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Chapter 13
Influence of Ohmic Heating on Food 
Bioactives

Anne Kathrin Baier and Cornelia Rauh

13.1  Ohmic Heating: A Promising Alternative 
to Conventional Heating

Heating belongs to the most important and most common process steps in food 
manufacturing. It serves the extension of shelf-life by inactivation of undesired 
microorganisms and enzymes, the induction of textural and structural alterations via 
tissue softening, starch gelatinization or protein denaturation as well as the prepara-
tion for and efficiency enhancement of subsequent processing steps. Besides these 
desired effects, there may also be adverse effects. Sensorial quality may be decreased 
by the loss of aroma and flavor or nutritionally detrimental effects may occur via 
degradation and loss of nutrients (Varghese et al. 2014). Especially bioactive ingre-
dients such as vitamins or polyphenols often possess high temperature sensitivity 
and thus are strongly affected by intense thermal processing. Conventional heating 
is realized via external heat generation and subsequent heat transfer to the product 
by conduction, convection or radiation (de Alwis and Fryer 1992; Goullieux and 
Pain 2005; Varghese et al. 2014). Conduction of heat is often a slow process leading 
to inhomogeneous temperature distributions in the product. This results in over- 
processing in some parts of the product connected to higher quality losses (de Alwis 
and Fryer 1992). Thus, technologies are required that meet both the requirements 
for food safety or structure changes as well as sufficient product quality. Besides 
non-thermal technologies such as high isostatic pressure or pulsed electric fields, 
alternative heating methods are of interest achieving rapid and uniform heating of 
the product (Varghese et al. 2014).
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One of these methods is ohmic heating where an electric current is passed 
through a material with electrical resistance with the purpose of heating it (Vicente 
et al. 2006). Similar to other volumetric heating methods, e.g. microwave or induc-
tive heating, heat is generated inside the food and therefore the dependency on ther-
mal conduction and convection is low (Goullieux and Pain 2005). This leads to 
fewer temperature gradients in the product. The name ohmic heating is derived from 
the relation between current, voltage, and resistance known as Ohm’s law 
(Icier 2012):

 R V I= /  (13.1)

where R is the electrical resistance in ohms, V is the voltage applied in volts and I 
is the current in amps (Fellows 2009).In literature, the technology is also referred to 
as Joule heating, electric resistance heating, direct electric resistance heating, elec-
tro heating, and electro conductive heating (Bengston et al. 2006; Varghese et al. 
2014; Chen 2015). The food material takes up the position of the resistance in the 
electric circuit (Icier 2012). Most foods contain sufficient water and ions from salts 
and acids to be electrical conductive and function thus as a resistance in the process. 
This enables an electric current to pass through it when a voltage gradient is applied 
(Halden et al. 1990; Icier 2012). The resistance of food material to the electrical 
current causes heating by converting electric energy into heat energy (Sastry 1992; 
Sastry and Barach 2000). In contrast to metals, in which a current is transported via 
movement of electrons, current flow in foods occurs due to the movement of ions. 
Depending on their net charge ions move within the electric field towards the elec-
trode with opposite charge. Collision and friction between ions and other molecules 
during these movements lead to energy dissipation in form of heat. The amount of 
heat is directly related to the current flow caused by the voltage gradients in the food 
and the electrical conductivity of the food material (Sastry and Li 1996). Therefore, 
ohmic heating can be regarded as a technique for internal thermal energy generation 
and not as a method for thermal energy transfer (Knirsch et al. 2010).

This direct heating provides some advantages compared to conventional indirect 
heating methods. One requirement in food preservation is that each part of the food 
has been subjected to sufficient treatment intensity to reach the desired level of ste-
rility. In conventional thermal processing, there is usually a marked time lag between 
the outer and inner parts of the material reaching critical temperature and experienc-
ing sufficient thermal preservation. In consequence, a huge part of the food needs to 
be over-processed to guarantee complete pasteurization or sterilization and consider 
the whole product as safe (de Alwis and Fryer 1992). One main indication for good 
process design of conventional heating is therefore a narrow temperature and resi-
dence time distribution (Goullieux and Pain 2005). Uniform internal heat genera-
tion may avoid over-processing due to the absence of marked temperature gradients 
in the product leading to a more homogeneous treatment and a better preservation 
of temperature sensitive nutrients, color and aroma (Wang and Sastry 2002; Castro 
et al. 2004a, b; Icier and Ilicali 2005; Leizerson and Shimoni 2005a, b; Vikram et al. 
2005). The absence of hot surfaces required for conventional heat transfer reduces 
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the risk of local overheating and food burning onto the equipment (Ayadi et  al. 
2005; Bengston et al. 2006; Fellows 2009; Sakr and Liu 2014). Beside fewer effects 
on product quality, this also brings reductions in costs for clean-up and maintenance 
of the equipment (Reznick 1996; Varghese et al. 2014). Target temperatures can be 
reached very fast with ohmic heating (Sastry 2005; Bengston et al. 2006; Fellows 
2009) reducing the contribution of heating time on the thermal load of the product, 
which also helps to preserve nutritional and sensorial quality. Due to the homogene-
ity of heating, there is no need for intensive mixing, which protects shear-sensitive 
materials (Icier 2012). The energy conversion efficiency of ohmic heating is very 
high (Bengston et al. 2006; Icier 2012). Around 90% of the energy is converted to 
heat in the food (Fellows 2009), which might save energy and costs to the proces-
sors (Varghese et al. 2014) and can be considered as a green technology. The capital 
costs for the equipment are relatively low compared to other direct heating methods 
(Bengston et al. 2006; Varghese et al. 2014).

The technology is also suitable to heat mixtures of liquid and particles that are 
difficult to process with conventional methods (Varghese et al. 2014). If the two 
phases possess an identical electrical resistance, they can be heated homogeneously 
(de Alwis and Fryer 1992; Icier 2012) avoiding cold spots in the solid phase and 
reducing the need for overcrossing the liquid. Using ohmic heating, it is thus pos-
sible to use High Temperature Short Time (HTST) and Ultra-high Temperature 
(UHT) techniques on particulate food materials (Imai et al. 1995). These process 
designs are considered to be more gently for some heat sensitive compounds com-
pared to longer heating at lower temperatures. In case of a high electrical conductiv-
ity of the solid phase it is even possible to obtain higher temperatures in the particles 
than in the liquid phase, which is impossible to achieve with conventional indirect 
heating (Chen 2015). Particles with diameters up to 2.5 cm may be treated (Bengston 
et al. 2006; Chen 2015). As the food should have sufficient fluidity to be pumped 
and treated continuously, particle concentration is limited to approximately 60% 
(Bengston et al. 2006; Fellows 2009; Chen 2015). In conventional aseptic process-
ing the particle size is limited to 15 mm maximum and 30–40% particle concentra-
tion (Varghese et al. 2014). Ohmic heating is also feasible to evenly process high 
viscous foods (Fellows 2009; Sakr and Liu 2014) or to pasteurize protein-rich mate-
rials such as egg white and whey without inducing their thermal coagulation (Icier 
2010; Icier and Bozkurt 2011).

13.2  Applications, Equipment and Process Parameters

First patents for the use of direct resistance heating were already filed in the nine-
teenth century and first industrial use was reported in the 1930s for milk pasteuriza-
tion (Goullieux and Pain 2005; Bengston et al. 2006; Chen 2015). Due to insufficient 
process control and deficiencies in inert electrode materials, commercial usage was 
limited in the following decades. In the 1980s, research on ohmic heating reawak-
ened with the demand for adequate sterilization techniques for foods containing 
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large particles (Bengston et al. 2006; Chen 2015). Since the FDA approval to pro-
cess stable low acid food in 1993 commercial usage of ohmic heating took place in 
Europe, the USA and Japan along with improvements in process control and elec-
trode materials (Goullieux and Pain 2005).

