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Abstract - Ohmic heating (OHM) has gained much interest in the food industry as a novel thermal
food processing technology which improves food quality and nutritional value as well as reducing both
processing time and cost. OHM, also referred to as Joule heating, electrical resistance heating, and
resistive heating is an alternative method of warming food by passing an electric current through a
conductor. It has significant advantages over conventional heating including reduced heating time
(rapid heat generation), uniform heating, reduced quality losses and diminished energy consumption.
However, the successful application of OHM in food processing depends on several parameters
including the electrical conductivity and specific heat capacity of the food materials, systematic design,
product size, heat capacity and viscosity which were reviewed here.
Keywords: Ohmic heating, electrical conductivity, food processing, electric field strength

1. Introduction
Heat treatment is a common commercially used method in
food processing to preserve food products by inactivating
the enzymes and destroying the microorganisms. Food and
biological materials are heated primarily to extend their
shelf life or improve taste. In conventional heating, heat is
generated outside the material to be heated by one of three
transfer forms as conduction, convection and radiation.
However, major problems include low and non-uniform
heating and long processing time (Sarang et al., 2008). A
high-quality product with minimum changes in structure,
nutrition, or organoleptic properties can be achieved using
a method with short operating time (Rahman, 1999).
Ohmic heating (OHM) is one of the most promising methods
of food processing, also known as Joule heating, electrical
resistance heating, resistive heating, and electroconductive
heating which utilizes the inherent electrical resistance of
food materials to generate heat (Wang et al., 2006). Most
food materials contain ionic constituents such as salts and
acids which allow the conduction of electrical current
(Palaniappan and Sastry, 1991). This process can be used
to generate heat within the product, transforming the electrical
energy into thermal energy and thus heating the materials
at exceptionally rapid rates without the need for a heating
medium or surface. This process also avoids excessive
thermal damage to labile substances such as vitamins and
pigments (Castro et al., 2004; Sastry and Barach, 2000;
Palaniappan and Sastry, 1991). OHM is applicable in several
processes including blanching, evaporation, dehydration,
pasteurization and extraction (FDA/CFSAN, 2000). This
*Author for correspondence: anuchitac@yahoo.co.th

review, therefore, focused on the process parameters of
OHM and discussed its potential applications in food
processing compared with other existing thermal methods.
2. OHM generation
OHM, Joule heating or electrical heating is defined as a
process that occurs when electrical (alternative) current is
passed through a food material, and heat is generated by
virtue of the material’s electrical resistance (Vicente et al.,
2006; Lakkakula et al., 2004). The basic design of an
ohmic heater is shown in Figure 1. Heating creates internal
energy transformation (from electric to thermal) within the
food material (Sastry and Barach, 2000). Food materials
containing sufficient water and electrolytes allow the
passage of electric current, and OHM can then be used to
generate heating inside the product (Imai et al., 1995).
Therefore, OHM can be considered as an internal thermal
energy generation technique and not as a thermal energy
transfer as it does not depend on heat transfer either through
a solid-liquid interface or inside a solid in a two-phase
system (Knirsch et al., 2010). Interestingly, OHM processing
enables the heating of food materials at rapid rates (within
a few seconds to a few minutes) (Sastry, 2005), and also
under certain circumstances, large particulates and carrier
fluids to heat at comparable rates. OHM, therefore, can be
used for high temperature/short time (HTST) and ultrahigh
temperature (UHT) technology on solids or suspended
materials (Imai et al., 1995), resulting in an increase in
final product quality and value added products (Vicente et
al., 2006; Castro et al., 2003; Kim et al., 1996; Parrott,
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1992; Tucker, 2004). Currently, OHM is gaining popularity
in the food industry as an alternative thermal food processing
method which preserves both quality and nutritional value.
However, the efficiency and success of OHM with regard

to food processing depends on key parameters including
electricity, the specific heat capacity of the food materials,
electrical conductivity, OHM systematic design, product
size, heat capacity and viscosity.
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Figure 1. Schematic diagram of a basic ohmic heating generator

