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Abstract:
The feasibility of ohmic heating was tested for cooking instant home meal replacement (HMR) curry mixture. A
curry mixture (curry powder, spam, carrot, potato, and water) was ohmically heated to 100 °C using different
electric fields (9, 12, 15, and 18 V/cm). Temperature come-up time to 100 °C of curry soup were 5.27 ± 0.63,
3.15 ± 0.39, 2.28 ± 0.19, and 1.67 ± 0.24 min at the electric fields of 9, 12, 15, and 18 V/cm, respectively. The come-
up time was decreased as a function of enhanced electric fields (P < 0.05). In terms of energy efficacy, the highest
electric field (18 V/cm) resulted in the most efficient system performance coefficient (SPC), with a score of
0.62. In terms of textural qualities, cooking at 15 V/cm of carrot and potato the hardness was 3.41 ± 0.69 N and
1.04 ± 0.18 N, respectively, that resulted in the ideal level of hardness. Our study proposed the positive feasibility
of ohmic heating to cook HMR curry soup.
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1 Introduction

Home meal replacements (HMRs) are rapidly growing in the food industry as a result of consumers increas-
ingly lacking time, where an active population has little time to eat, let alone shop and cook [1]. Curry is a
popular HMR food and is normally served with rice, vegetables, and meat products. Curry leaf plants (Mur-
raya koenegii) are grown in South East Asia and the leaves are widely used for enhancing flavor [2]. Commercial
curry products are generally sold in powder type, which is then mixed with various ingredients (vegetables,
meat, and fish) and water. The curry mixture should be boiled using a gas stove or electrical cooker. However,
these conventional heating systems are slow to transfer heat to the products due to poor conduction and con-
vection. Alternative cooking techniques for curry mixtures are required in order to save time, labor, and energy.
Ohmic heating could provide a solution for rapid cooking of HMR products.

Ohmic heating, also called electrical resistance heating, is a process where an alternating current is passed
through food materials resulting in internal heat generation [3–6]. Ohmic heating has the advantages of rapid
temperature rise, uniform heating, high energy efficacy, and minimized thermal damage since volumetric heat-
ing can infiltrate the entire product [7–12]. Ohmic heating yields better products which are superior in quality
than those processed by conventional heating [13–16]. Heat dissipation during ohmic heating depends on the
applied electric field and the electrical conductivity of the products or of individual product fractions, as de-
termined by Ohm’s law [17–19].

Although the ohmic heating technique has an advantage in uniform heating, there is still chance of partial
non-uniform heating for solid-liquid mixtures. If the solid and liquid ingredients had different electrical con-
ductivities, voltage gradient will not be uniform along the ohmic heater and subsequently induce non-uniform
heating [20–22]. These authors suggested several mathematical models to analyze the non-uniform heating in
solid-liquid mixtures including series, parallel, two forms of Maxwell–Eucken models and effective medium
theory. Even though ohmic heating has a limitation in uniformity related to the electric conductivity of food
[23], it has been found to be more uniform than other eletroheating techniques [24].

Sung Hee Park is the corresponding author.
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Ohmic heating has shown its efficacy in the cooking of various food products in the past, including rice,
meat patties, surimi, and instant noodles [18, 25, 26]. In our study, the potential of ohmic cooking was evaluated
in cooking a commercial HMR curry mixture, which included its common ingredients (spam, carrot, potato).
The analysis focused on: (a) the relationship between electric field strengths and temperature come-up, (b) the
heating characteristics of different ingredients (spam, carrot, potato), (c) the system performance coefficient
(SPC) as a function of electric field, and (d) the textural qualities of ohmic cooked ingredients.

2 Materials and methods

2.1 Sample preparation

Curry powder (Ottogi mild curry powder), spam (The authentic quality brand), carrot (Daucus carota L.), and
potato (Solanum tuberosum L.) were purchased at a local market (Homeplus, Korea). Spam, carrot, and potato
were selected since they are the common ingredients in curry. Spam is shelf stable canned cooked meat which is
popularly used ingredients for convenient foods. Carrots are one of the most commonly consumed vegetables
in the world, one-fourth of which are consumed in processed form in the market foods [27, 28]. Potato is the
third most important food product and its processing property is great food industry since it has a special
place in the diet of people of developing countries [29]. They were cut into cylindrical pieces (diameter: 10 mm,
length: 10 mm) using a cork borer (H9663, Fisher Scientific). Ten grams of each ingredient (spam, carrot, and
potato) were mixed into deionized water (140 mL) and curry powder (20 g). This curry mixture was used for
the ohmic heating experiment.

2.2 Ohmic heating system

Figure 1 shows the schematic ohmic heating systems used previous to our study [18]. A rectangular shape
airtight food container (76 mm × 46 mm × 97 mm, Lock & Lock Seoul, Korea) was used as the ohmic container.
Two square-type titanium electrodes (75 mm × 25 mm, thickness: 1 mm) were placed at the left and right ends of
ohmic cell maintaining a distance of 95 mm. An AC power supplier applied different electric fields (9–18 V/cm)
for the ohmic heating of the curry mixture. To measure the heating and energy efficacy, temperature, voltage,
and current were measured and recorded every 3 s using an equipped Data Acquisition System (DAQ, 34970A,
Agilent Technologies, Santa Clara, CA, USA).
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Figure 1: (a) A schematic diagram and (b) photo image of an ohmic heating system for curry mixture (reproduced and
modified with permission from our previous work [18] and Elsevier copyright clearance, License #: 4591811426843).

