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Abstract The potential of ohmic heating was investigated

to cook instant rice cakes according to electric field

strengths (9, 12, 15, 18 V/cm) and cooking times (60, 80,

100, 120 s). Customized ohmic heating system was

equipped with ohmic cell, electrodes, thermocouple, pro-

portional–integral–differential controller and data acquisi-

tion system. Heating rate significantly increased when

electric field strengths increased. Heating rate was 12.1 �C/
min at 9 V/cm, and was increased to 38.8 �C/min at 18 V/

cm. The energy efficiency was evaluated in terms of sys-

tem performance coefficient (SPC) energy efficiency. The

best SPC energy efficiency was 0.65 at an electrical field

strength of 18 V/cm. An electric field strength of 15 V/cm

and an 80 s cooking time resulted in the most preferable

hardness (7.73 N). Ohmic heating would be applicable to

cook instant rice cakes, resulting in good energy efficiency

and textural qualities.

Keywords Ohmic heating � Cooking � Rice cake � Energy
efficiency � Texture

Introduction

Rice cake soup is a popular home meal replacement

(HMR) food which could be conveniently served. Slices of

dried rice cake are boiled until a dense and viscous soup is

formed. Rice cakes have the nutritional value of a single

meal as a highly valuable convenient food (Ku et al., 2018;

Yoon and Oh, 2014). Recently, dried instant rice cake

soups were launched in the global instant food markets.

They can be conveniently consumed after pouring boiling

water into the rice cake mixture. Generally, boiling water is

poured into the instant rice cake mixture and then it is

soaked for 2–3 min before consumption. However,

undercooked rice cakes are frequently found in instant rice

cake cooking because cooking dried rice cakes requires

water absorption and subsequent starch gelatinization.

Starch gelatinization is the disruption of its granular

structure, resulting in starch molecules to dissolve in water

(Ratnayake and Jackson, 2006). The driving energy for

water sorption of dried starchy foods is high, and the

sorption rate increased according to temperatures rise than

that of gelatinization (Jang et al., 2016; Hasegawa et al.,

2012). Consequently, more advanced cooking methods are

required to improve the quality of dried rice cakes.

Ohmic heating will be one of the potential methods to

cook dried rice cakes. Ohmic heating enables the

homogenous temperature distribution during heating

(Gavahian et al., 2016; Icier and Ilicali, 2004; Sabanci and

Icier, 2017). This method is based on the passage of an

electrical current through foodstuff by conversion of elec-

trical energy into heat energy inside the food, depending on
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its resistance (Icier et al., 2017; Jha et al., 2011; Reznick,

1996; Sastry and Salengke, 1998; Shirsat et al., 2004). In

the previous study, the potential of ohmic cooking for

instant noodle and home meal replacement curry were

demonstrated with rapid temperature rise, good energy

efficiency and textural qualities (Jo and Park, 2019;

Soisungwan et al., 2019).

The aim of this study was (a) to investigate the appli-

cability of ohmic cooking for dried instant rice cakes, (b) to

estimate the energy efficiency of cooking ohmic rice cakes,

and (c) to evaluate the textural quality of ohmically-cooked

rice cake soup.

Materials and methods

Instant rice cake mixture

Instant rice cake product was purchased from a local

market. One package contained elliptical rice cakes (di-

ameter: 25 mm, length: 45 mm, thickness: 2.5 mm, & 77

cakes, 150 g), soy sauce (30 g), and vegetable flakes

(1.6 g). For one batch experiment, half of a package (rice

cakes: 75 g, soy sauce: 15 g, vegetable flakes: 0.8 g,

powder: 2.5 g) was mixed to 150 ml of distilled water.

Ohmic heater

Figure 1 shows the schematic diagram of the experimental

ohmic heating system for instant rice cake cooking that was

used in our previous studies (Jo and Park, 2019; Soisung-

wan et al., 2019). The ohmic heater was equipped with a

rectangular ohmic container which is made of airtight

plastic (Lock & Lock Seoul, Korea). The width, length and

height of ohmic container were 76, 97 and 46 mm,

respectively. Two rectangular titanium electrodes (thick-

ness: 1 mm) were fit into both ends of the ohmic container

with distance of 95 mm. A variable power supplier (HCS-

2SD50; HC TRASNFORMER, Busan, Korea) was used to

provide the AC electric field (60 Hz) to ohmic heater.