Figure 1. Schematic diagram of a basic ohmic heating generator
of the ability to move an electrical charge through a resistance
3. Parameters of OHM affecting food processing
(opposition to flow of electricity) (Shugar and Ballinger,
3.1 Electricity
1996). Voltage can be calculated by multiplying the current
The movement of charge carriers throughout a substance
and the resistance. This is known as Ohm’s Law, first
is known as electricity and includes electrical current,
published by physicist Georg Ohm in 1827.
voltage
or
electric
field
strength
(E)
and
resistance.
An
3. Parameters of OHM affecting food processing
increase in electrical conductivity or current through fruit
V = I x Z		
(1)
and cereal samples during OHM at a constant voltage
3.1
Electricity
gradient
has been reported (Darvishi et al., 2012; Loypimai
where voltage = V, current = I, and impedance = Z.
et al., 2009; Castro et al., 2004). Sastry and Palaniappan
(1992)
noted
that
the
rate
of
OHM
generation
was
directly
The movement of charge carriers throughout a substance is known as electricity and includes
proportional to the square of E and the electrical conductivity.
3.2 Specific heat capacity
Diffusion of beet dye from beet root into a liquid media
Specific heat is the amount of energy required to change
electrical
current,
electric
(E) and
resistance.
increase
was enhanced
by OHM, voltage
and the yieldorof dye
extractedfield
was strength
the temperature
of a substance
by aAn
certain
interval. in
proportional to the E used (Lima et al., 2001; Schreier et
This value can be useful for determining the temperature
al., 1993; Halden
et al., 1990).
Loypimaithrough
et al. (2015)
distribution
a food material
as it
is heated
electrical
conductivity
or current
fruit and
cerealinsamples
during
OHM
at aohmically.
constant
demonstrated that OHM with optimum Es (30% and 40%
The specific heat of a substance can be calculated using
moisture content of the bran and E = 100, 150, and 200
the variables of heat energy used, mass of the substance,
voltage
gradientthehas
been reported
(Darvishi
2012;
Loypimai
et al.,
2009;
Castro
et al.,
Vcm-1) improved
extraction
of anthocyanins,
tocols, et al.,
and the
change
in temperature
of the
system.
The energy
and γ-oryzanol from black rice bran. Knirsch et al. (2010)
added to a system can be calculated from the electricity
discovered
that naturally
porous cell walls
had a specific
usedthe
to heat
theof
substance
a particular temperature,
and
2004).
Sastry
and Palaniappan
(1992)
noted that
rate
OHMto generation
was directly
dielectric strength which could be exceeded by the electric
also the time taken to reach that desired temperature.
field and resulted in electroporation. Interestingly, in the
Alternatively, equation 2 below can be used.
proportional
to the
theelectric
square
of applied
E andunder
theOHM
electrical conductivity. Diffusion of beet dye from
extraction process,
energy
Q
is responsible for the breakdown of the plant cell membranes,
Cp =
(2)
m x ΔT
which enables much easier extraction when compared to
beet root into a liquid media was enhanced by OHM, and the yield of dye extracted was
the process without OHM (Loypimai et al., 2015; Nair et
where the specific heat of a substance = Cp, heat added =
al., 2014; Uemura et al., 2010) (Table 1). Electrical current
Q, mass = m, and the change in temperature = ΔT.
proportional
toexpressed
the E used
(Lima
al., one
2001; Schreier et al., 1993; Halden et al., 1990).
is measured and
in amperes
(A) et
(where
ampere is the flow of ~6x10-18 electrons per second through
3.3 Electrical conductivity
a substance). Voltage is the electron pressure or a measure
Electrical conductivity is the most critical factor for electrical