2.3 Ohmic heating treatment

In this study, the procedure of ohmic heating treatment followed up our previous work [18]. The prepared
curry mixture was poured into the ohmic cell. In this study, four K-type thermocouples (0.25 mm diameter,
TFIR-003–50, Omega Engineering, Stamford, CT, USA) were used to measure the temperatures of spam, carrot,
potato, and curry soup. Each thermocouple was installed into the central position of each product. Moreover,
one thermocouple was mounted into the curry soup. The power supplier applied four different alternating
electric fields of 9, 12, 15, and 18 V/cm at 60 Hz across the curry mixture during a target temperature come-up
time to 100 °C. Target soup temperature of 100 °C was maintained for 5 min under constant electric fields at
5 V/cm.

2.4 SPC calculation

The SPC was calculated to the ratio of total volumetric ohmic internal energy dose (Evd, J) conversion into heat
quantity (Qtaken, J) as proposed by a previous study of ours [18]. In this study, all the mathematical formulas
and calculations followed the abovementioned study. Energy efficacy was calculated as the time the curry soup
took to reach a temperature of 100 °C as the greatest electrical energy is spent during the temperature come-up
time in ohmic heating [18].

Heat required (𝑄𝑡𝑎𝑘𝑒𝑛, J) to raise the temperature of the curry soup to the target temperature (100 °C) was
calculated taken into consideration the temperature increase of all ingredients, including the curry soup, spam,
carrot, and potato [30] as shown in eq. (1). 𝑄𝑡𝑎𝑘𝑒𝑛 was defined as the amount of energy in the form of heat (J):

𝑄𝑡𝑎𝑘𝑒𝑛=𝑚𝑐 ⋅ 𝐶𝑝,𝑐 ⋅ (𝑇𝑖𝑐 − 𝑇𝑓 𝑐)+𝑚𝑠 ⋅ 𝐶𝑝,𝑠 ⋅ (𝑇𝑖𝑠 − 𝑇𝑓 𝑠)+𝑚𝑐𝑎 ⋅ 𝐶𝑝,𝑐𝑎 ⋅ (𝑇𝑖𝑐𝑎 − 𝑇𝑓 𝑐𝑎)+𝑚𝑝 ⋅ 𝐶𝑝,𝑝 ⋅ (𝑇𝑖𝑝 − 𝑇𝑓 𝑝) (1)
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where 𝑄𝑡𝑎𝑘𝑒𝑛 is the amount of energy in the form of heat (J), mc is the mass of curry soup (kg), ms is the mass
of spam (kg), mca is the mass of carrot (kg), mp is the mass of potato (kg), Cp,c is the specific heat of curry soup
(J·kg−1·K−1), Cp,s is the specific heat of spam (J·kg−1·K−1), Cp,ca is the specific heat of carrot (J·kg−1·K−1), Cp,p
is the specific heat of potato (J·kg−1·K−1), Tic is the initial temperature of curry soup (°C), Tfc is the final target
temperature of curry soup as 100 °C, Tis is the initial temperature of spam (°C), Tfs is the final temperature of
spam when soup temperature reached to 100 °C, Tica is the initial temperature of carrot (°C), Tfca is the final
temperature of carrot when soup temperature reached to 100 °C, Tip is the initial temperature of potato (°C),
and Tfp is the final temperature of potato when soup temperature reached to 100 °C.

In our study, the specific heat of curry soup (Cp,c) was 3659 J. The specific heat of curry soup was calculated
from a ratio of water (4182 J) and curry powder (0.875:0.125). The specific heat of spam (Cp,s) was 3466 J, obtained
from the published value of ham [31]. The specific heat of carrot (Cp,ca) was 3810 J [24]. The specific heat of potato
(Cp,p) was 3430 J [32]. In our study, the specific heat of Cp,c, Cp,s, Cp,ca, and Cp,p were assumed to be independent
of temperature as suggested by previous researchers [18, 30].

In our study, heat loss to the surrounding environment (Qloss) during temperature come-up was considered
and calculated as suggested by our previous work [18] and Geankoplis (1993) [33], as shown in eq. (2). It is
essential to quantify heat losses to ensure a completely safe ohmically cooked product [26]:

𝑄𝑙𝑜𝑠𝑠 = [ℎ̄𝑡𝑤 ⋅ 𝐴𝑡𝑤 ⋅ Δ𝑇𝑎𝑣𝑡𝑤 + ℎ̄𝑏𝑤 ⋅ 𝐴𝑏𝑤 ⋅ Δ𝑇𝑎𝑣𝑏𝑤 + 2 ⋅ ℎ̄𝑠𝑤 ⋅ 𝐴𝑠𝑤 ⋅ Δ𝑇𝑎𝑣𝑠𝑤 + 2 ⋅ ℎ̄𝑠𝑒𝑤 ⋅ 𝐴𝑠𝑒𝑤 ⋅ Δ𝑇𝑎𝑣𝑠𝑒𝑤] × 𝑡𝑐𝑢

