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Abstract

In recent years, research has been
focusing on innovative technologies that do
not compromise the structural properties of
foods. One of these innovative technologies
is ohmic heating. This technique provides
efficient microbial inactivation by enabling
rapid and uniform heating on a large scale.
Ohmic heating systems can be adapted to
aseptic processing systems in pumpable food
lines and can be used in preheating and
pasteurization lines. Due to its ability to
provide rapid and homogeneous heating,
ohmic heating is considered an alternative
pasteurization method in the processing of
dairy products, which play an important role
in the nutrition diet of our country, and it is
believed to offer solutions to the global
challenges of “energy” and “improvement in
product quality and nutritional properties”
that have become increasingly important
today.
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I. INTRODUCTION

Heat treatment applications have been used as a crucial step in dairy technology for
decades to protect public health and ensure the microbiological stability of milk. Traditional
heat treatment practices can affect milk's sensory and functional properties by causing
undesirable quality changes due to the temperature to which milk is exposed [1]. Therefore,
in recent years, intensive research has been conducted on the use of non-thermal advanced
preservation techniques as alternatives to traditional methods [2]. Among these technologies,
one of the methods that has been extensively studied and has commercial applications is
ohmic heating. Recently, many researchers have used the ohmic heating technique to
inactivate foodborne bacteria [3, 4].

In recent years, there has been a noticeable increase in scientific research regarding
the effects of ohmic heating systems on food quality, temperature controls in continuous
systems, and process parameters. Intensive system development and optimization research
has been conducted since its industrial use began [5]. One distinguishing feature of ohmic
systems from other electro-thermal systems is that the electrode systems used can come into
direct contact with food [6, 7]. This allows food to reach high temperatures quickly with less
damage through the ohmic heating technique [8], preserving nutritional value and color
compared to traditional methods [9]. Sensory properties that match preferred characteristics
and minimal aroma loss can be achieved, leading to the processing of reliable food products
[10]. Because of these benefits, ohmic heating has become more useful and has been used on
a pilot and industrial scale for heating, pasteurization, boiling, evaporation, drying,
fermentation, and extraction, especially in places where liquid foods like fruit juices, milk,
and ready meals are common, such as the United States, the United Kingdom, Japan, and
Italy [11-15].

As a result of current studies, ohmic heating has been considered an efficient heating
method and an alternative for processing milk and dairy products, which hold significant
importance in our country's dietary habits. It is believed that ohmic heating can offer a
solution to the global challenges of energy consumption and improvement in the nutritional
quality of dairy products. This section provides general information about ohmic heating
systems used in the dairy industry and the pilot-scale studies conducted. The impact of ohmic
heating on the microbiological and physicochemical properties of milk and its products is
also discussed.

II. GENERAL PROPERTIES AND USABILITY IN FOODS

1. Ohmic Heating Technique: The technique is known as ohmic heating, which takes its
name from Ohm's law, which dates back to the late 19th century [16] and describes the
relationship between current, voltage, and resistance, is referred to in the literature by
various names such as joule heating, electrical resistance heating, direct resistance
heating, electro-heating, and electro-conductive heating [17]. It is noted that the
pasteurization process developed by Fetterman in 1928 [18], called “Electropure” was a
significant development in the dairy industry of that time [19]. In 1987, it was developed
at the UK Electricity Research and Development Centre, licensed by APV Baker, and in
1990, the AVP company patented a system and introduced an alternative pilot-scale
ohmic heating system to the industry [20].
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This technique involves passing alternating current through electrodes in contact
with a food product, utilizing the food’s conductivity as resistance, and heating the food
based on its electrical resistance [21, 22]. During the heat treatment process, the
occurrence of electrolysis can lead to the formation of toxic compounds and may have
adverse effects on the sensory and nutritional characteristics of the product. The
frequency range used in the process is a crucial factor to consider, as it can either prevent
or contribute to these adverse effects [23]. Low-frequency alternating current (50 or 60
Hz) below 100 kHz has a less intense electrolytic effect compared to direct current [17,
24]. Additionally, the use of stainless steel, pure carbon, and platinum-coated titanium
electrodes is reported to mitigate this issue [25, 26]. The schematic diagram of ohmic
heating is shown in Figure 1.
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Figure 1: Schematic Diagram of Ohmic Heating

2. Ohmic System Properties: The system occupies less space compared to other equipment
and operates silently [27]. Since there is no heating surface, issues related to
accumulation or the formation of burnt layers in heat exchangers do not arise.
Additionally, the system can operate continuously, 24 hours a day, 7 days a week, without
the need for mixing processes [24, 28]. The system does not have moving parts, making it
particularly suitable for food mixtures that are sensitive to mechanical damage [10, 27,
29].