Loypimai et al. (2015) demonstrated that OHM with optimum Es (30% and 40% moisture
content of the bran and E = 100, 150, and 200 Vcm-1) improved the extraction of
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thermal processing. A food material with higher electrical
and above 10 Sm-1 are not applicable to OHM because very
conductivity during OHM increases in temperature better
high voltages or very large amperes are needed for sufficient
than a food material with low electrical conductivity. This
heat generation by Joule power (Knirsch et al., 2010;
process mostly focuses on ‘cold spots’ which are located
Piette et al., 2004; Piette et al., 2001).
at the slowest heat generating zones of a food material.
They require special consideration as current knowledge
3.4 OHM systematic design
of conventional heating cannot be extrapolated to OHM
Nowadays, there are limitless possibilities for the design
technology (FDA/CFSAN, 2000). Electrical conductivity
of an OHM system, but key components as a power supply
measures the ability of a substance to transmit an electric
and an OHM generator are required to create electricity.
charge and is expressed in Siemens per meter (Sm-1).
The generator is connected to all electrodes in physical
Electrical conductivity is the ratio of substance density to
contact with the substance to pass the electrical current.
electric field strength and depends on the chemical
The electrode gap (distance between the electrodes) can
composition of the substance. In OHM, conductivity is a
oscillate depending on the capacity of the system, and both
measure of the mineral, ionic, and moisture contents. Most
electrode gap and electric field strength can be varied and
foods consist of ionic ingredients such as salts and acids,
adjusted depending on the frequency and waveform of the
therefore, electric current under OHM passes through food
electric field. In an in-line field system, the food material
and generates heat inside it (FDA/CFSAN, 2000). Higher
upstream is exposed to higher field strength than the food
conductivity is observed in substances with larger amounts
downstream due to the drop in voltage throughout the
of dissolved sodium chloride (Table 1). The efficiency and
system. In a cross-field system, the electric field strength
success of OMH are dependent on the electrically conductive
is constant throughout (FDA/CFSAN, 2000). Qihua et al.
nature of the food material to be processed (Zoltai and
(1993) developed an ohmic heater consisting of a power
supply system, a flow control system, a data acquisition
Swearingen, 1996). A total dissolved solids (TDS) meter
system and two OHM units (one for static medium and the
is a popular method for measuring electrical conductivity.
other for continuous flow). Tulsiyan et al. (2008) used an
TDS is the total amount of mobile charged ions in a
ohmic device consisting of ten electrodes stuck on a base
substance, calculated by measuring the number of cations
made from acetal and an aluminum top. Sarang et al. (2008)
(positively charged) and anions (negatively charged) (HM
studied the electrical conductivity of meat and fruits using
Digital, Inc., 2005). Loypimai et al. (2009) observed that
an OHM unit with ten cylindrical cells made from Ultem®
bran with high moisture content had less electrical resistance,
equipped with platinized titanium electrodes.
whereas electrical conductivity was high. Moisture and
ionic components increased electrical conductivity
3.5 Product size, heat capacity and viscosity
(Bengston et al., 2006).The electrical conductivity of rice
In a food with small particles (no more than 5 mm) such
bran and liquid fruit products like juices and purees has
as emulsions and colloids, the electric conductivity will be
been studied and reported (Loypimai et al., 2009; Icier and
conductivity of Ilicali,
fresh 2005;
strawberry
ranged
from
25 to 100°C
and was
a linear
function
of theranging from 15–25 mm,
ignored,
but for
larger particles
Castro
et
al.,
2004;
Palaniappan
and
Sastry,
conductivity of fresh strawberry ranged from 25 to 100°C and was
a linear
function
of the
1991). Electrical conductivity of pear and apple at 25ºC
orientation relative to the electrical field has a significant
emperature. Electrical
conductivity
wasde calculated
andoncurrent
using and the relative heating
was observed
by Mitchell and
Alwis (1989).from
Castrovoltage
et
effect
electricaldata
conductivity
emperature. Electrical
conductivity
was calculated
from
voltage
and
currentet data
using
al. (2003) reported
that the electrical
conductivity
of fresh
rates
(McKenna
al., 2006).
When a food contains solid
strawberry
ranged
from
25
to
100°C
and
was
a
linear
function
particles
in
a
fluid
medium
and
both have similar electrical
equations 3 and 4 (Icier et al., 2008).
equations 3 andof4 the
(Icier
et al., 2008).
temperature.
Electrical conductivity was calculated
conductivities, then, the other components with lower heat
from voltage and current data using equations 3 and 4
capacity will be heated faster. Foods with high densities
(Icier et al., 2008).
and high specific heat values tend to have low conductivity,
and as a consequence heating rates are slow (Palaniappan
��
� ��
and Sastry, 1991). Shirsat
�
��� et al. (2004) studied the conductivity
�� � � � � �
�� � ����� �
of different pork cuts
���at 20°C. Results indicated that lean
(3)
��
����
was highly conductive compared to fat. Sarang et al. (2008)
reported that fruits (red apple, golden apple, peach, pear,
pineapple and strawberry) were less conductive than
�
(4)
�� �
���
chicken, pork and beef
samples. Within fruits, peach and
��
��
���
��
strawberry were more conductive than apples, pear, and
mainly due
to differences
in heat capacity and
where σ is electrical conductivity (Sm-1
), V is voltage, I is current, pineapple
R is resistance,
m is
mass,
I
is
current,
R
is
resistance,
m
is
mass,
where σ is electrical conductivity (Sm-1), V is voltage,
chemical
components.
On
the
other
hand,
the viscosity of
where σ is electrical conductivity (Sm-1), V is voltage, I is
the fluid phase
2 in solid-liquid mixture has an important role
L is the gap between
and LAisisthe
the
surface
area (m ).
current,the
R iselectrodes
resistance, m(m)
is mass,
gapelectrode
between the
in OHM and2 also affects heating generation rate i.e. the
L is the gap between
the (m)
electrodes
(m)electrode
and A issurface
the electrode
electrodes
and A is the
area (m2). surface area (m ).
higher viscosity fluids tend to result in the faster OHM than
the lower viscosity fluids (Marcotte et al., 2000). However,
In general, electric conductivity is a function of the
the viscosity of the fluid must be adequate to create uniform
material structure and changes as food samples are heated;
heating
and prevent
from cold
In general,
electric
conductivity
is
a
function
of
the
material
structure
andshadow within the liquid
however, in
some foods
heat treatment
alters theof the material structure and
In general,
electric
conductivity
is barely
a function
(Ahmed et al., 2009).
pattern of electrical conductivity (Pongviratchai and Park,
changes as food2007).
samples
are heated;
however,
in some
foods
Electrical
conductivity
of materials
below 0.01
Sm-1heat treatment barely alters the