Ohmic heating can be applied in different areas of food processing including 
pasteurization and sterilization, blanching, cooking, evaporation and dehydration, 
thawing, extraction and fermentation (Goullieux and Pain 2005; Bengston et  al. 
2006; Icier 2012). Applications of ohmic heating are more determined by the type 
and characteristics of the food material, rather than the processing area. In food 
preservation, ohmic heating provides the aforementioned advantages in regard to 
heating rate and homogeneity, feasibility for certain product characteristics and 
preservation of food quality. Inactivation kinetics show similar results for ohmic 
and conventional heating in terms of D, z and activation energy value (Sastry and 
Barach 2000). Some authors also report additional benefits due to a higher inactiva-
tion rate of microorganism and a potential decrease in processing time (Pereira et al. 
2007; Sun et al. 2008; Baysal and Icier 2010; Somavat et al. 2012a, b, 2013). Ohmic 
heating systems are suited to be adapted to aseptic food-processing lines (Kim et al. 
1996) and are considered a useful addition for the hurdle concept (Sastry 2008). The 
technology may also bring advantages in the blanching of fruits and vegetables. Due 
to the ability to homogeneously treat larger pieces, there is no need for previous 
dicing. This reduces leaching of solutes during blanching due to the lower surface 
to volume ratio (Mizrahi 1996). Ohmic heating can as well be applied to improve 
thawing of foods with large sizes where conventional thawing is very time consum-
ing. As the electrical conductivity markedly increases with phase transition and 
temperature, the temperature distribution of the food has to be controlled well to 
avoid over-processing in some parts of the product (Varghese et al. 2014). Enhanced 
mass transfer due to higher diffusion rates at elevated temperature and cell disinte-
gration by thermal and electric effects can be used to improve the recovery of food 
compounds and the removal of water (Bengston et al. 2006). Wang and Chu (2003) 
found higher evaporation rates and improved results in quality analysis using ohmic 
heating during vacuum evaporation of orange juice. Ohmic heating is commercially 
used in the United States to process liquid egg and in the United Kingdom and Japan 
for processing of whole fruits (Bengston et  al. 2006). Laboratory trials include 
applications on fruits and vegetables, juices, stews, meats, seafood, pasta and soups 
(Bengston et al. 2006). Ohmic heating is even investigated in terms of its suitability 
for heating and sterilizing food and waste during long term space missions (Somavat 
et al. 2012a, b).

The basic elements of an ohmic heating system are an AC power source to deliver 
electrical energy to the system, a variable power supply to adjust the desired volt-
age, a treatment cell as well as measurement units to control voltage, current and 
temperature (Bengston et al. 2006; Icier 2012). An illustration of a pilot scale sys-
tem is given in Fig. 13.1. Ohmic heaters can be designed for discontinuous or con-
tinuous processing. The typical batch treatment cell consists of a cuboid or 
cylindrical box with two plate electrodes at opposite sides (Chen 2015). The 
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Fig. 13.1 Schematic 
illustration of a pilot plant 
scale ohmic heating 
system, redrawn according 
to Salari and Jafari (2020): 
(1) AC power supply, (2) 
adjustable voltage 
transformer, (3) treatment 
cell, (4) electrodes, (5) 
thermocouple with (6) 
sensor, (7) sample, (8) data 
logger, (9) computer

electrodes are generally separated by a tube or plate space that is electrically insu-
lated (Goullieux and Pain 2005).

The total resistance in ohmic heater determines the current flow in the product. If 
the resistance is too high, the current will be too low, even when maximum voltage 
is reached. If the resistance is too low, the maximum limiting current is reached at a 
low voltage and the heating power will be too low as well (Fellows 2009). The total 
resistance of the heater can be calculated using the following equation:

 
R Rs L A� � �� /

 
(13.2)

where R is the total resistance of the heater in ohms, Rs is the specific resistance of 
the product in ohms/m, L is the distance between the electrodes in m and A is the 
area of the electrodes in m2 (Fellows 2009). As the specific resistance of a food is 
given by its composition and recipe, the geometry of the treatment cell has to be 
adapted to the food properties. Every material has a critical current density which 
exceedance may cause arcing in the heater. The current density is given by

 I I Ad = /  (13.3)

where Id is the current density in amps/m2, I is the current in amps and A is the area 
of the electrodes in m2. When the critical current density of a food material is known, 
the electrode area can be calculated accordingly (Fellows 2009). Industrial ohmic 
heating units are usually run continuously and are connected to other unit opera-
tions such as pumps, holding tubes etc. (Bengston et  al. 2006). There are many 
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different designs of commercial ohmic heating units available depending on the 
manufacturer (Vicente et  al. 2005; Icier 2012; Varghese et  al. 2014). Important 
equipment parameters to consider when constructing an ohmic heating system are 
the electrode configuration, the electrode distance, heater geometry, the frequency 
of the alternating current, current density, applied voltage, product velocity and 
velocity profile (Bengston et al. 2006). Two possible electrode configurations exist 
for continuous processing – transverse and collinear configuration (Goullieux and 
Pain 2005; Varghese et al. 2014). In transverse mode, the food is transported parallel 
to the electrodes and the current flow and electric field are perpendicular to the 
product flow (Goullieux and Pain 2005). The construction is rather simple with 
plane or coaxial electrodes (Varghese et al. 2014). Problems may occur due to leak-
age currents through the product and inhomogeneities in the current density close to 
the electrode edges (Varghese et al. 2014). This may lead to local overheating of the 
food and erosion of the electrode material. Further advanced heating systems and 
units used for particulate foods thus follow a collinear configuration. In collinear 
configuration the product food flows from one electrode to the other and parallel to 
the current flow and the electric field (Goullieux and Pain 2005). Electrode housings 
and space tuber are alternated in the treatment cell. Due to the high voltages present, 
tighter security precautions need to be implemented (Varghese et al. 2014).

It can further be distinguished in in-line and cross-field systems depending on the 
positons of the electrodes along the product flow path (Varghese et al. 2014). Often 
several ohmic heater columns are combined in one unit (Icier 2012). This can 
increase the product throughput without increasing the voltage necessary to gener-
ate the requested electric field strength. Control systems are usually connected to 
the equipment to monitor process parameters including temperature, flow rate and 
specific heat of the product (Icier 2012). Based on these data the treatment intensity 
can be adjusted to achieve the desired heating profile. Detailed descriptions of avail-
able designs of commercial ohmic heaters can be found in Varghese et al. (2014) 
and Chen (2015).

Besides equipment design and process parameters used, characteristics of the 
food material markedly influence the ohmic heating process. Critical factors are the 
electrical conductivity of each food component, viscosity, density, pH-value, where 
there exist, the size and concentration of particles, thermal conductivity and the 
specific heat capacities of each component (Fellows 2009; Chen 2015).

The electrical conductivity is the main parameter affecting heating rate in an 
ohmic heating process. It is the inverse of the specific electrical resistance of a mate-
rial (Fellows 2009) and can be measured by the quantity of electricity transferred 
across a unit area, per unit potential gradient and per unit time (Goullieux and Pain 
2005). Assuming negligible heat losses, the temperature rise during a continuous 
ohmic heating process can be calculated using the following equation:

 
�T a� � �� � � �V A L m cP

² /�
 

(13.4)
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where ΔT is the temperature rise in K, σa is the average product conductivity 
throughout temperature rise in S/m, A is the cross sectional area in m2, L is the dis-
tance between electrodes in m, m is the mass flow in kg/s and cP is the specific heat 
capacity of the product in J/kg/K (Fellows 2009).The electrical conductivity differs 
for different foods (Sarang et al. 2008; Chen 2015) and varies to a much greater 
extent than their thermal conductivities (Fellows 2009). The conductivity of a com-
plex material is typically a sum contribution of individual ions, molar equivalent 
concentrations of individual ions and molar equivalent conductivity (Goullieux and 
Pain 2005). Ions from salts and acids and moisture increase the electrical conductiv-
ity, lipids and alcohol decrease it (Bengston et al. 2006). Analogue to the overall 
resistance of a heater, an optimum area can be found for the specific electrical con-
ductivity of a product. This limits the range of foods feasible for the application of 
ohmic heating technology (de Alwis and Fryer 1992).

