study explored the use of slightly acidic electrolyzed

water thawing combined with ultrasound to assess its
impact on the quality, nutrients, and microstructure of
frozen meat. The samples were thawed in an ultrasonic
bath containing 12.5 L of SAEW, and the samples were
placed in a wash basket. The ultrasound, operating at a
frequency of 80 kHz and an output power of 300 W, was
applied within a low-frequency range (20–100 kHz) and
high intensity (10–1000 W/cm2). The ultrasound-assisted
slightly acidic electrolyzed treatment effectively controlled
lipid oxidation in the samples andminimized nutrient loss
during thawing. Additionally, the microstructure of the
meat treated with UAET remained more intact and com-
pact compared to those thawed using traditional methods.
Overall, UAET proved to be a promising thawing tech-
nique that helps preserve the quality, nutritional value,
and microstructure of thawed meat products (Kong et al.,
2023).
The temperature during thermal thawing methods,

includingmicrowave, RF, andOT, is nonuniform, resulting
in warm areas becoming focal points for increased power
dissipation. Excessive heating may lead to overcooked
areas of food that are not fully thawed. Prior research
on biomaterials resulted in swift and uniform heating by
the integration of radiofrequency and magnetic nanopar-
ticles (Eisenberg et al., 2016; Manuchehrabadi et al., 2017;
Wang et al., 2016). Magnetic nanoparticles transition to a
paramagnetic state upon heating, hence enhancing heat
conduction due to the vigorous motion of polar molecules
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in, for instance, fish tissue.Magnetic nanoparticles utilized
alongside microwave or far-infrared thawing resulted in
more consistent thawing (Cai et al., 2019a).
Chen et al. (2023) conducted a study to enhance the

novel vacuum sublimation–rehydration thawing method
to ensure superior quality of thawed meat, optimize the
thawing rate, and reduce energy consumption, thereby
offering innovative insights for the advancement of high-
efficiency thawing apparatus. The results indicated that
the developed regression equations closely aligned with
the experimental values (Chen et al., 2023). Vacuum
steam thawing technology is a technique that utilizes
latent heat from the condensation of water vapor to heat
frozen goods. The process entails heating a water tank to
temperatures ranging from 7◦C to 90◦C, resulting in vapor-
ization into steam. The steam then infiltrates the frozen
meat, condensing and emitting heat. VSTT is recognized
for its superior production efficiency, little energy usage,
and capacity to inhibit oxidative damage, in contrast to
microwave or high-frequency thawing techniques (Chen
et al., 2020).
A different study explored the use of multi-frequency

ultrasonic thawing on pork, examining the effects of ultra-
sonication on thawing rate, physicochemical properties,
water migration, distribution, and microstructure with
various frequency combinations (mono-, dual-, or tri-
frequency in sequential and simultaneous modes). The
results showed that ultrasonic-assisted thawing increased
the thawing rate and reduced thawing time by 26.72–
64.99%, compared to water immersion thawing, while also
helping to reduce lipid oxidation. The optimal ultrasonic
frequency and power are essential for preserving the qual-
ity of thawed food and accelerating the procedure. The
frequency and intensity of ultrasound dictate the develop-
ment and potency of ultrasonic cavitation. Contemporary
studies concentrate on UAT at various power levels; nev-
ertheless, there is a paucity of study about the impacts of
temperature, combinations of ultrasonic frequencies, and
operating modes (Chen et al., 2024). The impact of IRT
+ MT on frozen pork was compared to fresh air thaw-
ing, IRT, and MT. The IRT + MT was identified as an
exceptional thawing technique, demonstrating high thaw-
ing efficiency, while inflicting minimal damage to product
quality. The IRT+MTdemonstrates superior performance
in the quality of thawed pork. The dimensions and vol-
ume of the samples significantly influence the quality of
thawed pork. Consequently, additional studies must be
undertaken to validate the commercial application of IRT
+MT (Hu et al., 2023).

4 COST EFFECTS OF DIFFERENT
THAWING TECHNIQUES IN FOOD
PRODUCTS

The cost of thawing food can vary significantly depend-
ing on themethod. Conventional thawingmethods like air,
vacuum, and water thawing are often costly and inconve-
nient. They can also degrade food quality and accelerate
microbial growth under suboptimal conditions (Qiu et al.,
2020; Zhang et al., 2023a). Innovative technologies like OT,
MT, UAT, RFT, PEF, high-voltage electrostatic field, mag-
netic field, andHPT can provide viable, cost-effective solu-
tions that offer rapid thawing and improved quality, while
minimizing nutrient and quality loss (Chen et al., 2024;
Mohsenpour et al., 2023; Xiao et al., 2024; Zhang et al.,
2021b). However, their initial investment, operational, and
maintenance costs may present a barrier, emphasizing
the need for a balanced, cost-effective approach to food
thawing (Balthazar et al., 2024). While these costs vary
across techniques, strategically integrating these methods
can reduce energy consumption and processing times, pro-
moting sustainability and lowering operational costs in
the food industry. An industrial technique should consider
economic cost, energy consumption, efficiency, through-
put, and practicality. Therefore, assessing the costs of these
thawing methods is crucial to determining the most suit-
able option for different food types (KöprüalanAydın et al.,
2023).
OT, for example, offers a sustainable and cost-efficient