7
7

changes as food samples are heated; however, in some foods heat treatment barely alters the

pattern of electrical conductivity (Pongviratchai and Park, 2007). Electrical conductivity of
pattern of electrical conductivity (Pongviratchai and Park, 2007). Electrical conductivity of
-1

-1
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3.6 Frequency and waveform
The common frequencies employed for OHM of foods are
50 Hz and 60 Hz. Previous studies reported that both
frequency and waveform influence OHM generation and
final quality of food products. Lima et al. (1999) showed
that frequency and waveform affect the electrical conductivity
and heat generation of food samples. They suggested that
at low frequency the electrical conductivity was high, and
the electrical conductivity of turnip tissue was significantly
higher for sine and saw tooth waves compared to square
waves at 4.0 Hz. Determination of the lowest effective
frequency would be a worthwhile subject for further
research since improved mass transfer was reported for
frequencies as low as 4.0 Hz (Lima and Sastry, 1999). Kim
and Pyun (1995) and Imai et al. (1995) proposed that the
frequency of alternative current influenced the capacity,
efficiency of extraction and the heating rate. Lakkakula
et al. (2004) reported that lowering the frequency of the
alternating current by 1 Hz significantly increased the
capacity to extract rice bran oil. However, use of low
frequencies for OHM may come from the polarization and
capacitance of the system and the problem from the
oxidation-reduction (redox) reaction. Altering the
frequency and waveform during OHM also influences the
heat and mass transfer properties of foods and some results
are shown in Table 1.

A

4. Electroporation effect
Cell electroporation is defined as the formation of pores in
cell membranes due to the presence of an electric field. As
a consequence, the permeability of the membrane is
enhanced and material diffusion throughout the membrane
is achieved by electro-osmosis (An and King, 2007; Lima
and Sastry, 1999). The electric breakdown or electroporation
mechanism is dominant for non-thermal effects of OHM
(An and King, 2007; Sensoy and Sastry, 2004). Yoon et
al. (2002) observed that under OHM the electric field appeared to have both direct and indirect effect on the cell
wall, and intracellular materials were exuded to the culture
medium. The exudates seemed to be composed of amino
acids, protein, nucleic acids, coenzymes, and related material. Few studies have been conducted on the electroporation of rice bran during OHM; however, these showed that
naturally porous cell walls allowed the cell membrane to
build up charges, which formed disruptive pores resulting
in electroporation (Cho et al., 1996). The electric energy
applied was responsible for the breakdown of the rice bran
cell membranes, which enhanced pigment extraction
compared to extraction without OHM (Loypimai et al.,
2015; Nair et al., 2014; Uemura et al., 2010) (Figure 2).