=
⎡⎢⎢
⎣

1.32 ⋅ (Δ𝑇𝑎𝑣𝑡𝑤
𝐿 )

1/4
⋅ 𝐴𝑡𝑤 ⋅ Δ𝑇𝑎𝑣𝑡𝑤 + 0.59 ⋅ (Δ𝑇𝑎𝑣𝑏𝑤

𝐿 )
1/4

⋅ 𝐴𝑏𝑤 ⋅ Δ𝑇𝑎𝑣𝑏𝑤

+2 × 1.37 ⋅ (Δ𝑇𝑎𝑣𝑠𝑤
𝐿 )

1/4
⋅ 𝐴𝑠𝑤 ⋅ Δ𝑇𝑎𝑣𝑠𝑤 + 2 × 1.37 ⋅ (Δ𝑇𝑎𝑣𝑠𝑒𝑤

𝐿 )
1/4

⋅ 𝐴𝑠𝑒𝑤 ⋅ Δ𝑇𝑎𝑣𝑠𝑒𝑤

⎤⎥⎥
⎦

× 𝑡𝑐𝑢
(2)

where 𝑄𝑙𝑜𝑠𝑠 is the heat loss from each wall (top, bottom, side) of the ohmic cell (76 mm × 46 mm × 97 mm;
Lock & Lock Seoul, Korea) to surrounding by natural convection; ℎ̄𝑡𝑤 is the convective heat transfer coefficient
(W/m2·K) of the top wall of the ohmic cell; ℎ̄𝑏𝑤 is the convective heat transfer coefficient (W/m2·K) of the bottom
wall of the ohmic cell; ℎ̄𝑠𝑤 is the convective heat transfer coefficient (W/m2·K) of the side wall of the ohmic cell;
ℎ̄𝑠𝑒𝑤 is the convective heat transfer coefficient (W/m2·K) of the electrode side wall of the ohmic cell; 𝐴𝑡𝑤 is the
area of the top wall of the ohmic cell; 𝐴𝑏𝑤 is the area of the bottom wall of the ohmic cell; 𝐴𝑠𝑤 is the area of the
side wall of the ohmic cell; 𝐴𝑠𝑒𝑤 is the area of the electrode side wall of the ohmic cell; Δ𝑇𝑎𝑣𝑡𝑤 is the average
temperature driving force of the top wall estimated from initial wall temperature, final wall temperature, and
ambient air temperature; Δ𝑇𝑎𝑣𝑏𝑤 is the average temperature driving force of the bottom wall estimated from
initial wall temperature, final wall temperature, and ambient air temperature;Δ𝑇𝑎𝑣𝑠𝑤 is the average temperature
driving force of the side wall estimated from initial wall temperature, final wall temperature, and ambient air
temperature; Δ𝑇𝑎𝑣𝑠𝑒𝑤 is the average temperature driving force of the electrode side wall estimated from initial
wall temperature, final wall temperature, and ambient air temperature. A K-type thermocouple was attached
to the surface of the top wall, bottom wall, and side wall of the ohmic cell with electrodes to measure the
temperature changes and subsequent heat loss during ohmic come-up time as suggested by Marra et al. (2009)
[34]. These data were utilized to estimate the average temperature driving force (Δ𝑇), which is the average of the
initial wall temperature, final wall temperature, and ambient air temperature [15, 18, 30]. The natural convective
heat transfer coefficients (ℎ̄) of each wall were calculated through simplified equations for natural convection
as shown in eq. (2) [30, 33]. Table 1 presents the convective heat transfer coefficient (h, W/m2·K) and average
temperature driving force (ΔTav) of each top (tw), bottom (bw), side (sw) and electrode side wall (sew). The highest
heat transfer coefficient was observed at the electrode side wall (sew) which ranged from 10.87 to 10.99 W/m2·K
followed by side wall (sw), top wall (tw) and bottom wall (bw). The existence of the overshoot of the electric field
strength near the electrode edges allows for increased heating and thus a temperature rise [35]. The average
temperature driving force showed the highest value at the top wall (tw) followed by bottom wall (bw), electrode
side wall (sew) and side wall (sw). This trend would attribute to the heat transfer area of each wall.

Table 1: Parameters for heat loss estimation.

Electric
field

Position

Top wall (tw) Bottom wall (bw) Side wall (SW) Electrode side
wall (SEW)

Area (m2) 0.007 0.007 0.004 0.003

9 V/cm h (W/m2·K) 10.05 ± 0.02f 4.47 ± 0.01 h 10.29 ± 0.03d 10.99 ± 0.04a
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DE GRUYTER Soisungwan et al.