The electrical conductivity of foods is as well dependent on temperature. Usually, 
the conductivity increases linearly with temperature due to the enhanced ionic 
mobility at higher temperatures (Palaniappan and Sastry 1991; Reznick 1996; Wang 
and Sastry 1997a, b; Goullieux and Pain 2005). Non-linear, sigmoidal temperature- 
dependencies were determined at lower field strengths below 60 V/cm. Conductivity 
is furthermore a function of the food structure (Halden et al. 1990). Phase transi-
tions such as starch gelatinization, protein denaturation or melting of lipids may 
alter the conductivity; inter alia due to the decrease in water availability (Halden 
et al. 1990; Wang and Sastry 1997a, b).

Increased heating rates were observed for plant tissue after reaching a critical 
temperature range (Goullieux and Pain 2005). The cell membranes in plant tissue 
are electrical insulators and current flow is usually restricted to the intercellular 
fluid. High temperatures may affect the cell integrity via denaturation of membrane 
proteins and breakdown of pectic cell wall components leading to higher ion mobil-
ity and a higher electrical conductivity (Halden et al. 1990; Palaniappan and Sastry 
1991). Cyclic ohmic heating trials (Wang and Sastry 1997a, b) and previous cell 
disintegration using other techniques (Imai et  al. 1995) confirmed the increased 
conductivity after cellular breakdown. The orientation of vascular bundles in the 
electric field and the shape of parenchyma cells can also influence conductivity and 
may lead to different heating rates for the same food material (Wang et al. 2001).

For multiphase systems, the electrical conductivities of all phases have to be 
considered. This makes prediction and controlling of heating characteristics very 
complex (Fellows 2009; Chen et al. 2010; Chen 2015). Beside differences in the 
conductivity, differences in density and moisture content may also affect the heating 
of the different phases (Fellows 2009). Thus particles may heat faster than the sur-
rounding liquid even when their conductivity is lower (Fellows 2009). Thermal dif-
fusivity and surface heat transfer coefficient between carrier fluid and particles were 
found to have weak effects on the process temperature (Chen et al. 2010). Frequency 
and waveform of the alternating current are additional factors influencing electrical 
conductivity and thus heating rate (Lima et al. 1999a,b; Bengston et al. 2006). In 
some cases it might be reasonable to increase the conductivity of the particle via salt 
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infusion to increase heating rate and minimize overall processing time (Goullieux 
and Pain 2005). Salt infusion at different salt concentratons and soaking times was 
used to increase conductivity and heating rate of potato tissue (Wang and Sastry 
1993). Due to the slow salt diffusion from the particle surface inwards suitability of 
salt infusion is determined by particle sizes. Obviously, a balance between process 
optimization and sensorial and nutritional requirements has to be achieved 
(Palaniappan and Sastry 1991).

Besides all benefits, there are some limitations and open questions that have to 
be mentioned. As mentioned before, the presence of parts with very high or low 
conductivity remain a problem. Non-food materials such as metals, wood or plastic 
possess such extreme conductivities, but they are removed from food before pro-
cessing and therefore constitute no actual issue (de Alwis and Fryer 1992). Presence 
of fat globules in the food may create an actual problem as the current may bypass 
them, when conductivity of the surrounding material is high enough. This may lead 
to less heat treatment and insufficient microbial inactivation in these product parts 
(Icier 2012). Thermal conductivities of solids vary by three orders of magnitude, 
whereas electrical conductivity may vary by many orders of magnitude from effec-
tively zero to infinity. Therefore, non-conductive inclusions have a much higher 
impact in ohmic heating compared to conventional treatments (de Alwis and 
Fryer 1992).

Although there is no theoretical limit for the size of particles in ohmic heating, 
there are some practical limitations. While heating can be performed very fast with 
direct methods, cooling of the product occurs via thermal conduction (de Alwis and 
Fryer 1992). Although very low temperatures at the heat transfer surface are consid-
ered as a minor problem in regard to food quality compared to very high tempera-
tures, slow cooling rates may lead to over-processing in the particle center. 
Furthermore, particles need to be pumpable and fit through the aseptic packing sys-
tem (de Alwis and Fryer 1992).

Due to the direct contact between electrodes and food material, undesired reac-
tions such as corrosion or electrolysis may occur (Goullieux and Pain 2005; Sastry 
2005) affecting food quality and safety. Extent of the reactions is affected by fre-
quency and density of the current, temperature, electrode material and aggressive-
ness of the product composition (Goullieux and Pain 2005). Approaches to prevent 
electrolysis include application of higher frequencies up to 100 Hz, usage of tita-
nium electrodes coated with platinum, limitations in the current density and addi-
tion of electrolyte layers between product and electrodes (Goullieux and Pain 2005). 
Nevertheless, control of electrode reactions is a very important aspect that needs to 
be considered during ohmic heating.

In addition, there are some non-technological issues affecting ohmic heating 
application. Although the process costs of ohmic heating are comparable to conven-
tional ones, investment costs for the systems may deter companies from switching 
their processing lines (Icier 2012), especially in case of small and medium enter-
prises. In addition, ohmic heating systems need well-trained personnel and avail-
ability of adequate safety and quality-assurance protocols. Furthermore, consumer 
constraints to electrically processed products limit industrial use of the technology 
(Icier 2012).
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13.3  Improved Retention of Bioactives During 
Ohmic Heating

As mentioned before, the usage of ohmic heating provides interesting advantages 
regarding temperature homogeneity and heating rate. Faster heating to process tem-
perature and thus lower overall thermal load are considered to bring as well benefits 
in terms of temperature sensitive valuable food components. Several research 
groups addressed this issue in their publications.

Vikram et  al. (2005) compared ohmic, microwave, infrared and conventional 
heating in regard to the degradation of nutrients in orange juice. Samples were 
treated with different process temperatures and holding times. In the tested tempera-
ture range of 50–90 °C ohmic heating showed the best values for the retention of 
vitamin C. Ohmic heating led to the fastest heating of the samples whereby overall 
processing time was shorter compared to conventional and infrared heating. Heating 
up with microwaves was rather uncontrolled due to lack of adequate temperature 
control and was thus of limited comparability.

Achir et al. (2016) determined the carotenoid profiles of grapefruit and blood 
orange juices treated with ohmic or conventional heating. Pasteurization values of 
both technologies were matched and amounted 50 and 150 min at a reference tem-
perature of 70 °C using a z-value of 10 °C. Contents of lycopene and β-carotene 
were not affected by both heating techniques. Degradation of xanthophylls was 
much more pronounced for both heating techniques. The presence of oxygen in the 
xanthophyll structure leads to a higher heat sensitivity compared to carotenes (Salari 
and Jafari 2020). Losses in epoxyxanthophylls and hydroxyxanthophylls amounted 
up to 70% and 40%, respectively, for conventional heating, whereas reduction up to 
30% and 20% were observed for ohmic heating (Achir et al. 2016). This can be 
traced back to the differences in temperature profiles. A temperature of 95 °C was 
reached after 48 s with ohmic heating whereas it took 24 min to obtain a sample 
temperature of 80 °C in an oil bath.

Abedelmaksoud et al. (2018) applied surface response methodology to compare 
the effects of ohmic and conventional heating on quality parameters of apple juice. 
Ohmic heating was performed in a batch cell with titanium electrodes applying volt-
age of 30, 35 and 40 V/cm and a sinusoidal current of 60 Hz until temperatures of 
60, 70 and 80 °C were obtained. Conventional heating was performed in a shaker 
water bath at 90 °C. Holding time for all samples was 60 s. Ascorbic acid and carot-
enoid contents in ohmic heated samples were higher than those of conventionally 
treated ones. The improved retention of these bioactive components can again be 
traced back to faster heating and a lower total thermal load. Only slight differences 
were found for polyphenol content, total soluble solids, titratable acidity, and vis-
cosity of the juices. Cloud value strongly increased for both heat treatments. Only 
slight color changes compared to the untreated sample occurred during ohmic heat-
ing that still fulfil sensorial product requirements.

Farahnaky et al. (2018) compared ohmic heating of high and low intensity with 
microwave and conventional cooking. Kohlrabi, turnip, potato and radish were cut 
in tubes and treated at a frequency of 50 Hz and voltages of 4.3 and 7.4 V/cm. 
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Ohmic heating showed the highest rate in softening the vegetable tissue and thus 
possessed the shortest cooking time. The degradation of vitamin C after cooking 
was lower in kohlrabi, potato and radish after ohmic heating. Ohmic heating was 
also superior in preservation of total phenols and flavonoids as well as leaching of 
iron for all vegetables tested which can be explained by the shorter overall process-
ing time.