Proportional–integral–differential controller (ITC-100,

INKBIRD, China) was installed to keep the constant target

temperature during cooking time. Temperature changes

were monitored and recorded every 3 s through a K-type

thermocouple and data acquisition system (DAQ, 34970A;

Agilent Technologies, Santa Clara, CA, USA). The volt-

ages and currents applied to samples were also measured

and recoded using the DAQ system. These measurements

were used to estimate the temperature changes and system

performance coefficient (SPC) energy efficiency.

Ohmic cooking

Majority of ohmic cooking procedure followed our previ-

ous study (Jo and Park, 2019; Soisungwan et al., 2019)

excepting the tested electric field strength and cooking

times. Two K-type thermocouples (Ø 0.25 mm, TFIR-003-

50; Omega Engineering, Stamford, CT, USA) were posi-

tioned into the geometric center of the rice cakes (Trc) of

the prepared rice mixture in the ohmic container. A 18

gauge syringe (SN1820, LK Korea, Gyeonggi-do, Korea)

was used to insert the thermocouple into dried cake and

then it was removed before ohmic cooking. Another ther-

mocouple was placed into the geometric center of the

mixture to measure the temperature rise of the soup (Ts).

Four selected electric field strengths of 9, 12, 15, and 18 V/

cm were provided to ohmic container using a variable

power supplier (HCS-2SD50; HC TRASNFORMER,

Busan, Korea). The rice cake soup was ohmically cooked

to the temperature of 100 �C. Rice cakes were cooked at

100 �C for ohmic cooking times of 60, 80, 90, and 120 s.

The electric field strength was kept constant at 7.5 V/cm

with PID controller to prevent over-heating during the

cooking time at 100 �C. Heating rate (Hrt) of ohmic

Fig. 1 A schematic diagram of

ohmic heating system for instant

rice cake cooking (reproduced

and modified with permission

from Jo and Park 2019: Elsevier

and Copyright Clearance Center

License Number:

4630791241042)
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cooking was calculated through temperature increase from

initial temperature (ti) to final temperature (tf) divided by

temperature come-up time (tcu) as shown in Eq. 1.

Hrt ¼
Tf � Ti

tcu
ð1Þ

System performance coefficient (SPC) energy

efficiency

Energy efficiency of ohmic heating was estimated in terms

of system performance coefficient (SPC). An SPC is the

efficiency parameter of ohmic heating system for increas-

ing temperature (Darvishi et al., 2013; Icier and Bozkurt,

2011; Icier and Ilicali, 2004, 2005; Jo and Park, 2019; Park

et al., 2017; Soisungwan et al., 2019). SPC energy effi-

ciency is the ratio of the total volumetric ohmic internal

energy dose (Evd, J) to the amount of electrical energy in

the form of heat (J) required to bring the temperature of the

soup up to 100 �C (Fig. 2A $ B) as successfully demon-

strated the energy efficiency of ohmic cooking in our

previous study (Jo and Park, 2019; Soisungwan et al.,

2019). In the present work, mathematical calculations of

SPC energy efficiency were followed our previous work

abovementioned. The required energy in the form of heat

to increase the temperature of sample to the desired tem-

perature (Qtaken, J) was calculated using the temperature

elevation of both the soup and the rice cake itself, as

suggested by previous researchers (Icier and Ilicali, 2005;

Jo and Park, 2019; Soisungwan et al., 2019) since tem-

perature come-up time is the period when it spends the

most electrical energy, as previously used in our study in

Eq. 2 (Jo and Park, 2019; Soisungwan et al., 2019):

Qtaken ¼ ms � Cp;s � ðTis � TfsÞ þ mrc � Cp;rc � ðTirc � TfrcÞ
ð2Þ

where Qtaken is the amount of energy in the form of heat (J),

ms is the soup mass in rice cake mixture (kg), mrc is the rice

cake mass in rice cake mixture (kg), Cp;s is the specific heat

of the soup (J/kg K), Cp;rc is the specific heat of the rice

cake (J/kg K), Tis is the initial temperature of the soup

(�C), Tfs is the final target temperature (100 �C) of the

soup, Tirc is the initial temperature of the rice cake (�C),
and Tfrc is the final temperature of the rice cake when the

soup temperature reached 100 �C.
In this study, Cp;s was estimated as 4184 J/kg K similar

to that of water. The moisture content of rice cake used in

our study was 40.4% which was measured using dry oven.