B

C

Figure 2. SEM images of aleurone layer of untreated raw bran (A), steamed rice bran(B), and (C) ohmically treated
bran (40% MC and E = 200 Vcm-1)
5. Advantages and disadvantages of OHM
There are many advantages of OHM technology for food
processing and preservation. Heating in the food materials
is created by internal heat transfer from electrical to thermal
without the limitations of either conventional heat transfer
or radiative dielectric penetration for microwave heating
(Skudder, 1988). Higher temperatures in particulates than
liquids can be achieved by OHM which is not possibly by
conventional heating. Reduction of fouling at the heat
transfer surface and burning of the food products results
in minimal mechanical damage and reduces nutrient and
vitamin losses (Loypimai et al., 2015; 2016). OHM is
efficient as over 90% of the electrical energy is converted
into heat and the heating system is easy to control (instant
switch-on and shut-down) (Skudder, 1988; Kim et al.,
1996; Palaniappan and Sastry, 1991). Optimal capital
investment, food product quality and safety as well as high

solid loading capacity were achieved using OHM. OHM
can also allow high temperature/short time (HTST)
processing of particulates, thus avoiding excessive thermal
damage to labile substances such as vitamins, pigments,
and other thermally sensitive compounds (Kim et al., 1996;
Castro et al., 2004). OHM can be considered as an
environmentally friendly or alternative green technique.
However, there are some drawbacks in the OHM
such as type of food (a food containing fat globules can be
troublesome to effectively heat ohmically), difficulties to
control the rate of heat generation during OHM process
due to change of electric conductivity of heating material,
and electrochemical reactions (Rahman, 1999; Sakr and
Liu, 2014). Therefore, by utilizing the knowledge of the
aforementioned issues in designing an OHM system, these
disadvantages may be more easily eliminated and controlled.

OHM-assisted extraction of
anthocyanins and bioactive
compounds from black rice
bran to prepare functional
food colorant powder

Objective
Different moisture content
(MC) of black bran : 30−40%
(wet basis)
Four levels of electric field
strengths (E) : 50, 100, 150,
and 200 Vcm-1

Factors/conditions used

References

The colorant powder obtained from rice bran extracted using Loypimai et al. (2015)
OHM to assist extraction with 30% MC (E = 100, 150, and
200 Vcm-1) and 40% MC (E = 50, 100, 150, and 200 Vcm-1)
had the highest levels of α-tocopherol, γ-oryzanol, individual
anthocyanins (cyanidin-3-O-glucoside, cyanidin-3-O-rutinoside,
delphinidin and malvidin) and total anthocyanins.

Results/ Advantages

Tomato peeling by OHM

Tomato

Red
Pasteurization of fermented Frequencies ranged from The entire sample was heated uniformly, and the specific Cho and Chung (2016)
pepper paste (Gochujang) red pepper paste by OHM
40−20,000 Hz and applied heating rate was highly dependent on the frequency which
voltages ranged from 20−60 peaked at 5 kHz and 60 V.
V.

a combination of OHM
The best condition for tomato peeling in terms of quality, Wongsa-Ngasri and
and low lye concentrations weight loss, and peel cracking time was observed for Sastry (2016)
(NaCl/NaOH or NaCl/KOH, 0.01/0.5% (NaCl/KOH) at 2020 Vm-1.
NaCl/CaCl2 or NaCl/NaOH/
CaCl2 mixture)

Lakkakula et al. (2004)

Rice bran oil extraction

Rice bran

Two frequencies (1 and 60 Hz) OHM using an alternating current of
Three moisture contents of 1 Hz yielded significantly more oil than OHM
rice bran (10.5%, 21%, and conducted at 60 Hz for all moisture levels.
30%)

Rice bran stabilization using Es ranged from 75 to 225 The Es at 150-225 Vcm-1 and MC of 30-40% were appropriate Loypimai et al. (2009)
OHM
Vcm-1
conditions to retard the free fatty acid (FFA) content, lipase
MC of rice bran was 20, 30, activity and lipid oxidation during storage.
and 40 (% wet basis).
The ohmically-treated rice bran yielded higher levels of
phenolic compound, α-tocopherol, γ-oryzanol, and antioxidant
activity than those obtained using conventional methods.