ΔTav (K) 320 ± 3A 313 ± 4C 303 ± 3GF 311 ± 4CD

12 V/cm h (W/m2·K) 10.01 ± 0.06 g 4.47 ± 0.01 h 10.31 ± 0.03d 10.94 ± 0.03b

ΔTav (K) 314 ± 8BC 312 ± 3C 305 ± 3DEF 305 ± 3DEF

15 V/cm h (W/m2·K) 10.05 ± 0.03f 4.46 ± 0.01 h 10.31 ± 0.02d 10.95 ± 0.03ab

ΔTav (K) 320 ± 4A 309 ± 2CDE 304 ± 2EF 306 ± 4DEF

18 V/cm h (W/m2·K) 10.05 ± 0.02fg 4.44 ± 0.02 h 10.23 ± 0.04e 10.87 ± 0.02c

ΔTav (K) 319 ± 3AB 304 ± 6EF 295 ± 4 H 297 ± 3GH

Note: a-h Means (± standard deviation) with a different letter of the convective heat transfer coefficient (h, W/m2·K) are significantly
different at P < 0.05.
A-HMeans (± standard deviation) with a different letter of the average temperature driving force (ΔTav, K) are significantly different at
P < 0.05.

The ohmic internal energy generation rate per volume (𝑄̇𝑖𝑒, W·m−3) was calculated as a function of the squared
electric field (V/m) and electrical conductivity (S/m), according to the suggestions from previous researchers
[18, 36, 37]:

𝑄̇𝑖𝑒 = 𝜎 ⋅ |∇𝑉|2 (3)

The electrical conductivity (σ, S/m) of a material is determined from the cell constant (k, m−1), voltage, and
current data. The cell constant is a consideration of sample dimensions where sample length (L, m) is divided
by a cross sectional area (A, m2). In our study, sample length (L, m) was 0.0950 m, which is the distance be-
tween electrodes. The cross sectional area (A, m2) was equal to the area of rectangular-type titanium electrodes
(0.075 m × 0.025 m), calculated as 0.0019 m2 and the k value is 50.67 m−1. Electrical conductivity (σ, S/m) was
determined as follows [18]:

𝜎 = 𝑘 ⋅ 𝐼
𝑉 (4)

Thus, the ohmic internal energy generation rate (𝑄̇𝑖𝑒, W/m3) was expressed as a combination of eqs. (3) and
(4), as shown follows [18]:

𝑄̇𝑖𝑒 = 𝑘 ⋅ 𝐼
𝑉 ⋅ |∇𝑉|2 (5)

The total volumetric ohmic internal energy dose (Evd, J) of all sample was estimated from the ohmic internal
energy generation rate (W/m3), sample volume (v, m3), and integration versus time (s) [18]

𝐸𝑣𝑑 =
𝑡𝑓

∫
𝑡𝑖

𝑄̇𝑖𝑒𝑑𝑡

=
𝑡𝑓

∫
𝑡𝑖

𝑘⋅ 𝐼
𝑉 ⋅ |∇𝑉| 𝑑𝑡

= 𝑘
2

⎡
⎢
⎣

( 𝐼0
𝑉0

⋅ ∣∇𝑉0∣ + 𝐼1
𝑉1

⋅ ∣∇𝑉1∣)Δ𝑡0∼1 + ( 𝐼1
𝑉1

⋅ ∣∇𝑉0∣ + 𝐼2
𝑉2

⋅ ∣∇𝑉2∣)Δ𝑡1∼2+
( 𝐼2

𝑉2
⋅ ∣∇𝑉2∣ + 𝐼3

𝑉3
⋅ ∣∇𝑉3∣)Δ𝑡2∼3... + ( 𝐼𝑛−1

𝑉𝑛−1
⋅ ∣∇𝑉𝑛−1∣ + 𝐼𝑛

𝑉𝑛
⋅ ∣∇𝑉𝑛∣)Δ𝑡𝑛−1∼𝑛

⎤
⎥
⎦

(6)

The above function was calculated using trapezoidal numerical integration versus time to internal energy gen-
eration rate in MATLAB (Version 7.9.0.529, Mathworks Inc., MA, USA) as suggested by our previous work
[18]. This method enables to calculate the total amount of internal energy generation as suggested by previous
studies [18, 38].

Finally, the SPC was calculated as shown in eq. 7. SPC has been used previously to estimate the efficacy of
ohmic heating for temperature increase in food products [18, 30, 39]:

𝑆𝑃𝐶 = 𝑄𝑡𝑎𝑘𝑒𝑛
𝐸𝑣𝑑 + 𝑄𝑙𝑜𝑠𝑠

(7)

When the ohmic internal energy is 100 % converted to a temperature increase (heat), SPC = 1 and then decreases
with low energy conversion status.
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2.5 Texture profile analysis (TPA)

The texture profile analysis (TPA) of ohmically heated curry ingredients (spam, carrot. and potato) was con-
ducted using a TA-XT Plus Texture Analyzer (Texture Technology Corp., NY, USA). In this study, the TPA
settings of spam, carrot, and potato were identical to minimize any further changes since TPA setting modifica-
tion took a long time. Ohmically cooked spam, carrot, and potato in the curry soup were individually taken out
of the ohmic cell immediately after treatment and placed onto the metal plate of the TPA. A cylindrical probe
(P/3–3 mm diameter) punctured the sample with a constant TPA setting (Pretest speed: 3 mm/s, Test speed:
5 mm/s, Post-test speed: 1.00 mm/s, Target distance: 5 mm, Time: 5.0 s, Trigger Type: Auto) and was expressed
as hardness (N).