solution in food processing, providing a faster, energy-
efficient alternative to traditional methods. It reduces
thawing times by 64–87% for frozen minced beef, while
minimizing protein denaturation and enhancing physic-
ochemical, sensory, and textural qualities. Despite these
benefits, high initial costs, uneven heating for irregularly
shaped products with varying conductivity, and risks of
metal contamination may limit the widespread adoption
of OT (Balthazar et al., 2024).
MT offers faster heating, improved energy efficiency,

and greater throughput, which helps reduce labor costs
and processing time compared to traditional methods.
While high upfront equipment costs and surface heating
inconsistencies can affect cost-effectiveness in large-scale
operations, many models are relatively affordable to man-
ufacture, making them accessible for both home and
commercial use. However, the need for specialized equip-
ment can result in higher initial setup expenses (Icier
et al., 2017; Mao & Zhu, 2024). UAT ensures uniformity,
affordability, and efficiency, making it a highly effective
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method for speeding up the thawing process. It is consid-
ered cost-effective due to its low energy consumption and
reduced processing times. While initial equipment costs
may vary depending on the system’s complexity, its abil-
ity to reduce thawing time and energy usage can lead to
overall savings, especially in medium- to large-scale oper-
ations (Kong et al., 2023; Sarıoğlu et al., 2024). A recent
study by Sarıoğlu et al. (2024) found that UAT reduced
the thawing time by 80%, compared to static freezing and
thawing methods without adversely affecting the quality
of product. Ultrasound at 40% amplitude yielded more
effective results than at 100% amplitude. For extraction
processes, ultrasound at 100% amplitude not only failed to
provide a significant advantage in meat quality but also
increased energy consumption. While ultrasound effec-
tively accelerated thawing and protected food quality, 100%
amplitude did not offer a notable advantage in the quality
characteristics of the samples.
RFT is increasingly used to thaw a variety of foods,

including meat, seafood, and even strawberries, offer-
ing several advantages over traditional methods, such
as more consistent thawing and reduced labor costs
(Gao et al., 2023). Although RFT devices are designed
to provide rapid and uniform heating, leading to poten-
tial time and energy savings, the technology requires a
significant initial investment. The cost of RFT is influenced
by factors like equipment design, energy consumption,
and operational efficiency, with operational costs varying
depending on the specific design and application. Despite
these challenges, RFT can be cost-effective in the long run.
However, the high upfront costs and the technology’s com-
plexity have slowed its adoption in the food industry. In
large-scale operations, the benefits of improved product
quality and reducedwastemaymake the initial investment
worthwhile. Despite its potential, the high price of RFT
equipment has limited its use, especially since the technol-
ogy is controlled by only a few companies, making it less
accessible compared to more established methods like hot
air/water or microwave heating (Gao et al., 2023; Liu et al.,
2024; Llave & Erdogdu, 2022).
PEF thawing systems require a substantial initial invest-

ment due to the high-voltage equipment and complex
configurations involved. Ongoing operational expenses
depend on factors like energy use, system design, and
operational scale. Although PEF offers greater energy
efficiency than traditional thawing methods, the signif-
icant upfront and maintenance costs pose challenges,
particularly for smaller businesses. However, for larger
operations, the potential for faster processing, better prod-
uct quality, and reduced waste might make PEF thawing
a more cost-effective option over time (Rondineli & Silva,
2024; Wu et al., 2024; Yang et al., 2024). For instance, PEF-
assisted thawing has demonstrated a significant reduction

in thawing time by up to 50% and minimized quality
degradation in food products, like duck meat compared
to conventional methods (Lung et al., 2022; Wu et al.,
2024). Similar outcomes were observed for porcine meat
(Yang et al., 2024). Despite these advantages, the cost of
PEF thawing remains relatively high, due to the special-
ized equipment involved. These expenses, particularly in
industrial settings, continue to be a key factor limiting the
widespread adoption of this technology (Rondineli & Silva,
2024).
High-voltage electrostatic field thawing can accelerate

the thawing process, especially in muscle foods, but it may
also cause issues like oxidation and thawing loss, which
could impact the overall quality of the product (Dalvi-
Isfahan et al., 2016). The high output voltage of HVEFT
systems not only poses safety risks for operators, but also
requires careful optimization of factors like needle dis-
tance, electrode spacing, and applied voltage to enhance
efficiency and control energy consumption. The substan-
tial capital costs and varying energy demands, depending
on operation scale and equipment efficiency, create signif-
icant cost barriers, hindering large-scale implementation
(Lin et al., 2024; Zhang et al., 2023a).
Magnetic field thawing accelerates thawing using mag-