Threfore,Cp;rc was estimated as 2543 J/kg K, which is

similar values for waxy starch at 40.4% moisture content

(Tan et al., 2004), the same composition as the rice cakes in

this study. In our study, the specific heat values Cp;s and

Cp;rc were considered to be independent of temperature

increase, as suggested by previous researchers (Icier and

Ilicali, 2005; Jo and Park, 2019; Soisungwan et al., 2019).

Heat loss has a significant effect on the SPC energy

efficiency during ohmic heating (Jo and Park, 2019;

Soisungwan et al., 2019). Heat loss should be appropriately

considered for a microbial safe ohmically-cooked food

(Marra, 2009). In this study, heat loss to surrounding

environment during temperature come-up time (Qloss) was

calculated as suggested by Geankoplis (1993) and our

previous study (Jo and Park, 2019; Soisungwan et al.,

2019), shown in Eq. 3.

Fig. 2 Temperature histories of soup (Ts) and rice cake (Trc) versus

volumetric internal energy generation rate ( _Qie, W/m3) at 15 V/cm

and 120 s holding time

Qloss ¼ �htw � Atw � DTavtw þ �hbw � Abw � DTavbw þ 2 � �hsw � Asw � DTavsw þ 2 � �hsew � Asew � DTavsew½ � � tcu

¼
1:32 � DTavtw

L

� �1=4

�Atw � DTavtw þ 0:59 � DTavbw
L

� �1=4

�Abw � DTavbw

þ 2� 1:37 � DTavsw
L

� �1=4

�Asw � DTavsw þ 2� 1:37 � DTavsew
L

� �1=4

�Asew � DTavsew

2
66664

3
77775 � tcu

ð3Þ

123

Ohmic cooking of instant rice cake soup: energy efficiency and textural qualities 643

Author's personal copy



where Qloss is the total heat loss from all the heat transfer

area (top, bottom, and sides) of the ohmic container to

surrounding air through natural air convection as proposed

by our previous study (Jo and Park, 2019; Soisungwan

et al., 2019). �htw, �hbw, �hsw, and �hsew are the natural con-

vective heat transfer coefficients (W/m2�K) of the top wall,

bottom wall, side wall and electrode side wall of the ohmic

container, respectively; Atw, Abw, Asw, and Asew are the heat

transfer areas of top wall, bottom wall, side wall, and

electrode-side wall of the ohmic container, respectively;

and DTavtw, DTavbw, DTavsw, and DTavsew are the average

temperature driving forces of the top wall, bottom wall,

side wall and electrode-side wall, respectively, estimated

from initial wall temperature, final wall temperature, and

ambient air temperature for each wall during temperature

come-up time of ohmic cooking.

As suggested by previous works (Jo and Park, 2019;

Marra, 2009; Soisungwan et al., 2019), four K-type ther-

mocouples were attached on the heat transfer area of each

wall surface in the ohmic container to record the temper-

ature changes and their heat loss. The average temperature

driving force (DTav) was estimated using temperature data

measured on each surface of the ohmic container including

the average of the initial wall temperature, final wall

temperature, and ambient air temperature (Darvishi et al.,

2012; Icier and Ilicali, 2005; Jo and Park, 2019; Soisung-

wan et al., 2019). The simplified equations for natural

convection was utilized to calculate the natural convective

heat transfer coefficients (�h) for each heat transfer surface

with an appropriate Gr 9 Pr value range (Geankoplis,

1993; Icier and Ilicali, 2005; Jo and Park, 2019; Soisung-

wan et al., 2019). Gr and Pr are Grashof and Prandtl

numbers. �h values ranged from 4.46 to 10.41 W/m2 K. The

electrode-side had the highest heat transfer coefficient

(10.35–10.37 W/m2 K).