2.6 Statistical analysis

The data were analyzed using Statistical Analysis System (SAS) software (version 9.1.3, SAS Inst. Inc., Cary,
NC, USA). Statistical analysis was conducted by an analysis of variance (ANOVA) for a multiple comparison.
Fisher’s least-significant difference (LSD) procedures were used for a multiple comparison among treatments
at the 95 % confidence interval (P < 0.05). All the ohmic treatments were replicated three times.

3 Results and discussion

3.1 Temperature histories of curry ingredients (spam, carrot, potato, and soup) at different electric
fields

Figure 2 shows the temperature histories of curry soup, spam, carrot, and potato at different electric fields
(9, 12, 15, 18 V/cm) and 5 min holding time. The temperature of the curry soup indicated the fastest come-up
time compared to those of spam, carrot, and potato in all the tested electric fields. The temperature of curry
soup reached 100 °C within 1.67 ± 0.24 min at 18 V/cm (Table 2). Other ingredients showed significantly slower
temperature come-up times compared to that of soup (P < 0.05). The times were of 1.73 ± 0.18, 3.80 ± 0.25, and
4.97 ± 1.50 min for spam, carrot, and potato at 18 V/cm, respectively. In the present study, the temperature in-
crease of the soup was attributed to the higher electrical conductivity of the soup compared to those of other
ingredients (spam, carrot, and potato), since the soup contained various ions, including sodium and chloride,
as well as seasonings. In general, liquid food contains more ions, such as those from solutes, spices, and herbs
than solid products; thus, these liquids are rapidly heated during ohmic heating due to their high electrical
conductivity [18, 31]. The amount of heat generation is directly determined by the square of the electric field
and electrical conductivity [17, 19]. In the tested solid products (spam, carrot, potato), the temperature of spam
increased quicker than carrot or potato. For example, spam took 2.62 ± 0.45 min to reach 100 °C at 15 V/cm,
whereas carrot and potato took 5.03 ± 0.21 and 4.58 ± 0.42 min, respectively. In the present study, the initial
electrical conductivities of spam, carrot, and potato were 2.565 ± 0.021, 0.027 ± 0.003, and 0.051 ± 0.007 S/m,
respectively. The high electrical conductivity of spam allowed for a greater electric current passage and subse-
quently an enhanced heat generation. Carrot and potato had relatively slower temperature come-up rates since
they have relatively lower electrical conductivities compared to spam.
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Figure 2: Ohmic heating curves of curry soup and ingredients (spam, carrot, and potato) at different electric fields (9, 12,
15, and 18 V/cm) and 5 min holding time.

Table 2: Comparison of temperature come-up time to 100 °C (min) of curry soup, spam, carrot, and potato at different
electric fields (9, 12, 15, and 18 V/cm).

Electric
field
(V/cm)

Come-up time (min)

Curry soup Spam Carrot Potato

9 5.27 ± 0.63aB 6.08 ± 0.21aAB 7.75 ± 1.09aA 7.67 ± 2.00aA

12 3.15 ± 0.39bC 3.78 ± 1.30bCB 5.38 ± 1.84bAB 6.00 ± 0.15abA

15 2.28 ± 0.19cB 2.62 ± 0.45bcB 5.03 ± 0.21bA 4.58 ± 0.42bA

18 1.67 ± 0.24cB 1.73 ± 0.18cB 3.80 ± 0.25bA 4.97 ± 1.50bA

Note: a-c Means (± standard deviation) with a different letter in the same column are significantly different at P < 0.05.
A-C Means (± standard deviation) with a different letter in the same row are significantly different at P < 0.05.

Concerning the relationship between the magnitude of the electric field and temperature rise, increasing the
electric field expedited the temperature come-up rate. The temperature come-up time of the curry soup signifi-
cantly decreased from 5.27 ± 0.63 min at 9 V/cm to 1.67 ± 0.24 min at 18 V/cm as a function of increasing electric
fields (P < 0.05). Previous studies reported that elevated electric fields of ohmic heating generated greater in-
ternal energy and subsequently enhanced volumetric heating [9, 11, 12]. In the present study, the effect of the
voltage gradient on the ohmic heating times of solid products (spam, carrot, potato) was found to be statisti-
cally significant (P < 0.05). For example, for spam, the temperature come-up times to 100 °C were 6.08 ± 0.21,
3.78 ± 1.30, 2.62 ± 0.45, and 1.73 ± 0.18 min at 9, 12, 15, and 18 V/cm as the voltage gradient increased, respec-
tively. In ohmic heating, the rate of temperature increase is associated with an enhanced voltage gradient [18,
40, 41]. Since the electrical energy per treatment time that is converted to heat energy depends on the volt-
age gradient and the current passing through the sample, temperature rises at any instant are higher voltage
gradients [15, 18].