Dairy products are high-mineral-content foods, and during ohmic heating,
corrosion occurring on the surface of electrodes can lead to an increase in electrical
resistance and changes in the system’s operating conditions [30-32]. In a study conducted
by Stancl and Zitny [33], skim milk samples were evaluated using stainless steel, TiN,
and graphite electrodes under different electric current densities (at a fixed frequency of
50 Hz) and temperatures (65-75°C). The results indicated that corrosion was not observed
on the graphite electrodes. In a study by Bansal and Chen [31] using a cylindrical ohmic
heater, the effect of power supply frequency (10 kHz and 50 Hz) on electrode surface
wear was examined. They found that corrosion significantly decreased at higher
frequencies.
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3. Important Parameters Affecting the Ohmic Heating of Food: The applicability of
ohmic heating is dependent on the electrical conductivity of the food material, but it has
been noted that this method is suitable for heating many food materials due to the
presence of free water containing dissolved salt ions [34]. The electrical current in the
food generates heat, especially in liquid foods, resulting in homogeneous heat and
temperature distribution [35]. Additionally, the energy conversion efficiency in ohmic
heating for liquid foods is high, reaching approximately 90% [21, 36]. Temperature
differences of 55°C or more can be achieved in less than 1 second [28]. The heating rate
varies directly with the square of the electrical field intensity and electrical conductivity.
The electrical field intensity can be adjusted by altering the gap between the electrodes
and the applied voltage [21].

In ohmic heating of foods, important factors include the electrical conductivity of
the food and how it changes with temperature, the design of the heating system, the
thermophysical properties of the food, the electrical field intensity, the application time,
the movement of liquids inside the food, etc. (Table 1). [37-39].

Table 1: Important Parameters in the Ohmic Heating Process

Parameters Factor
Processing parameters | Electric field strength
Time
Heat
Electric current frequency

Product parameters Electrical conductivity

Viscosity

Intensity

Extract

Homogeneous or solid-liquid systems
Equipment parameters | Ohmic cell size

Size and shape of the electrodes
Electrode composition

It has been noted that ohmic heating can achieve the required temperature for the
UHT process, with no issues of surface contamination or product overheating. It is
beneficial for products that require preheating before the preservation process.
Additionally, ohmic heating offers high energy conversion efficiency, is suitable for
continuous processes, and has a lower investment cost compared to microwave and
traditional heating methods [40]. Additionally, intrinsic factors such as the properties of
lipids, proteins, carbohydrates, and their quantities in foods also influence the ohmic
heating of food [4, 41].

HLTHE EFFECT OF OHMIC HEATING TECHNIQUE ON QUALITY
PARAMETERS OF MILK AND PRODUCTS

1. Effect of Ohmic Heating Technique on Microbiological Properties of Dairy
Products: The thermal effect on microbial cell membrane structures and enzymes is the
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main mechanism underlying the ohmic heating-induced microbial inactivation [42].
Initial studies suggested that the primary effect on microbial inactivation in ohmic heating
was due to temperature increases, with the electrical effect being relatively low [43].
However, subsequent studies on yeast and Escherichia coli inactivation revealed that
electrical current damaged the microbial reproductive mechanisms. This is because when
low frequencies are used in ohmic heating, charges build up on the cell wall and pores
form in the cell membrane [44-48].