Rice bran

OHM as a pre-treatment in Three current levels : 5, 15, OHM treated rice bran with 1 M sodium chloride solution Nair et al. (2014)
solvent extraction of rice bran and 20 A, Three concentra- and a current of 20 A for 3 min gave maximum oil extraction
oil
tions of sodium chloride: with minimum extraction time.
1, 0.1 and 0.01 M, Heating
time: 1, 2, and 3 min)

Rice bran
(Red Triveni
and Basmati rice)

Cabernet Sauvignon red OHM-assisted extraction of E at 400 Vcm-1, Extraction The highest extraction yield of polyphenols.
Dara et al. (2013)
grapes pomace
polyphenols
time for 60 min at 50°C, 30% Polyphenol content extracted by OHM was 36% higher than
of ethanol in water as solvent. samples without OHM.

Black rice bran

Food material items

Table 1. Food processing using ohmic heating and the factors affecting food quality.
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Results/ Advantages

References

Investigate the effect of OHM Voltage gradient: 30–55 Vcm-1 The change in the pH at voltage gradients of 30–45 Vcm-1 Darvishi et al. (2013)
decreased and as the voltage gradient increased the change
on electrical conductivity, heatincreased.
ing rate, system performance
and pH of the juice

Pomegranate juice

A Diels–Alder cycloaddi- As a new efficient process for Organic synthesis in aqueous OHM reactor increased dynamics/mobility of charged species Pinto et al. (2013)
tion, a nucleophilic substi- organic synthesis in water
media based on a direct OHM leading in several cases to higher reaction yields and shorter
tution, and an N-alkylation
reactor
reaction times

A reusable and ligand-free OHM-assisted synthesis of Using an efficient, reusable, OHM could generate libraries of B ring-substituted 3-arylqui- Pinto et al. (2015)
Suzuki−Miyaura reaction bioactive 3-arylquinolin- and ligand-free protocol devel- nolin-4(1H)-ones and showed good substrate generality, ease
in water
4(1H)-one
oped for the Suzuki−Miyaura of execution, and short reaction time.
coupling of 1-substituted3-iodoquinolin-4(1H)-ones
with several boronic acids in
water using Pd (OAc) 2 as a
catalyst and tetrabutylammonium bromide (TBAB) as the
phase transfer catalyst

Salt concentrations : 10, 15, A linear relationship between the heating time (the time to Pedersen et al. (2016)
and 20 kg m-3
reach 72°C) and process variables (E and the salt concentraEs ranged from 1150 Vm1 to tion) was observed over the experimental range.
1,725 Vm-1

Apply OHM to cold water
shrimp and brine mixtures

Cold water
shrimp

Low electric field frequency (10 Hz) resulted in greater ascor- Mercali et al. (2014)
bic acid degradation and higher visual color changes, while
high levels did not affect the degradation kinetics of ascorbic
acid and pigment compounds.

Determine the effect of the Electric field frequencies
electric field frequency on ranged between 10 and 105 Hz
ascorbic acid degradation and
color changes in acerola pulp
during OHM

Factors/conditions used

Inactivation of Escherichia pHs of juice sample: 2.5, 3.0, E. coli O157:H7 and L. monocytogenes were inactivated most Kim and Kang (2015)
coli O157: H7, Salmonella 3.5, 4.0, and 4.5
rapidly at pH 4.5, while S. Typhimurium was inactivated most
enterica Serovar Typhimurium
rapidly at pH 2.5. However, the overall quality of orange juice
and Listeria monocyto genes in
subjected to OHM was not influenced greatly at any pH level.
orange juice

Objective

Acerola pulp

Orange juice

Food material items

Table 1. Food processing using ohmic heating and the factors affecting food quality. (cont.)
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