A further advantage of ohmic heating is the opportunity to increase shelf-life of 
foods containing solids without the need to accept marked overprocessing of the 
liquid phase. Wattanayon et al. (2021) simulated vitamin C degradation in bever-
ages with particles by adding alginate particles to orange juice. Ohmic heating of 
the sample in a conductive packaging was compared to conventional treatment. A 
pasteurization value of 5D was required for the inactivation of E. coli in the alginate 
particles. The total heating time to reach the pasteurization value amounted 2.35 min 
for ohmic and 6.03 min for conventional processing. Vitamin C content of the ohmic 
heating sample was similar to that of the untreated control while conventional treat-
ment reduced the vitamin C content by more than 13%. This confirms the high 
potential of ohmic heating as a preservation method for solid liquid mixtures.

Furthermore, enhanced microbial inactivation due to the application of an elec-
tric field is discussed by several authors (Sastry and Barach 2000; Goullieux and 
Pain 2005; Knirsch et al. 2010). Lower D values were reported for Streptococcus 
thermophilus, Escherichia coli, Bacillus licheniformis and total aerobes (Pereira 
et al. 2007; Sun et al. 2008), which were traced back to pore formation in the cell 
membranes within the electric field. This is confirmed by results of Yoon et  al. 
(2002) who reported a greater amount of intracellular material in ohmic heated 
samples compared to conventionally heated samples with similar time-temperature- 
history indicating electroporation of microbial cells. In addition, inactivation may 
be caused by local hot spots or formation of toxic substances such as free chlorine 
or hydrogenperoxide (Palaniappan et al. 1990). Significant lower D values were as 
well found for spore forming organisms, including Geobacillus stearothermophilus, 
Bacillus coagulans and Alicyclobacillus acidoterrestris (Baysal and Icier 2010; 
Somavat et  al. 2012a, b; Somavat et  al. 2013). This was attributed to effects on 
spores’ proteins and dipicolinic acid molecules (Somavat et al. 2012a, b). Cho et al. 
(1999) compared single versus double stage heating for ohmic and conventional 
inactivation of Bacillus subtilis spores. A higher lethality and a greater tyndalliza-
tion effect were observed for ohmic heating.

An improved inactivation was as well reported for several enzymes. Ohmic 
blanching of artichoke heads at 24 V/cm and 80 °C led to higher enzyme inactiva-
tion rates compared to hot water blanching at 100 °C. Total inactivation times for 
peroxidase and polyphenoloxidase were 360 s and 480 s for ohmic and conventional 
treatment, respectively (Guida et  al. 2013). Ohmic blanching of pea puree also 
resulted in a faster inactivation of peroxidase compared to conventional processing 
in a boiling water bath when voltage gradients of 30 V/cm or higher were used (Icier 
et al. 2006). Saxena et al. (2016) compared inactivation of polyphenoloxidase in 
sugarcane juice at 80 °C with and without application of an electric field. Applying 
a voltage gradient of 32 V/cm and keeping a process temperature of 80 °C for 1 min 
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led to a reduction of enzyme activity to 10.07%. Conventional heating to 80 °C and 
maintenance of the temperature for 10 min achieved a residual activity of 6.47%. 
Higher inactivation rates of polyphenoloxidase were as well found by (Makroo 
et al. 2017) in watermelon juice comparing ohmic heating at 24 V/cm and 50 Hz to 
90 °C and a water bath treatment at the same temperature. Castro et al. (2004a, b) 
investigated enzyme inactivation applying ohmic and conventional heating with 
matched temperature profiles. Inactivation of alkaline phosphatase, pectinase, and 
β-galactosidase was not affected by the electric field. Enhanced inactivation due to 
ohmic heating was determined for lipoxygenase and polyphenoloxidase.

The enhanced inactivation of microorganisms and enzymes may serve a further 
reduction in processing time and thus help as well to maintain valuable food com-
ponents. The degradation of many heat sensitive compounds such as ascorbic acid, 
thiamine, riboflavin or anthocyanins follows first order kinetics (Van den Broeck 
et al. 1998; Vikram et al. 2005; Mercali et al. 2013, 2015; Kadakal et al. 2018). Thus 
a reduction in processing time is directly related to a marked benefit for the reten-
tion of food quality.

Demirdoven and Baysal (2014) compared the quality of orange juices after 
ohmic heating at 42 V/cm to 69 °C, 44 V/cm to 70 °C and conventional heating to 
95 °C with a subsequent holding time of 60 s. Thermal treatments led to inactiva-
tions of pectin methylesterase of 96%, 95.5% and 88.3%, respectively. A slightly 
better retention of ascorbic acid was determined for the juice processed with the 
ohmic system. This was explained by the high temperature sensitivity of ascorbic 
acid and the lower temperatures required for enzyme inactivation using ohmic 
heating.

The individual temperature sensitivity of bioactives markedly influences their 
retention after ohmic heating. High degradation rates were especially reported for 
heat sensitive ascorbic acids while better retention or even higher concentrations 
were observed for other compounds.

Hashemi et al. (2019) compared ohmic, microwave and conventional heating for 
their potential to pasteurize cantaloupe juice. Ohmic heating and microwave heating 
were performed at 100 and 200  V and 400 and 800  W for 110  s, respectively. 
Conventional treatments were conducted in a hot water bath. All heating methods 
led to a reduction in microbial load as well as contents of vitamin C, β-carotene and 
phenolics. Effects increased with increasing voltage, microwave power and tem-
perature in the conventional sample. Direct heating led to a faster inactivation of 
microorganisms and a higher degradation of vitamin C, but to a better preservation 
of β-carotene and phenolics compared to water bath heating.

Yildiz et al. (2010) applied ohmic heating to puree of blanched spinach leaves 
and compared the results to heating in a water bath. Lab scale equipment was used 
at 50 Hz and applied voltages varied between 10 and 40 V/cm. Depending on the 
voltage gradient heating to temperatures of 60–90  °C occurred up to four times 
faster than in a water bath. Slightly higher contents of β-carotene could be found in 
samples treated with ohmic heating compared to the untreated spinach puree. A 
holding time of 600 s at temperatures of 60–80 °C increases this effect. Conventional 
treatment led to slightly decreased contents of β-carotene indicating that ohmic 
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heating provides better retention of carotenoids. There were no significant changes 
in chlorophyll content for both heating methods.

Ramnath et al. (2018) investigated the effect of electric field strength, type and 
concentration of lye salt on bioactive compounds in tomato puree. A laboratory unit 
with stainless steel electrodes was used and electric field strength varied from 928 
to 1214 V/cm. Temperature development was influenced by the type and concentra-
tion of salt used. Higher temperatures were obtained with sodium chloride com-
pared to potassium hydroxide and sodium hydroxide, respectively. Higher 
concentrations of vitamin A were determined in the puree when higher temperatures 
were reached due to use of higher electric field strength, salt type or concentration. 
On the contrary, the vitamin C content decreased with increasing process tempera-
ture, which was explained by the higher temperature sensitivity of vitamin C com-
pared to vitamin A.

Similar results were obtained by Somavat (2011) who explained minor changes 
in carotenoid content of tomato juice after ohmic heating to temperatures between 
95 and 110 °C with the high heat stability of these compounds. The content of total 
phenols was as well not markedly affected in this study, which was considered as a 
potential advantage of the ohmic technology compared to conventional heating.

Ohmic heating of rice bran was performed in lab-scale with titanium electrodes 
at electric field strengths of 75, 150, 225 V/cm and a frequency of 50 Hz adjusting 
different moisture levels (Loypimai et al. 2009). Temperature profiles were recorded 
with a data logger and final product temperatures after 10 min of treatment varied 
between 60 and 124 °C. Higher moisture contents and higher electric field strength 
led to higher heating rates. Higher contents of total phenolics, α-tocopherol and 
γ-oryzanol could be detected with highest values for 40% of moisture or 30% mois-
ture and electric field strengths of 150 and 225 V/cm. In regard to antioxidant activ-
ity, best results were obtained with a treatment of 30% moisture and 150  V/cm 
electric field strength.