It has been observed that ohmic heating, compared to traditional thermal
processing, offers shorter processing times and a higher level of effectiveness in the
inactivation of microorganisms. In addition to its thermal effects, ohmic heating has been
found to provide significant advantages in terms of bacterial inactivation when compared
to other methods, due to its induction of electroporation in the cell membranes of
microorganisms [49]. Table 2 summarizes some studies on the impact of ohmic heating
on microorganisms and its potential to meet safety limits in milk products.

Table 2: Studies Examining the Effect of Ohmic Heating of Milk and Its Products on
Microbiological Properties

Parameter Finding References

Contamination of milk samples
with Escherichia coli O157:H7,
Salmonella spp., and Listeria
monocytogenes.

the
target

resulted in
the

Ohmic heating
inactivation
microorganisms.

of [50]

Ohmic heating has a greater impact
on the microbial inactivation of dairy
products with a fat content in the
range of 0-3%.

Inactivation of E. coli O157:H7 with
ohmic heating has a quadratic
relationship with lactose and fat. The
inactivation of S. typhimurium and L.
monocytogenes  is  significantly
influenced by the process time.

The effect of milk fat on the
inactivation of microorganisms
with ohmic heating.

The combined inhibitory effect of
milk fat and lactose on the
inactivation of E. coli O157: H7,
S. typhimurium, and L.
monocytogenes ~ with ~ ohmic
heating.

Comparison of thermal resistance
of goat milk samples with added
E. coli ATCC 25922, subjected to
ohmic heating and conventional
heat treatment at the same
temperature profile.

Ohmic heating (at 50 kHz, 63 and
65°C) resulted in the inactivation of
the target microorganism and reduced
the D and z values compared to the
conventional method.

Comparison of thermal resistance
in milk samples with added
Streptococcus thermophilus 2646,
subjected to ohmic heating and
conventional heat treatment at the
same temperature profile.

Ohmic heating (at 20 kHz, 7.3-2 A;
70-12 V; 70, 75, and 80°C) led to the
inactivation of target microorganisms
and reduced the D and z wvalues
compared to the conventional
method.
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The UHT milk samples, each
measuring 200 mL, with varying
fat contents of 3.1% (full-fat),
1.5% (semi-skimmed), and 0.14%
(skimmed), were inoculated with
a 0.5% concentration of L.
monocytogenes  4b  (ATCC
13932) strain.

During the 6th minute of the ohmic
heating process, there was an average
reduction of approximately 5.30 log
CFU/mL in both semi-skimmed and | [49]
skim milk compared to the initial
load, and L. monocytogenes was
completely inactivated.

2. Effect of Ohmic Heating Technique on Physico-chemical Properties of Dairy
Products: According to prior research, internal factors like the makeup and
concentrations of lipids, proteins, and carbohydrates in the food have an impact on the
electrical conductivity of ohmic heating as well as external factors like voltage and
frequency. These factors collectively play a significant role in influencing electrical
conductivity [4, 41].

It has been noted that the fat content and temperature have a substantial impact on
the electrical conductivity value during the Ohmic heating of dairy products [54]. The
presence of fat droplets in the milk matrix during ohmic heating has been found to cause a
decrease in electrical conductivity. They have also pointed out that an increase in fat
content leads to non-uniform heat distribution in the samples [51]. Furthermore, it has
been observed that the increased fat content not only reduces the electrical conductivity of
milk but also provides protection against thermal damage to L. monocytogenes. It was
noted that the low electrical conductivity resulting from high-fat-content milk also leads
to a decrease in the thermal efficiency of ohmic heating [49]. While no color change and
lipid oxidation were observed after ohmic heating, a slight decrease in pH values was
observed [52]. Compared to the traditional heating method, this approach prevents the
formation of hot surfaces, reduces temperature gradients, and, as a result, plays a
significant role in providing rapid heating as well as ensuring uniform heating in terms of
thermophysical, electrical, and rheological properties [55]. In Table 3, various studies
investigating the effects of ohmic heating on the physicochemical properties of dairy
products have been summarized.