3.2 Amount of energy in the form of heat (Qtaken, J), total volumetric ohmic internal energy dose (Evd,
J), heat loss (Qloss, J), and SPC

Table 3 presents the initial and final electrical conductivity of tested spam, carrot, potato and curry/distilled
water mixture and their mass ratio. These values are important consideration to estimate the total volumetric
ohmic internal energy dose (Evd, J). For an initial electrical conductivity at 20 °C, curry/distilled water mixture
showed the highest electrical conductivity of 0.519 ± 0.016 S/m followed by spam (0.313 ± 0.008 S/m), carrot
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(0.023 ± 0.003 S/m) and potato (0.016 ± 0.003 S/m). Mass ratio is the influential factor for internal energy gen-
eration of multi-phase foods during ohmic heating. The maximum ratio of 0.842 was found in curry/distilled
water mixture. Final electrical conductivity showed the similar trends to initial electrical conductivity where
curry/distilled water mixture showed the highest electrical conductivity of 3.230 ± 0.089 S/m followed by spam
(3.017 ± 0.155 S/m), carrot (0.495 ± 0.017 S/m) and potato (0.398 ± 0.089 S/m). In our study, the curry/distilled
water mixture showed the most mass ratio of 0.842 with significantly higher electrical conductivity as com-
pared to other ingredients. Therefore, it is postulated the curry/distilled water mixture is mainly responsible for
ohmic internal energy dose. Although there are few mathematical models of ohmic internal energy generation
(series, parallel, two forms of Maxwell–Eucken models and effective medium theory), they are quite-difficult-to
determine experimentally and assure the accuracy [22]. Our study aimed the feasibility test of ohmic cooking
for curry; so, we hypothesized that electrical properties and mass ratio of curry mixture will be dominant in
which we measured the changes in electric field, current and subsequent total volumetric internal energy dose.

Table 3: Electrical conductivity, mass (g) and ratio of spam, carrot, potato and curry/DW mixture for ohmic cooking.

Initial electrical conductivity,
20 °C

Final electrical conductivity,
100 °C

Mass (g) Ratio

Spam 0.313 ± 0.008e 3.017 ± 0.155b 10 0.053
Carrot 0.023 ± 0.003f 0.495 ± 0.017cd 10 0.053
Potato 0.016 ± 0.003f 0.398 ± 0.034de 10 0.053
Curry/distilled
water mixture

0.519 ± 0.016c 3.230 ± 0.089a 160 0.842

Note: a-f Means (± standard deviation) with a different letter in the table are significantly different at P < 0.05.

Table 4 summarizes the amount of energy in the form of heat (Qtaken, J), total volumetric ohmic internal energy
dose (Evd, J), heat loss (J), and SPC as a function of electric fields (9–18 V/cm). The highest Qtaken was obtained
with an electric field of 9 V/cm; however, there was no significant difference with that of 12 V/cm. Increasing
the electric fields to 15 and 18 V/cm slightly decreased the Qtaken down to 47,525 ± 405 J. Lower electric fields,
at 9 and 12 V/cm, induced a longer temperature come-up time in the curry and vegetable samples than higher
electric fields (15 and 18 V/cm); more heat was accumulated in the products.

Table 4: Comparison of amount of energy in the form of heat (Qtaken, J), total volumetric ohmic internal energy dose (Evd,
J), Heat loss (Qloss, J) and system performance coefficient (SPC) during temperature come-up time at different electric
fields (9, 12, 15, and 18 V/cm).

Electric
field
(V/cm)

Amount of energy in
the form of heat
(Qtaken, J)

Total volumetric
ohmic internal energy
dose (Evd, J)

Heat loss (Qloss, J) System performance
coefficient (SPC)

9 49,352 ± 764a 76,950 ± 6483a 18,711 ± 151a 0.52 ± 0.03c

12 49,334 ± 695a 73,547 ± 3477ab 11,161 ± 118b 0.58 ± 0.03b

15 47,607 ± 1106b 72,519 ± 7002ab 8056 ± 115c 0.59 ± 0.05b

18 47,525 ± 405b 71,410 ± 3700b 5822 ± 122d 0.62 ± 0.03a

Note: a-c Means (± standard deviation) with a different letter in the same column are significantly different at P < 0.05.

Figure 3 shows the representative temperature profiles at 12 V/cm and 5 min holding time of curry soup (Tc),
spam (Ts), carrot (Tca), and potato (Tpo) versus the ohmic internal energy generation rate per volume (𝑄̇𝑒, W/m3).
The initial temperature of the curry soup (Tic) was raised from 17 °C to final target temperature of 100 °C (Tfc)
within 180 s (A↔B). When the temperature of the curry soup reached up to 100 °C, the corresponding tem-
perature of Ts, Tca, and Tpo was 70.8, 32.3, and 30.8 °C, respectively. The amount of dissipated heat is directly
related to electric field strength and the electrical conductivity of the product or of the individual product frac-
tion (Ohm’s law) when solid-liquid mixtures are ohmically heated [11, 17, 19, 22]. As mentioned above, the
electrical conductivity of curry soup was significantly higher than that of solid products (spam, carrot, potato);
it showed the quickest heating. Ohmic internal energy generation rate per volume (𝑄̇𝑒, W/m3) continuously
increased during the temperature come-up time of ohmic heating. 𝑄̇𝑒 was calculated with a combination of
electrical conductivity (σ, S/m) and electric field (V/m) across the sample as shown in eq. (4). An increasing 𝑄̇𝑒
was responsible for increased electrical conductivity and subsequent heat dissipation increments according to
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temperature rise. Palaniappan and Sastry (1991) [42] reported that the electrical conductivities of tomato and
orange juice increased linearly with temperature with reduced drag for the movement of ions.