Ohmic internal energy generation rate per volume

( _Qie,W/m3) was calculated as a multiplication of squared

electric field strength (V/m) and electrical conductivity (S/

m) as shown in Eq. 4 (Jo and Park, 2019; Li and Zhang,

2010; Soisungwan et al., 2019):

_Qie ¼ r � rVj j2 ð4Þ

The electrical conductivity of tested sample (r, S/m)

was determined using recorded current (A) and voltage (V)

data with consideration of the cell constant (k, m-1). The

cell constant (k, m-1) was estimated using the sample

volume (volume of ohmic container) in which the distance

between electrodes (L, 0.095 m) was divided by cross-

sectional area of the electrode (A, 0.0034 m2) (Jo and Park,

2019; Park et al., 2013; Soisungwan et al., 2019). Equa-

tion 5 shows the formula to calculate electrical conduc-

tivity (r, S/m) of sample during ohmic cooking (Ito et al.,

2014; Jo and Park, 2019; Park et al., 2013; Soisungwan

et al., 2019).

r ¼ k � I
V

ð5Þ

Ohmic internal energy generation rate per volume ( _Qie,

W/m3) can be calculated with a combination of above

equations as shown in Eq. 6 (Jo and Park, 2019; Soisung-

wan et al., 2019):

_Qie ¼ k � I
V
� rVj j2 ð6Þ

The total volumetric ohmic internal energy dose (Evd, J)

of ohmic apparatus is the sum of the energy generation in

rice cakes and soup. It was computed using the ohmic

internal energy generation rate ( _Qie, W/m3), the sample

volume (v, m3), and their integration versus temperature

come-up time (s) as shown in Eq. 7 (Jo and Park, 2019;

Soisungwan et al., 2019):

The trapezoidal numerical integration function of

MATLAB software (Version 7.9.0.529; Mathworks Inc.,

Natick, MA, USA) was used to solve Eq. 7 as utilized in

our previous study (Jo and Park, 2019; Soisungwan et al.,

2019).

Evd ¼
Z tf

ti

v � _Qiedt

¼
Z tf

ti

v � k � I
V
� rVj j2dt

¼ v � k
2
�

I0

V0

� rV0j j2þ I1

V1

� rV1j j2
� �

Dt0� 1 þ
I1

V1

� rV1j j2þ I2

V2

� rV2j j2
� �

� Dt1� 2

þ I2

V2

� rV2j j2þ I3

V3

� rV3j j2
� �

� Dt2� 3 � � � þ
In�1

Vn�1

� rVn�1j j2þ In

Vn

� rVnj j2
� �

� Dtn�1� n

2
6664

3
7775 � v

ð7Þ
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Finally, the SPC energy efficiency was computed using

Qtaken, Evd, and Qloss as shown in Eq. 8. The energy effi-

ciency of the ohmic apparatus can be predicted using the

magnitude of the SPC energy efficiency (Darvishi et al.,

2012; 2013; Icier and Bozkurt, 2011; Icier and Ilicali,

2004; 2005; Jo and Park, 2019; Park et al., 2017;

Soisungwan et al., 2019).

SPC ¼ Qtaken

Evd þ Qloss

ð8Þ

Total conversion of ohmic internal energy into heat is

represented by an SPC energy efficiency value of 1, and

values less than 1 indicate lower energy efficiency of the

ohmic system.

Texture profile analysis

The textural qualities of ohmically-cooked rice cakes were

analyzed using a Texture Analyzer (TA-XT Plus, Texture

Technology Corp., Brewster, NY, USA). Hardness (N) and

cohesiveness of ohmically-cooked rice cakes were esti-

mated. After ohmic cooking, rice cakes were immediately

picked-up using a mesh ladle, and soup was eliminated

from the cooked rice cakes. Care was taken to minimize the

textural changes during the time-lag for analysis. The rice

cake was placed on the stainless-steel sample hold. Cutting

test rice cakes was conducted using a pasta blade (TA-47,

Texture Technology Corp., Brewster, NY, USA). The

texture analyzer was set with appropriate test conditions: a

pretest speed of 5.0 mm/s, test speed of 3.3 mm/s, post-test

speed of 1.0 mm/s, target distance of 2.0 mm, time of

2.0 s, and an auto trigger type. The average thickness of

cooked rice cakes was 2.5 mm. The cutting depth was 80%

of the cooked rice cake, since the rice cakes had a thickness

of 2.5 mm and the blade was able to cut 2.0 mm deep.