Table 3: Studies Examining the Effect of Ohmic Heating of Milk and its Products on
Physico-Chemical Properties

Parameter Finding References

It was determined that ohmic heating
significantly increased electrical conductivity
and heating rate compared to conventional | [51]
methods, and an increase in milk fat content led

Different milk samples
with varying fat
content (0, 3, 7, and

0,
10% wiw) to non-uniform heat distribution in the samples.
Milk An increase in voltage resulted in a decrease in [52]
heating time.
Full-fat milk  and | The effect of ohmic heating (heating from 20°C [56]

reconstituted milk to 80°C with a voltage gradient of 30 V/cm) on
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rheological properties was examined. It was
found that viscosity was sensitive to temperature
increases during ohmic heating for reconstituted
milk samples.

Maras-style ice cream heated ohmically in the
voltage range of 20-60 V/ecm showed higher
rheological constants (consistency coefficient,
Ice cream flow behavior index) compared to traditional ice | [54]
cream mix and varied with temperature. It was
observed that ohmic heating times decreased as
the voltage increased.

Under traditional conditions (72°C / 15s) and
ohmic treatment (14.4 V/cm, 5-30 A), there
Goat's milk were no significant changes in short-chain fatty | [53]
acid composition when ohmic heating was
compared to conventional heating.

Ohmic treatment (20 kHz; 7.3-2 A; 70-12 V)
showed no significant effect on protein

Milk denaturation compared to conventional thermal [42]
treatment under the same conditions.
Ohmic treatment (25 kHz, 15 kW; 300/4000 V)
was compared to UHT processing in terms of
Baby food based on | different quality indicators. Ohmic heating [57]

milk resulted in higher wvalues for Furosin,
Carboxymethyllysine (CML), and vitamin C
compared to UHT processing.

Milk contains approximately 30 proteins that have the potential to elicit allergic
reactions. Among these proteins, casein (alpha-s1) [58-60], beta-lactoglobulin [61], and
alpha-lactalbumin (alpha-La) [60,61]are known to have the highest allergenic potential in
cow's milk. Thermal processing can lead to protein denaturation and a decrease in the
allergenic potential of milk and its products due to the loss of tertiary structure, which can
result in aggregation [61]. However, it has been reported that the maillard reaction, which
occurs during processing, can increase allergenicity by forming neoallergenic compounds
[55].

In contrast, the non-thermal effects of ohmic heating can lead to different
outcomes compared to conventional processing, even at the same temperature profiles.
Process parameters such as electric frequency and electric field can influence casein
micelles and protein structures, resulting in different outcomes compared to conventional
heating systems [55]. Electroporation, with its non-thermal effects, can lead to a decrease
in the heating rate during the process. This, in turn, results in a reduction in the formation
of neoallergenic compounds from the maillard reaction [55, 59]. Conversely, due to the
decrease in the total thermal load, it may cause a reduction in the allergenicity of
previously denatured proteins [55].
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IV.CONCLUSIONS

In recent years, modeling and characterization of both batch and continuous ohmic
heating systems, as well as process control, have gained increasing importance. Studies of
how ohmic heating affects different steps in liquid food processing lines and the collection of
data on electrical conductivity have laid the groundwork for industrial applications. Despite
these positive attributes, the system still requires proper electrical insulation and control
system design.

To define the benefits and optimum process parameters of ohmic heating, it is
essential to evaluate its impact on the quality and sensory properties of the final product. The
same thermal process indicators commonly used in conventional processes can also be
employed to determine the intensity of ohmic heating. Since different process conditions may
need to be applied depending on the product, identifying all variables that can affect the
ohmic heating rate for dairy products is necessary. Furthermore, pilot and industrial-scale
studies are required to obtain more precise and practical data regarding the impact of ohmic
heating on microbial inactivation.

Studies on the effects of ohmic heating on nutrient components and quality
characteristics are ongoing, with limited research available on changes in texture properties.
Researchers comparing ohmic heating with UHT in dairy technology have observed similar
results and have suggested that ohmic heating is a promising technology for preserving
certain nutrients in dairy products. Additionally, they mention the potential for estimating its
effects on nutritional compounds in infant formula-based foods. However, there is a lack of
studies in the literature assessing the allergenic properties of milk proteins processed with
Ohmic heating. There is also a dearth of research on processed dairy products such as cheese,
butter, fermented milk, etc., which presents opportunities for further investigation in this
field.
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