Rinaldi et  al. (2020) pretreated peach cubes in syrup with ohmic heating and 
investigated the quality impact of subsequent processing with ohmic heating, high 
pressure and conventional pasteurization. Treatment intensities of ohmic and con-
ventional heating were equal to a pasteurization of 100 s at 98 °C; high pressure 
treatment was performed at 600 MPa for 3 min. The content of previously added 
ascorbic acid in the samples was reduced by 6%, 16% and 22% for high pressure, 
ohmic and conventional heating, respectively. The total phenol content was not 
affected by high pressure, but increased by about 50% for both thermal treatments. 
This was traced back to observed tissue disintegration and connected release of 
phenolic compounds.

Ohmic blanching of artichoke heads at 24 V/cm at 80 °C also led to an increase 
in total polyphenol content of 29% compared to fresh samples, whereas hot water 
blanching decreased the content by 27% (Guida et al. 2013). The authors mention 
different potential reasons for the increased phenol detection. High temperatures 
could lead to a release of bound phenols from cellular tissue and chemical com-
plexes and thus to their improved interaction in the assay. Inactivation of food 
endogenous enzymes during thermal treatment may impede oxidation and 
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complexation of phenolics. Higher inactivation rates obtained with ohmic heating 
might lead to a better retention of monomeric phenols. Furthermore, release of cel-
lular substances due to electroporation of cell membranes may lead to higher phenol 
contents in the samples after ohmic processing.

Bioactive proteins are formed during food processing in dependence of the pro-
cess conditions applied. Costa et al. (2018) processed sweet whey with ohmic heat-
ing of 60 Hz and voltage gradients from 2 to 9 V/cm. A higher number of bioactive 
peptides were found compared to a conventional treatment at 75 °C for 15 s. The 
positive effect was more pronounced at lower electric field strengths. Ferreira et al. 
(2019) investigated the impact of different voltage gradients and current frequencies 
on bioactive peptide formation in whey beverages. Lower voltage gradients and 
frequencies resulted in higher antioxidant activities compared to higher treatment 
intensities. Ohmic heating led to lower anthocyanin contents and higher formation 
of bioactive peptides in relation to a conventional processing.

13.4  The Potential of Ohmic Heating for the Extraction 
of Bioactive Compounds

Several authors reported positive effects of ohmic heating on the extraction effi-
ciency of plant compounds. Raw materials investigated include fruits, vegetables, 
herbs, oilseeds and algae. A detailed overview on the impact of moderate electric 
fields on extraction of food compounds is given by Gavahian et al. (2018). Improved 
mass transfer during ohmic heating is traced back to a combination of thermal and 
non-thermal effects. High temperatures induced by electrical energy dissipation 
may affect solubility and diffusion characteristics of compounds to be extracted. 
Reaching critical temperature ranges causes a thermobreak of the cell membrane 
via protein denaturation and leads to degradation of the cell wall by β-elimination 
and solubilization of pectins. This enables diffusion of intracellular components 
into the extraction medium. In addition, there were also non-thermal effects on cell 
tissue reported for processes involving application of an electric field.

Imai et al. (1995) applied electric fields of 40 V/cm for treatment times of 10, 30 
and 50 s. to Japanese white radish. Temperature increase after 50 s was only 2.1 K 
so that the overall process temperature remained beneath 20 °C. Therefore, thermal 
effects on plant tissue could be neglected. Electrical impedance of the radish 
decreased with increasing treatment time indicating cell permeabilization and 
improved mobility of ions. This finding was confirmed by nuclear magnetic reso-
nance imaging analysis of the plant tissue. Lebovka et al. (2005) as well reported a 
strong increase in cell disintegration index of potato and apple tissue after applying 
electric fields. A voltage gradient of 40 V/cm for approximately 100 s and a tem-
perature range of 20–50 °C were used in this experiment. Pootao and Kanjanapongkul 
(2016) investigated changes in oil palm tissue on a cellular level. Light microscopic 
images revealed cell disordering and disruption of the cell wall after ohmic heating 
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at 60 °C whereas the sample without a voltage gradient appeared intact. Diffusion 
of beet juice from beet cubes was enhanced by ohmic heating compared to conven-
tional heating in the temperature range from 42 to 58 °C (Lima et al. 2001). At a 
temperature of 72 °C, only small diffusion differences between the both technolo-
gies were detected. Probably, the temperature for thermal cell disintegration in beet 
tissue was reached enabling diffusion as well in the control samples. This supports 
the hypothesis that tissue alterations at lower temperature can be traced back to non- 
thermal electric effects.

It is assumed that electroporation is the main mechanism of these non-thermal 
effects on tissue integrity and mass transfer. Cell electroporation implies the forma-
tion of pores in the cell membrane due to application of an electric field (Knirsch 
et al. 2010). In intact plant tissue, the phospholipid bilayers of the cell membranes 
function as a barrier for ion movement in the electric field. Accumulation of ions at 
the cell membrane may lead to exceedance of the critical membrane potential fol-
lowed by pore formation in the phospholipid bilayer. This effect may either be 
reversible or irreversible. Electro-osmosis, the movement of charged molecules in a 
liquid in dependence of the direction of the electric field, has shown to positively 
affect mass transfer steps (Bazhal and Vorobiev 2000) and might contribute to 
improved extraction using ohmic heating as well.

Process parameters applied markedly influence the improvement of mass trans-
fer and as well the dominant mechanism affecting cellular tissue. Thermal or non- 
thermal effects or a combination of both may occur during ohmic heating depending 
on the process temperature applied. At temperatures below the denaturation tem-
perature of the cell membrane non-thermal effects occur whereas at temperatures 
markedly exceeding this temperature area thermal effects dominate (Gavahian 
et al. 2018).

Lima et al. (2001) observed an ohmic-enhanced diffusion of beet dye. This effect 
increased with increasing electric field strength. Similar results were obtained by 
Schreier et  al. (1993) who determined increased betanin diffusion from beetroot 
with increasing electric field strength. Extraction yields of palm oil and sesame oil 
were affected by the voltage gradient applied during ohmic heating as well (Kumari 
et al. 2016; Pootao and Kanjanapongkul 2016). This can be explained by the higher 
attraction forces between ions appearing at higher field strength which lead to a 
higher heating rate and a pronounced electroporation effect. Onwuka and Ejikeme 
(2005) investigated the effect of voltage type and electrode material on yield and 
quality of fruit juices. Using alternating current at a treatment intensity of 110 V, 
juice yield of orange and tomato pulp increased with increasing treatment time. A 
much smaller impact on juice yield was obtained for treatments with direct current 
of 9 V. This can be traced back to much higher temperatures obtained at 110 V AC 
leading to disintegration of the tissue. Higher voltages and alternating electric fields 
both lead to a more intense movement of ions in the fruit pulp. Decreased juice 
extraction was observed after ohmic heating for pawpaw pulp. There was no marked 
influence of electrode material on temperature profile and juice yield.

Frequency of the applied voltage significantly affected drying rate of yam and 
juice yield of apples (Lima and Sastry 1999). Sinus waves of 60 Hz were compared 
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to sawtooth waves of 4 Hz. Improvements in mass transfer were markedly greater 
using 4 Hz for both processes. Extraction yields from fresh mint leaves were much 
higher for a frequency of 50 Hz than for 500 and 5000 Hz (Sensoy and Sastry 2004). 
Low frequencies allow ions to accumulate at the cell wall and build up sufficient 
charge for electroporation. At high frequencies the rapid alteration of the electric 
field direction does not allow sufficient charge build-up (Icier 2012).

Benefits of ohmic-assisted extraction are the synergistic effects of temperature 
and electric field on cell tissue, lower temperatures needed for cell permeabilization 
compared to conventional heating and simpler requirements regarding the equip-
ment when compared to other electric treatments such as pulsed electric fields or 
high voltage electrical discharges (Vorobiev and Lebovka 2010). The non-thermal 
effects on cell disintegration are of special interest for the processing of foods con-
taining high amounts of heat sensitive components. Some research activities were 
done on the improved extraction of bioactives during or after ohmic heating.