Hardness and cohesiveness were measured and analyzed as

follows (Mehta et al., 2012). The hardness of a cooked rice

cake is the force to make a given deformation as maximum

force. Cohesiveness represents the adhesion of the sample

under compression or tensile.

Statistical analyses

Multiple comparisons of experimental data was conducted

to evaluate the significance of differences in tested data

using Analysis of variance (ANOVA) of the Statistical

Analysis System (SAS) software (version 9.1.3, SAS

Institute Inc.). Fisher’s least-significant difference (LSD)

procedure was selected for multiple comparisons among

treatments at a 95% confidence interval (P\ 0.05). All the

ohmic trials were replicated three times.

Results and discussion

Temperature evolution of soup and rice cakes

during ohmic cooking

Figure 3(A) shows the temperature rise of rice cake soup at

selected electric field applications (9, 12, 15, and 18 V/cm)

and at a cooking time of 120 s at 100 �C during ohmic

cooking, as a representative example. Heating rate to

100 �C was 12.1 ± 0.8, 21.3 ± 1.3, 27.7 ± 1.6, and

38.8 ± 1.6 �C/min at 9, 12, 15, and 18 V/cm electric field

strengths, respectively (Table 1). Once temperature of the

soup was elevated to 100 �C, it was held at 100 �C for

cooking time of 60, 80, 90, and 120 s. Elevating the

electric field strengths enabled rapid temperature increase.

In ohmic heating, the rate of temperature increase is gov-

erned by the applied electric field strength and the mate-

rial’s electrical conductivity, as shown in Eq. 5 (Jo and

Park, 2019; Soisungwan et al., 2019). Table 2 shows the

electrical conductivities of rice cake soup at different

electric field strengths and temperatures. The minimum

Fig. 3 (A) Temperature histories of soup during ohmic heating at

different electric fields (9, 12, 15 and 18 V/cm) and (B) representative
comparison of temperature histories between soup and rice cake at

15 V/cm electric field application

123

Ohmic cooking of instant rice cake soup: energy efficiency and textural qualities 645

Author's personal copy



electrical conductivity of soup was 0.11 ± 0.03 S/m at

12 V/cm and 20 �C, and increased up to 2.37 ± 0.11 S/m

at 12 V/cm and 100 �C. The electrical conductivity of rice

cake soup increased according to temperature elevation.

However, no clear differences among the selected electric

field strengths (9-18 V/cm) were found. In the ohmic

heating, electrical conductivity is determined by mineral or

ionic content (Srivastav and Roy, 2014). Previous

researchers reported that the elevation in electrical con-

ductivity values with temperature rise is explained by the

lowered drag of ion movement (Darvishi et al., 2013; Icier

and Ilicali, 2005; Srivastav and Roy, 2014).

Figure 3(B) presents the results of a comparison of the

temperature histories of soup and rice cakes at an electric

field strength of 15 V/cm and a 120 s cooking time. In this

study, the heating rate of soup and rice cake was quite

similar at all selected electric field strength. Simultaneous

temperature increase of soup and rice cake can be attrib-

uted to the advantages of ohmic cooking as a rapid and

uniform temperature rise. It can therefore save cooking

time and energy for rice cake soup preparation.

Calculation of the amount of energy in the form

of heat (Qtaken, J), total volumetric ohmic internal

energy dose (Evd, J), heat loss (Qloss, J),

and the energy efficiency

Figure 2 shows the temperature profiles of soup and the

volumetric internal energy generation rate ( _Qie, W/m3) at

the electric field strength of 15 V/cm and a 120 s cooking

time. The temperature and volumetric energy rate were

utilized to calculate the SPC energy efficiency using heat

generation (Qtaken, J) and heat loss (J). The volumetric

internal energy generation rate ( _Qie, W/m3) increased as

temperature increased, since a material’s electrical con-

ductivity rises with temperature elevation. In this graph, the

initial temperature of the soup elevated from 25 �C to

100 �C during a 15 V/cm electric field strength application.

During this period, the volumetric internal energy genera-

tion rate ( _Qie, W/m3) gradually increased from 0 W/m3 to

4,799,642 W/m3. The electric field was reduced down to

7.5 V/cm during the cooking time at 100 �C; subsequently,
the volumetric internal energy generation rate ( _Qie, W/m3)

went down to 815,446 W/m3.