netic fields but requires specialized equipment, resulting
in high initial and maintenance costs. These costs vary
with equipment size, scale, and complexity, posing a
significant challenge for small-scale businesses and lim-
iting broader adoption (Wang et al., 2024). Magnetic field
thawing offers rapid thawing with energy-saving, environ-
mentally friendly benefits while minimizing ice crystal
damage to muscle fibers and preventing thawing loss. It
maintains stable product temperatures, even at high inten-
sities, and is free from chemical residues. This efficient,
safe method preserves food quality, indirectly reducing
waste and lowering costs by enhancing process efficiency
(Jiang et al., 2022; Wang et al., 2024).
HPT requires a significant initial investment, with

equipment costs ranging from $600,000 to $4 million,
depending on the size of the vessel and the level of automa-
tion (OSU, 2024). Operational costs are influenced by
factors such as energy use, maintenance, and equipment
efficiency (Döner et al., 2024). Despite these high upfront
costs,HPToffers rapid thawingwhile preserving food qual-
ity and minimizing microbial risks, making it a viable
solution for large-scale industrial applications, particularly
for high-value products (Devaraj et al., 2024). However, its
widespread adoption for thawing in smaller operations is
limited, due to the considerable investment required (Li,
2024; Xiao et al., 2024).
Zhang et al. (2023a) compared the energy costs

of various thawing techniques, ranking them in the
following order: refrigerated thawing > ultrasonic
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thawing > MT > RFT > OT > water thawing. Although
these emerging thawing technologies involve significant
equipment costs and higher energy use, they offer the
advantage of faster thawing times. On the other hand,
water thawing is energy-efficient, but slower. Despite
varying initial costs, integrating these emerging tech-
nologies can help reduce energy use and processing
times, support more sustainable practices, and lower
operational expenses in the food industry. Moreover,
further research is necessary to optimize and improve
their cost-effectiveness for large-scale applications by
determining the key parameters.

5 CONCLUSION AND FUTURE
RESEARCH

The comprehensive review of traditional and novel thaw-
ing methods for frozen foods highlights the significant
advancements in food preservation and processing tech-
nologies. Traditional thawing methods, while still widely
used, are gradually being complemented or replaced by
innovative techniques that offer improved efficiency, qual-
ity retention, and food safety. Innovative thawing tech-
niques, such as HPT, MT, OT, UAT, HVEFT, PEF thawing,
and RFT, have demonstrated positive outcomes across a
range of food applications. These methods typically pro-
vide quicker thawing times, more consistent temperature
distribution, and enhanced preservation of food quality
compared to conventional thawing approaches.
The application of these thawing methods across differ-

ent food categories, including meat products, fruits and
vegetables, seafood, bakery products, and other foods,
demonstrates their versatility and potential for widespread
adoption in the food industry. However, the effective-
ness of each method varies depending on the specific
food product, its composition, and the desired quality
attributes. Optimal thawing methods vary by food type,
with high-pressure and electric field-assisted techniques
(low/high-voltage, pulsed) being most effective for meat,
while fruits and vegetables benefit from specific methods
like high-pressure and UAT for mangoes, which reduce
thaw time and preserve sensory qualities. Seafood thaw-
ing methods vary by species, with UAT being ideal for
shrimp and sea cucumber, saline solution effective for cut-
tlefish, and OT efficient for tuna. For doughs and bakery
items, UAT is superior for improving properties and fer-
mentation, refrigerator thawing (4◦C) is safe for long-term
storage and quality maintenance, while MT is fast but
should be used cautiously due to potential quality issues.
Future research in this field should focus on:

✓ Optimizing HPT parameters for different meat cuts to
minimize protein denaturation and maintain texture,

✓ Investigating PEF thawing for reducing thawing time,
while maintaining meat quality, especially for poultry
and pork products,

✓ Evaluating UAT’s effectiveness in maintaining cellular
structure and reducing drip loss in various fruits and
vegetables,

✓ Exploring OT’s potential for uniform thawing of pureed
or cut vegetables, while preserving nutritional content,

✓ Investigating RFT’s efficacy in rapid, uniform thawing
of various seafood products, particularly for large fish
fillets and shellfish,

✓ Developing MT protocols to prevent localized heating
and maintain the delicate texture of fish and shellfish,

✓ Researching HVEFT’s potential to maintain gluten
network integrity in frozen doughs,

✓ Investigating UAT’s effects on yeast activity and dough
rheology during the thawing process of bakery prod-
ucts,

✓ Exploring synergistic effects of combining different
thawing techniques (e.g., ultrasound with ohmic heat-
ing) for enhanced efficiency and quality preservation,

✓ Conducting comparative studies on the energy con-
sumption of various novel thawing methods across
different food categories,

✓ Investigating the challenges and opportunities in scal-
ing up promising thawing technologies for industrial
applications,

✓ Conducting comprehensive studies on the effects of
different thawing methods on nutrient retention, espe-
cially for fruits, vegetables, and seafood.

By focusing research efforts on these priorities, the
food industry can work toward developing more effec-
tive, efficient, and product-specific thawing solutions. This
targeted approach will help in addressing the unique
challenges posed by different food types and accelerate
the adoption of optimal thawing technologies in various
sectors of the food industry.
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