El Darra et  al. (2013) investigated the effect of pulsed ohmic heating on the 
extraction of polyphenols from grape pomace using a batch cell with stainless steel 
electrodes. Approximately 20 to 50 series with 300 pulses of field strengths up to 
800 V/cm were applied. Pulse duration was about 100 μs. Cell disintegration index 
increased with temperature and electric field strength. Using a voltage gradient of 
100 V/cm, even with a temperature of 60 °C a cell permeabilization index below 0.4 
was determined, while with electric fields strengths of 300 and 400 V/cm values 
above 0.6 were reached at temperatures around 40 °C. This indicates a high impact 
of non-thermal cell rupture at high electric field strength. Calculating the energy 
consumption needed to achieve a certain degree of cell permeabilization, higher 
electric field strength showed to be more beneficial. Polyphenol extraction in water 
and 30% ethanol was improved by ohmic heating at 400 and 800 V/cm.

For wheat bran extraction, ohmic heating with electric field strengths of 14, 20 
and 44 V/cm led to a faster heating up to a process temperature of 80 °C than con-
ventional heating (Al-Hilphy et  al. 2015). Despite the shorter processing time, 
slightly higher phenol contents and antioxidants activities were measured in the 
extracts.

Pereira et al. (2016) investigated the influence of voltage gradient, temperature 
and extraction time using as well a Box-Behnken design. Temperature profiles at 
voltages of 0, 15 and 30 V/cm during heating up to 90 °C were matched to figure 
out the impact of the electric field. Extraction of total phenols and anthocyanins 
from colored potatoes was affected by all three parameters. Temperature and time 
as well as their interactions were the main factors affecting the extraction of solutes. 
The yield of total phenols also increased with increasing voltage gradient whereas 
for anthocyanins an optimum yield at an electric field strength of 15  V/cm was 
observed. Combining high field strength and temperatures above 70 °C a decreased 
anthocyanin content which could be a result of degradation into the constituent 
phenolic acids.

Fraccola et al. (2016) extracted pigments from the microalgae Chlorella vulgaris 
using electric fields of 25 kHz and 50 V/cm. The temperature increased from 22 to 
45  °C.  Compared to a conventional extraction process without heating, the 
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concentration of extracted pigments, carotenoids, chlorophyll a and b, was 15 times 
higher when applying ohmic heating.

Aamir and Jittanit (2017) compared extraction efficiency of ohmic heating for 
unpolar compounds using a water-hexane mixture with conventional hexane extrac-
tion supported by conductive heating. Both extractions were performed with 
increasing hexane to gac aril powder ratios at a temperature of 50 °C. Ohmic heat-
ing led to a higher extraction efficiency of gac aril oil and markedly higher contents 
of lycopene and β-carotene in the oil. Scanning electron micrographs revealed a 
rupture of cell walls in the ohmic heated samples whereas conventionally heated 
and untreated cells were intact and closely packed.

Bhat et al. (2017) investigated the effect of ohmic pretreatment on the phenol 
content of subsequently recovered gourd juice. Cubes of bottle gourd were blanched 
using ohmic and conventional water-bath heating and the juice extracted afterwards 
was analyzed on total phenols and color. An ohmic heating cell with stainless steel 
electrodes was used at 220 V and a frequency of 50 Hz leading to an electric field 
strength of approximately 30 V/cm. All thermal treatments increased the extraction 
of phenols into the juice. Higher total phenolic contents were detected in samples 
pretreated with ohmic heating to temperatures of 70 °C and above while no marked 
differences could be observed between temperatures of 60 to 90 °C for conventional 
treatments and ohmic heating of 60 °C. Optimum ohmic heating conditions in this 
study were 80  °C and 4  min, while prolonged heating and higher temperatures 
reduced the benefit of the treatment. This was traced back to an overlap of positive 
effects of temperature on polyphenol extraction and thermal degradation effects. 
LC-MS analysis revealed an increased content of gallic acid and theaflavin 3-gallate 
in the ohmic heating samples. Color changes were temperature dependent and did 
not differ markedly for ohmic heating and water bath.

Coelho et al. (2017) performed experiments on the impact of process parameters 
on the ohmic assisted extraction from by-products of tomato processing. A Box- 
Behnken design with three levels was used and temperatures of 40, 55, and 70 °C, 
extraction times of 0, 15 and 30 min and ethanol in water concentrations of 0, 35 
and 70% were applied. Extraction yields of phenolics and carotenoids as well as the 
antioxidant activity of the extracts increased with increasing temperature, extraction 
time and ethanol concentration.

Ferreira-Santos et  al. (2019) compared extraction efficiency of phenols from 
pine bark for ohmic heating and thermal treatment in a water bath. Polyphenol con-
tents were markedly higher after ohmic heating when 50% ethanol was used for 
extraction. A slight increase in the extraction yield could be observed increasing the 
electrical conductivity of the medium. Extraction yields were much lower using 
water as an extraction medium, but still a slight improvement by ohmic heating 
could be observed. Results for antioxidant activity measurements were in accor-
dance with the higher polyphenol contents. The composition of phenolic com-
pounds was influenced by the extraction method as well as by the medium 
conductivity.

Moongngarm et al. (2019) studied the effect of an ohmic pretreatment on the 
hexane extraction of oil from rice bran and its phytochemical composition. Higher 
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extraction yields of tocopherols, γ-oryzanol and total phenols were obtained for all 
ohmic heating intensities tested. Analysis of antioxidant activities resulted in posi-
tive or negative impact of ohmic heating depending on the assay used.

Mannozzi et al. (2019) compared the potential of ohmic heating as a pretreat-
ment to juice recovery with that of pulsed electric fields. Various temperature- 
process combinations were investigated and the influence on juice quality 
determined. Conclusions on bioactive components in apple and carrot juice were 
drawn by means of the antioxidant activity. Results showed best results for treat-
ments where temperatures of 80 °C were reached. This was explained by the inacti-
vation of peroxidase and polyphenoloxidase that prevented reaction of valuable 
plant compounds. Additional benefits of pulsed electric fields and ohmic heating 
were considered the facilitated release of plant metabolites as well as the reduction 
in thermal load due to rapid heating.

Extraction of phenols from grape pruning residue was carried out at low and high 
electric field strength, 496 and 840 V/cm respectively, and compared to conven-
tional heating and extraction at ambient temperature (Jesus et al. 2020). Increasing 
the temperature to 80 °C led to a higher phenol extraction independent from the 
heating method used. Ohmic heating provided a better antioxidant activity of the 
extracts, especially when the high electric field strength was used. The extracts dif-
fered as well in their polyphenolic composition.

The results presented highlight the great potential of ohmic heating to improve 
the mass transfer of bioactives. Improved extraction of phenols and carotenoids 
from plant materials may enhance recovery efficiency by increasing product yield 
or by reducing processing times and energy required. Higher contents of these plant 
metabolites in fruit and vegetable juices and sauces may contribute to a higher prod-
uct quality in regard to sensorial and nutritional perspective,

13.5  Adverse Effects of Ohmic Heating 
on Bioactive Compounds

While many positive effects of ohmic heating on the retention and extractability can 
be found in literature, some research revealed negative impacts of electroheating on 
food material compared to conventional processing. This can be traced back to the 
electrodes in direct contact with the food system and reactions occurring during 
application of electric fields on their surfaces.

Electrolysis of water may occur at the electrodes leading to formation of hydro-
gen and oxygen at cathode and anode, respectively (Assiry et al. 2003):
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The formation of oxygen may enhance oxidation reactions in the food. Arcing dur-
ing the treatment may even lead to formation of singlet oxygen strongly increasing 
reaction rate (Assiry et al. 2003). The intensity of electrolysis is directly affected by 
the height of the voltage gradient. As usually alternating current is used and thus the 
direction of the electric field is periodically changing, both reactions may occur on 
each side of the treatment cell. Oxygen may interact with the food compounds until 
it ascends from the sample or reacts with the hydrogen formed. The frequency used 
is thus strongly affecting the electrode hydrolysis.