Table 1 Comparison of temperature come-up time to 100 �C (min),

amount of energy in the form of heat (Qtaken, J), total volumetric

ohmic internal energy dose (Evd, J), and SPC energy efficiency during

temperature come-up time to among different electric fields (9, 12, 15

and 18 V/cm)

Electric field

(V/cm)

Heating rate

(�C/min)

Amount of energy in the form of

heat (Qtaken, J)

Heat loss

(Qloss, J)

Total volumetric ohmic internal

energy dose (Evd, J)

SPC energy

efficiency

9 12.1 ± 0.8a 60,947 ± 405ba 22,411 ± 131a 96,906 ± 7403a 0.51 ± 0.03ca

12 21.3 ± 1.3b 60,882 ± 195b 12,609 ± 72b 90,690 ± 2604ab 0.59 ± 0.02b

15 27.7 ± 1.6c 61,596 ± 112aa 9707 ± 71c 85,198 ± 1217b 0.65 ± 0.01aaa

18 38.8 ± 1.6d 61,012 ± 297b 6793 ± 42d 87,016 ± 7682b 0.65 ± 0.06a

a–dMeans (± SD) with a different letter in the same column are significantly different at P\ 0.05

Table 2 The electrical

conductivity at different electric

field

Temperature (�C) Electrical conductivity (S/m)

9 V/cm 12 V/cm 15 V/cm 18 V/cm

20 0.43 ± 0.13aG 0.11 ± 0.03aF 0.22 ± 0.10aG 0.30 ± 0.30aH

30 0.69 ± 0.12cF 0.98 ± 0.20aE 0.82 ± 0.13bcF 0.86 ± 0.09abG

40 0.90 ± 0.14bE 1.21 ± 0.08aD 1.06 ± 0.20abEF 1.09 ± 0.09abFG

50 1.25 ± 0.27aD 1.40 ± 0.07aD 1.23 ± 0.34aDE 1.25 ± 0.12aEF

60 1.61 ± 0.35aC 1.68 ± 0.14aC 1.52 ± 0.38aCD 1.48 ± 0.11aDE

70 1.78 ± 0.27aC 1.88 ± 0.15aC 1.56 ± 0.47aCD 1.63 ± 0.17aCD

80 1.97 ± 0.29aB 2.10 ± 0.20aB 1.74 ± 0.50aBC 1.86 ± 0.20aBC

90 2.15 ± 0.29aAB 2.13 ± 0.17aB 1.98 ± 0.37aAB 2.10 ± 0.11aAB

100 2.32 ± 0.15aA 2.37 ± 0.11aA 2.20 ± 0.30aA 2.32 ± 0.07aA

a–dMeans (± SD) with a different letter in the same row are significantly different at P\ 0.05
A–HMeans (± SD) with a different letter in the same column are significantly different at P\ 0.05
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The amount of energy generation in the form of heat

(Qtaken, J) ranged from 60,947 J to 61,596 J. Although the

maximum Qtaken was observed at a 15 V/cm application, no

clear difference or trend in Qtaken was found among dif-

ferent electric field applications.

Heat loss (Qloss, J) decreased from 22,411 J at an electric

field strength of 9 V/cm to 6793 J at an electric field

strength of 18 V/cm. Elevating the electric field strength

resulted in a more rapid temperature rise, minimizing heat

loss. A faster heating rate can help to reduce heat loss in

volumetric and internal heat generation techniques, such as

microwave and ohmic heating (Jo and Park, 2019;

Ramaswamy and Lin, 2011; Soisungwan et al., 2019).

During ohmic heating, heat loss is attributed to the com-

bination of vapor generation and heat transfer to the sur-

rounding (Kong et al., 2008).

The total volumetric ohmic internal energy dose (Evd , J)

was estimated through a combination of the ohmic internal

energy generation rate ( _Qie, W/m3), sample volume, and

their integration versus time (Eq. 7). Evd had a value of

96,906 J at a 9 V/cm application, and then continuously

decreased to 85,198 J at an electric field of 15 V/cm. Evd

increased again to 87,106 J at 18 V/cm application; how-

ever, there was no clearance difference between the 15 and

18 V/cm applications (P[ 0.05). Rapid temperature rise at

higher electric fields would result in less electrical energy

consumption, and subsequently, reduced Evd.