Figure 3: Temperature histories of curry soup, spam, carrot, and potato versus volumetric internal energy generation rate
(W/m3) at 12 V/cm and 5 min holding time.

Heat loss to the surrounding environment during the temperature come-up time was 18,711 ± 151, 11,161 ± 118,
8056 ± 115, and 5822 ± 122 J at 9, 12, 15, and 18 V/cm (Table 4), respectively. A lower electric field resulted in
greater heat loss to the surrounding environment, whereas an elevated electric field minimized heat loss. The
lowest electric field of 9 V/cm showed the longest temperature come-up time for soup, at 5.27 ± 0.63 min. A
long temperature come-up time at a low electric field would result in a greater heat loss. Similar results had
been found by Jo and Park (2019) [18], by studying ohmically cooked noodles that reported low electric field at
10 V/cm (13,937 ± 53 J) higher heat loss than electric field at 17.5 V/cm (4598 ± 20 J). Our results suggested that
a rapid temperature come-up is desirable in order to minimize heat loss during ohmic heating. Heat loss could
also be reduced by improving insulation, which would lower the overall heat transfer coefficient [34].

The total volumetric ohmic internal energy dose (Evd, J) from the curry soup and ingredient (spam, carrot,
and potato) samples was calculated by considering the ohmic internal energy generation rate (𝑄̇𝑒, W·m−3),
sample volume (v, m−3), and their integration versus time (s) as shown in eq. (5). The highest Evd value was
76,950 ± 6483 J with an electric field of 9 V/cm. Evd gradually decreased according to electric field increment;
subsequently, the lowest Evd of 71,410 ± 3700 J was found at an electric field of 18 V/cm. It is expected that a
high electric field resulted in a rapid temperature come-up with enhanced heat dissipation; thus, it spent less
electrical energy compared to those of low electric fields.

The SPC has been popularly used to estimate heating efficacy during ohmic heating [30, 39, 40]. SPC values
range from 0.42 to 0.92 during ohmic heating [18, 30]. In our study, the SPC value was relatively low, ranging
from 0.52 to 0.62. This may be explained by the fact that most of the electrical energy was utilized for cooking
of the solid ingredients, i.e. the carrot and potato samples, and not only for heating the product. Notably, starch
is a major component of potato (≈18 %), aside from moisture [43]. Once starch granules heat up, they lose
their birefringence and crystallinity with gelatinization [44]. The electrical conductivity of starch-based foods
decreases with gelatinization during ohmic heating and results in the conversion of electrical energy into heat
[18, 45]. In the scope of present experiment, the most efficient SPC was found at 0.62 ± 0.03 when the highest
electric field (18 V/cm) was applied to the curry mixture. SPC values of ohmic heating strongly depend on
the voltage gradients applied [30, 40]. At high voltage gradients, the current passing through the sample is
higher and might have increased the heat generation rate [46]. In the present study, a rapid temperature come-
up during ohmic heating may enhance the efficacy of electrical energy conversion into a temperature increase
and thus minimize heat loss. For ohmic cooking of a starch-based product, the appropriate adjustment of the
electric field is required to ensure SPC efficacy.

3.3 Texture analysis

The tested texture parameters (hardness) of each ingredient are summarized in Figure 4. The hardness of spam
ranged from 0.57 to 0.60 at different electric fields (9, 12, 15, and 18 V/cm); however, there was no significant
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difference among the tested electric fields (P > 0.05). Spam is a fully cooked shelf stable meat product which is
sterilized in the can; as such, its texture might not be further modified during ohmic cooking.

Figure 4: Hardness texture analyses of ohmically cooked spam, carrot, and potato in curry soup at different electric fields
strengths (9, 12, 15, and 18 V/cm) at 5 min holding time. a-bMeans (± standard deviation) with a different letter are signifi-
cantly different at P < 0.05.