Corrosion of the electrode material may occur via direct oxidation or electro-
chemical formation of corroding species (Assiry et al. 2003). The generated metal 
ions may further oxidize, undergo secondary reactions or complex formation with 
food constituents or function as a catalyzer for their reaction among each other. The 
corrosion affinity of electrode materials markedly differs. Samaranayake and Sastry 
(2005) performed experiments with different electrode materials and identified tita-
nium and platinized titanium as less prone to corrosion compared to graphite and 
stainless steel, who exhibit much higher corrosion rates at the tested pH values of 
3.5, 5 and 6.5. Lima et al. (1999a, b) determined rust formation and bubble forma-
tion at stainless steel electrodes, while no such observations were made using tita-
nium electrodes.

Due to the differences in material costs, stainless steel is often used in practice. 
Treatment parameters thus have to be optimized in regard to preservation of food 
quality and safety. Several research groups investigated the impact of ohmic heating 
on the degradation of bioactive compounds.

Onwuka and Ejikeme (2005) applied ohmic heating as a pre-treatment for the 
recovery of orange and tomato juice. Voltage type and electrode material were var-
ied. Copper/copper and copper/aluminum electrodes were used to generate direct 
current of 9 V or alternating current of 110 V. All treatments led to a degradation of 
vitamin C which was more pronounced applying higher voltages and temperatures. 
Even in samples treated with direct current that reached a maximum temperature of 
30 °C vitamin C degradation was observed. Considering the low process tempera-
tures, this was traced back to electrochemical reactions of the electrode material. 
This effect was more pronounced for copper/copper electrodes than for copper/
aluminum electrodes. Visual observations also indicated stronger electrolysis at the 
copper/copper electrodes.

On the contrary, Leizerson and Shimoni (2005a, b) did not find significant differ-
ences in the vitamin C content of orange juice treated in a continuous ohmic heater 
or a plate heat exchanger. In this experiment an electroheater with graphite elec-
trodes and a frequency of 50 Hz were used. Differences between effects of ohmic 
heating temperatures of 90, 120 and 150 °C and varied product flow rates were as 
well not significant, probably due to the low overall treatment time.

Mercali et al. (2012) compared the degradation of ascorbic acid in acerola pulp 
during ohmic and conventional heating. An ohmic heating setup with a batch Pyrex 
glass cell and titanium electrodes was used. The applied voltages amounted 
120–200 V and the current frequency was 60 Hz. Ohmic and conventional samples 
were heated to 85 °C and kept at this temperature for 3 min. Lower voltage gradients 
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applied influenced ascorbic acid in a same magnitude as conventional heating. 
Higher electric field strengths led to an increased degradation of this bioactive com-
pound. The same experimental setup was used to evaluate the impact of ohmic heat-
ing on anthocyanins in acerola pulp (Mercali et al. 2013). There were no significant 
differences between the degradation rates of ohmic and conventional heating in the 
studied temperature range of 75–90 °C.

Sarkis et al. (2013) investigated the impact of voltage gradient and solid content 
on anthocyanin degradation in blueberry pulp. Both parameters were positively cor-
related to the degradation rate. At lower voltage gradients similar or higher anthocy-
anin retention as for conventional treatments were obtained. Higher voltage 
gradients led to an increased degradation of this plant metabolite.

Saberian et al. (2015) compared ohmic heating and conventional heating for the 
pasteurization of aloe vera gel juice. An ohmic heating unit with stainless steel elec-
trodes and a frequency of 60 Hz was used. Samples were heated up top 90 °C and 
the temperature was kept for 1 min. Conventional heating was performed in a 90 °C 
water bath for a holding time of 1 min. Markedly lower contents in vitamin C were 
found for ohmic heated samples than in conventionally treated and raw juices. This 
was traced back to synergistic effects of temperature, oxygen and metal ions. The 
contents of total phenols were vice versa and the highest content was found after 
ohmic heating.

Athmaselvi et al. (2017) investigated the effect of electrode material on ascorbic 
acid content of tropical fruit pulp. Pulp from guava, sapota and papaya was treated 
in a batch system with either stainless steel or titanium electrodes. Voltages of 10 
and 23.33 V/cm were applied at a frequency of 50 Hz. Target temperatures amounted 
70, 80, 90 and 100 °C and were kept for a holding time of 5 min. Ascorbic acid 
concentration in all samples decreased with increasing voltage, temperature and 
holding time. Usage of titanium electrodes led to a better ascorbic acid retention. 
This was traced back to a higher heating rate using the electrode material.

Sabanci et al. (2019) concentrated pomegranate juice via conventional and ohmic 
heating assisted vacuum evaporation. Titanium electrodes and voltage gradients of 
7.5, 10 and 12.5 V/cm were used. Samples concentrated using ohmic heating gave 
lower values for their anthocyanin and total phenolic contents as well as in their 
antioxidant activity compared to the conventional samples. This was traced back to 
electrochemical reactions at the electrode surface. The use of more electrochemi-
cally inert electrode materials is suggested by the authors. The same equipment was 
used for the concentration of sour cherry juice (Sabanci and Icier 2019). Higher 
retention of total phenols and anthocyanins compared to conventional evaporation 
was observed. Electric fields of 10, 12 and 14 V/cm were applied and the positive 
effect on retention of bioactive compounds increased with the voltage gradient. This 
can be traced back to shorter processing times needed. Antioxidant activities in a 
similar range were determined for both concentration techniques.

Detrimental effects of ohmic heating were mainly observed for ascorbic acid/
vitamin C and anthocyanins. Ascorbic acid degradation can occur via an oxidative 
or an anaerobic pathway (Assiry et al. 2003). In conventional food processing ascor-
bic acid losses are primarily a consequence of chemical oxidation. Chemical 
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degradation via the anaerobic pathway is less important in food processing as usu-
ally a sufficient amount of oxygen is present. Release of oxygen by electrolysis 
might directly affect degradation rate by the higher (local) concentration of a reac-
tion substrate. Presence of metal ions, especially Fe3+ and Cu2+ may accelerate the 
reaction by several orders of magnitude (Assiry et al. 2003). Therefore, liberation of 
metal ions due to corrosion reactions may lead to enhanced ascorbic acid degrada-
tion. These reinforcing factors in the electric field are considered as a third electro-
chemical degradation pathway (Assiry et  al. 2003). Similar explanations can be 
found regarding the degradation of anthocyanins although the reaction pathways are 
less well understood. Degradation of anthocyanins is mainly caused by oxidation 
and is thus strongly affected by the presence of oxygen (Patras et al. 2010). Sinela 
et al. (2017) reported reaction path ways of metal-catalyzed oxidation and a mole-
cule scission that are both influenced by the nature and concentration of metals 
present. In contrast, a stabilization of anthocyanins due to complexations with metal 
ions is as well reported (Liu et al. 2018).

These findings highlight the importance to separately regard individual impact 
factors of ohmic heating for different food systems. Some systematic research work 
is performed comparing ohmic and conventional heating with matched temperature 
profile to intensively study the influence of electric field characteristics. Results are 
summarized in Table 13.1.

Lima et al. (1999a, b) did not find significant differences in ascorbic acid degra-
dation in orange juices for ohmic and conventional heating with same thermal his-
tory. Although gas production and dissolution appeared at stainless steel electrodes, 
there was no difference comparing this electrode material with specially coated 
titanium in regard to ascorbic acid concentration.

Assiry et al. (2003) studied degradation kinetics of ascorbic acid during ohmic 
heating with thermal holding time. Ohmic heating with uncoated stainless-steel 
electrodes and a frequency of 60 Hz and intensities of 0, 100, 150 and 300 W were 
used in a temperature range from 40 to 80 °C. Buffer solutions with pH 3.5 and dif-
ferent NaCl contents of 0.25, 0.5 and 1% served as a model for acidic food systems 
and ascorbic acid was added to the buffer after reaching a constant desired tempera-
ture to exclude the impact of heating rate. No significant differences between ohmic 
and conventional heating were found for ascorbic acid degradation, except for a 
power of 150 W, a salt concentration of 1% and a temperature of 40 °C. At the high-
est power and salt content, citrate complexation and a significant loss of buffering 
capacity were noted, resulting in an increased pH value.