The SPC energy efficiency can evaluate he efficiency of

ohmic heating in terms of conversion of electrical energy

into heat. If all the volumetric ohmic internal energy dose

is converted to heat, SPC energy efficiency has a value of

1. Its value decreases with heat loss along with physical,

chemical, and electrochemical reactions of foods during

ohmic heating (Assiry et al., 2010; Darvishi et al., 2013;

Icier and Ilicali, 2005; Jo and Park, 2019; Soisungwan

et al., 2019). The lowest SPC energy efficiency, 0.51, was

found at a 9 V/cm electric field application, and it signif-

icantly increased to 0.65 at a 15 V/cm application

(P\ 0.05). However, there was no significant difference

between 15 and 18 V/cm (P[ 0.05). The lowest SPC

energy efficiency (at a 9 V/cm electric field) could be

attributed to the excessive heat loss of 22,411 J during

temperature rise. Increasing electric field strength reduced

the heat loss to surroundings through a rapid heating rate;

subsequently, it induced elevated SPC energy efficiency

values. At high voltage gradients, the passing current

through the product is excessive and may increase the heat

generation rate (Aniesrani Delfiya and Thangavel 2016;

Soisungwan et al. 2019). Furthermore, physical and

chemical reactions of food matrices would have a minor

influence on the SPC energy efficiency values. In our

study, 75 g of rice cake was ohmically cooked. In general,

starch is one of major components in rice cakes, taking up

51% of their total weight (Pottgen, 2016). Therefore, 38 g

of starch would be gelatinized during one batch of ohmic

heating. The enthalpy of starch gelatinization ranges from

0.807 to 1.591 J/g during the cooking process (Coral et al.,

2009; Jo and Park, 2019; Li et al., 2004; Soisungwan et al.,

2019). Subsequently, energy ranging from 30.7 to 60.5 J

would be used to gelatinize the starch rather than increase

the temperature, though this magnitude is minor compared

to heat loss. Heat loss is an important consideration in the

design of an ohmic heating system. Heat loss can be

minimized by insulating the ohmic cell using a heat water

jacket and the winding of heating tape (Zell et al., 2011).

These measures were not tried in the present study, since

our objectiev was a feasibility test to investigate the

potential of ohmic heating for cooking rice cakes. Further

studies are required to enhance the efficiency of the rice

cake ohmic heating system by minimizing heat loss to

surroundings.

Texture analysis

Figure 4 shows the results of the texture profiles (hardness

and cohesiveness) of ohmically-cooked rice cakes at the

electric field strengths of 9, 12, 15, and 18 V/cm and

cooking times of 60, 80, 100, and 120 s. The hardness of

ohmically-cooked rice cakes ranged from 4.55 to 9.35 N. A

low electric field of 9 V/cm resulted in softness of texture,

i.e. a lower hardness level (5.34–5.82 N). This could be

attributed to overcooking due to a slow heating rate of

12.1 �C/min at 9 V/cm. In contrast, high electric fields and

short cooking times caused undercooked rice cakes with a

high magnitude of hardness. For example, an electrical

field strength of 18 V/cm and a 60 s cooking produced the

highest hardness, 9.35 N. An appropriate texture of cooked

food can be achieved by the proper combination of electric

field strength and cooking time (Jo and Park, 2019;

Soisungwan et al., 2019). In our study, appropriate mag-

nitude of hardness was estimated according to rice cakes

cooked following the manufacturer’s cooking guide.

Boiling water at 100 �C was poured into the rice cake

mixture and then it was soaked for 2 min. The hardness of

these rice cakes was 7.56 N. Among ohmically-cooked rice

cakes, an electrical field of 15 V/cm and an 80 s cooking

time resulted in a hardness of 7.73 N, which is the most

similar to that of rice cakes prepared according to the

manufacture’s cooking guide. Therefore, in the scope of

our experimental conditions, it is postulated that 15 V/cm

and 80 s would result in suitable hardness of an ohmically-

cooked rice cake. Cohesiveness ranged from 0.48 to 0.71;

however, there were no clear trends in cohesiveness

influenced by electric field strength and cooking time.
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