Raw carrot was calculated to have a hardness of 23.59 ± 1.06 N. Ohmic cooking at all the tested electric fields
decreased the hardness of the carrot sample. The tissue structure of a carrot is divided into xylem (hard wall
cells) and phloem (soft walled cells) [47]. Ohmic heating can cause dissolution of the cell wall components and
protopectin, resulting in softening of the texture [47]. Cooking vegetables results in a softening of the texture
due to a weakening of cell walls and a reduction in fracturability due to intercellular mucilage decomposition by
thermal energy [29, 48, 49]. Farahnaky et al. [50]. reported the softening of various root vegetables after ohmic
cooking. In the ohmic heating of vegetable products, electroporation is also an important consideration in terms
of texture beyond thermal effects. Previous studies have reported that tissue damage in plant tissue occurs
with electroporation during ohmic heating and is increased at low frequencies [51–55]. An electrical field of
9 V/cm resulted in the lowest hardness of the carrot sample at 2.37 ± 0.35 N, whereas an increased electric field
at 15 V/cm resulted in a firmer texture with hardness of 3.41 ± 0.69 N. Excessive softening of vegetable tissue
results in a rubbery texture which is undesirable. When vegetable products are exposed to excessive thermal
treatment, they lose their cellular turgidity and become more deformable, producing a softer and rubbery
texture [56, 57]. The total ohmic cooking time at 9 V/cm was 11.1 ± 0.1 min, whereas the application of 15 V/cm
resulted in a cooking time of 8.4 ± 0.1 min. Excessive softening at 9 V/cm may be a result of a longer thermal
treatment, which resulted in the loss of turgidity in carrot tissue. However, excessive high voltage gradient
at ohmic heating induced more complete destruction of cellular structure and subsequent texture softening
[50]. Vegetable tissues during heat treatment shows the pattern with a rapid rate of softening at the beginning,
followed by slow rate of softening which starts at a cooking time of 10 min [50, 58, 59]. Overall, rapid cooking
at the appropriate electric field is recommended to minimize the textural changes of vegetable tissue during
ohmic heating.

The hardness values of the potato sample showed a very similar trend to carrot where they were influenced
by the tested electric fields. The lowest hardness for the potato sample was 0.72 ± 0.06 N with an application of
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9 V/cm, which increased to 1.04 ± 0.18 N at 15 V/cm. Potato exhibits a cellular structure that consists of smaller
cells at the inner core and larger ones in the outer core; thus, the breakdown of the cell walls accelerates softening
[47, 60]. After heat treatment of potato, calcium-pectic gel in the middle lamella and cell wall dissolves for
potato texture softening [29, 61]. Dissolution of Overcooked potato absorbs excess water, leading to a sticky
and soft texture [18, 62, 63]. Optimally cooked potato has a chewy and resilient bite without being sticky on the
surface [64, 65]. The application of 15 V/cm for ohmic cooking resulted in a preferable hardness with a chewy
and resilient bite. An application of 9 V/cm induced overcooking and long exposure to heat since temperature
come-up is slow at low electric fields. Hardness of root vegetables decreases as a function of ohmic heating time
[29, 61]. Although our study does not compare the textural qualities of ohmically heated vegetables to those
of conventionally heated one, previous researchers reported that ohmic heating produced more comparable
texture of the heated sample to original fresh sample when compared with the conventional heating method
due to the heating process [66, 67]. Our study showed that the choice of electric field has a significant effect on
the textural qualities of vegetables during ohmic cooking. Choosing the appropriate electric field is essential to
retain the textural qualities of vegetables during ohmic heating.

4 Conclusions

Our study presented the potential of ohmic cooking for instant HMR curry soup and mixtures (spam carrot
and potato). Electric field of 18 V/cm showed the best SPC in terms of energy efficacy, among the tested elec-
tric fields of 9, 12, 15 and 18 V/cm. Ohmic cooking enabled the rapid heating of curry soup to 100 °C within
1.67 min. Vegetable ingredients (carrot, potato) showed slower heating than soup since they have lower electri-
cal conductivities. The preferable hardness for vegetable ingredients was found at an electrical field strength
of 15 V/cm, which retained the appropriate chewiness and resilient bite of the vegetables. Potato showed the
slowest heating since electrical energy was used to gelatinize the starch beyond temperature increase. When
ohmic heating is used for starch based foods, gelatinization is one of important considerations for energy ef-
ficacy and quality attributes. Our study showed the significance of electric field adjustment for different food
matrices, and its association with the composition and physicochemical characteristics of the foods. Further
studies are required to test the efficacy of ohmic cooking for various HMR products.
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Nomenclature

A cross sectional area (m2)
Cp specific heat (J/kg·K)
E total volumetric ohmic internal energy (E)
h convective heat transfer coefficients (W·m−2·K−1)
I current (A)
k cell constant (m−3)
L length (m) or electrode distance (m)
m mass (kg)
Q the amount of energy in the form of heat (J)
𝑄̇ ohmic generation rate per volume (W·m−3)
SPC system performance coefficient
T temperature (°C)
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TD thermal dose
TPA texture profile analysis
t time (s), time (min)
V voltage (V)
|∇𝑉| electric field (V/m or V/cm)
v volume (m3)
σ electrical conductivity (S/m)
Subscript  
av average
bw bottom wall
d dose
f final
fc final curry
fs final spam
fca final carrot
fp final potato
I initial
ie internal energy
ic initial curry
is initial spam
ica initial carrot
ip initial potato
loss loss to surroundings
sew side wall with electrode
sw side wall
taken heat taken
tw top wall
v volume
0, 1, 2, 3, …, n subinterval in trapezoidal numerical integration or parameters (intercept & slope) in the empir-
ical model fitting
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