Castro et al. (2004a, b) compared ohmic heating and conventional heating with 
matched temperature profiles in regard to ascorbic acid retention in strawberry pulp. 
The pulp was heated to temperatures up to 100 °C using an ohmic system with tita-
nium electrodes and electric field strengths of 25–100 V/cm. Conventional treat-
ments at the same temperatures were performed in industrial scale with a 
scraped- surface heat exchanger. Ascorbic acid degradation followed first order 
kinetics for both conventional and ohmic heating treatments. The electric field did 
not affect the rate of ascorbic acid degradation.
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Yildiz et al. (2009) investigated the ohmic heating potential for preservation of 
pomegranate juice. The same thermal history for the conventional and ohmic heat-
ing was applied to figure out the impact of the electric field on juice quality. 
Therefore the electric field was varied between 10 and 40 V/cm at a frequency of 
50 Hz to achieve desired heating rate. Statistical analyses revealed no significant 
difference in the phenol content of juices treated with ohmic heating and conven-
tional heating in a water bath in a holding time of 12 min.

Similar degradation of vitamin C in orange and pineapple juice was detected by 
Tumpanuvatr and Jittanit (2012) for ohmic heating with stainless steel electrodes 
when performed with the same heating rate as conventional processing.

Mercali et al. (2014) performed trials on ascorbic acid concentration and color 
changes in acerola pulp. A batch unit with titanium electrodes was used. The effect 
of current frequency and process time at constant temperature was evaluated and 
compared to thermal treatment in a water bath. The effect of heating-up on quality 
changes was subtracted to eliminate the effect of different heating rates. Ascorbic 
acid degradation was measured for all samples during thermal treatment.

After 120 min at 85 °C values were reduced by 13–17% for ohmic heating and 
by 14% for the conventional treatment. The highest degradations were found in 
samples ohmically treated with 10  Hz, indicating that electrochemical reactions 
were stronger at the low frequency. Color changes were in accordance with these 
results.

The same research group investigated anthocyanin degradation in jaboticaba 
juice applying ohmic and conventional heating with same temperature profiles 
(Mercali et al. 2015). Ohmic processing conditions were a voltage of 25 V, an elec-
trode distance between 5.5 and 7 cm, a frequency of 60 Hz and a treatment time of 
20 min. Rate constants were in a similar range for ohmic and conventional heating 
in the considered temperature range of 60–90 °C.

Jaeschke et al. (2016) studied non-thermal effects of ohmic heating on quality of 
acerola pulp. Ascorbic acid and carotenoid degradation were similar for ohmic and 
conventional heated and probably prevented by limited oxygen availability. In this 
study titanium electrodes and a frequency of 60 Hz at 30 V were used. Temperatures 
and treatment time for both heating methods were 80, 85, 90 and 95 °C and 60 min, 
respectively.

Higher inactivation rates of polyphenoloxidase in watermelon juice were 
obtained by ohmic heating at 24 V/cm and 50 Hz to 90 °C compared to water bath 
treatment at the same temperature (Makroo et al. 2017). Similar polyphenol degra-
dation occurred in both technologies and only slight changes in the lycopene con-
tent were found.

The effects of ohmic heating and steam injection on quality of liquid infant for-
mula were compared using the same conditions of pre-heating and holding (Roux 
et al. 2016). Electric fields were applied in a continuous coaxial chamber with tita-
nium electrodes. Currents of 25 kHz and a power of 15 kW were used to achieve 
heating up to 140  °C.  Slightly better preservation of vitamin C and color was 
observed after ohmic heating leading to the conclusion that ohmic heating is suited 
as an equivalent sterilization technique.
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No significant differences in the vitamin C content of grapefruit and orange pulp 
during to conventional and ohmic heating assisted drying were reported by Stojceska 
et al. (2019). A voltage gradient of 30 V/cm, a frequency of 80 Hz and temperatures 
of 70 and 100 °C were used in this study.

Sarkis et al. (2019) also applied electric fields only during temperature holding 
time to eliminate the impact of sample heating up. Treatment intensities of 60 Hz 
and 4.1 V/cm showed no differences in anthocyanin degradation in blackberry pulp 
compared to conventional treatments with the same temperature profile. Higher 
voltage gradients of 22.3 V/cm led to an increased degradation at a temperature 
of 80 °C.

These findings show that additional degradation of bioactives due to the electric 
field can be prevented choosing an adequate process design with electrochemically 
inert electrode materials and process parameters. Low frequencies and high voltage 
gradients should be avoided when processing foods containing components sensi-
tive to oxidation or metal catalyzed reactions to reduce electrode reactions to a mini-
mum. Regarding the summarized literature data in Table  13.1, a safe process 
window in regard to field strength and frequency can hardly be identified. The data 
suggests that especially the application of long treatment duration of 60 min or more 
leads to additional degradation by the electric field. It is therefore required to spend 
more research activity on the influence of ohmic heating parameters on electrode 
reaction in dependence of the food matrix processed.

13.6  Conclusions and Future Perspective

Preservation and recovery of bioactives to obtain high nutritional quality for foods 
is an important issue for the food industry. Ohmic heating offers great potential to 
deliver a valuable contribution to both areas – gentle thermal processing of foods 
and enhanced extraction of food components. Improved homogeneity and increased 
rates of heating as well as additional inactivation effects on microorganisms and 
enzymes may lead to a decrease of required processing time and overall thermal 
load preventing heat sensitive compounds from thermal degradation. Combination 
of thermal and non-thermal effects on tissue integrity and molecule diffusion might 
lead to higher extraction yield and decreased extraction times or solvent usage. 
Nevertheless, there are still several knowledge gaps that need to be filled.

Adverse effects on product quality due to the electric field have been mainly 
investigated for ascorbic acid/vitamin C. There is lack of research data on the influ-
ence of electrolysis and corrosion on the degradation of other vitamins, secondary 
metabolites, essential fatty acids, bioactive peptides or minerals (Salari and Jafari 
2020). Literature findings on adequate levels for electric field strength and process 
intensity were not consistent and safe process windows for individual food systems 
need to be identified. Especially, when non-thermal effects of the electric field are 
desired to improve mass transfer, high voltages and low frequencies have shown to 
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provide better results. These parameter recommendations are in contrast to those 
made to avoid electrode reactions and specific attention should be paid to a potential 
overlap of higher extractability and degradation of bioactive compounds. Further 
research is as well needed to rank the potential of ohmic heating in comparison to 
other cell disintegration techniques in regard to extraction yield, energy efficiency 
and product quality. Knowledge is as well required in regard to bioactive retention 
for a wider range of valuable compounds and products. Especially in terms of 
particle- rich foods and products with inhomogeneous conductivity distribution, 
effects on bioactive compounds are insufficiently documented.

Conductivity differences are also an issue in regard to food safety. The DFG 
Senate Commission on Food Safety (German Research Foundation, DFG) identi-
fied research needs for ohmic heating in different areas to guarantee product safety 
(SKLM 2015). Uniformity of heating and avoidance of cold spots during preserva-
tion due to different conductivities of food elements shall be assured and need a 
more detailed knowledge on material properties and possibilities to influence them. 
A more detailed investigation of microbial inactivation kinetics in the individual 
fractions of a heterogeneous product is also essential as well a distinction between 
thermal and non-thermal effects in the electric field. A more detailed analysis of 
potential chemical changes, especially due to electrochemical reactions, is also rec-
ommended. This includes possible effects on product allergenicity. A satisfying 
clarification of these safety issues will lay the foundations for maximizing the reten-
tion of bioactive substances as it sets the framework within a nutritional optimiza-
tion is feasible.

To promote industrial uptake of the ohmic technology, factors related to upscal-
ing have to be studied more intensively. Beside the higher throughputs and the 
requirement for continuous processing systems, higher inhomogeneities regarding 
the raw material properties may occur due to regional and seasonal variation. This 
is especially important in terms of electrical conductivity as a crucial factor for 
thermal and non-thermal process effects. Respective guidelines for different process 
targets and food systems need to be published. Process equipment with treatment 
chambers and electrode designs suitable for different food matrices must be avail-
able together with a reliable and easy to handle process control systems. Due to the 
higher energy conversion efficiency, ohmic heating can be regarded as a sustainable 
way of heat processing of foods. Energy footprints of developed process designs 
shall be considered as well during process optimization to connect healthy foods 
with sustainable processing.
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