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The potential of ohmic cooking for the production of a soy protein-based meat analogue was investigated. The
ohmic cooking system subjected the meat analogue to a 30 V/cm electric field, enabling rapid heating within
0.66-0.87 min, depending on the cooking temperature. The sample was ohmically cooked using different
combinations of temperature (70, 80, 90, and 100 °C) and holding time (1, 3, 5, and 7 min). A cooking tem-
perature of 100 °C yielded the highest system performance coefficient (SPC) of 0.75. The electrical energy
consumption was analyzed in terms of total energy consumption and holding energy consumption, which was
minimal compared to the former. Hardness and gumminess increased as a function of cooking temperature and
holding time. Cooking at 100 °C for 3 min yielded the appropriate meat analogue textural quality (hardness =
104 N), similar to that of commercial chicken nuggets and restructured beef steaks. The pH of ohmically cooked
meat analogue ranged from 7.27 to 7.53, but was not influenced by cooking temperature and holding time.
Increased cooking temperatures and longer holding times resulted in enhanced yellowness of the internal color.
This study showed the potential of ohmic cooking to rapidly produce meat analogues with good quality

attributes.

1. Introduction

The consumption of meat analogues has recently been increasing
owing to several factors, such as its health advantages and its reduced
environmental burden as well as the animal welfare issues surrounding
meat consumption (Dekkers, Boom, & van der Goot, 2018). Meat ana-
logues can be classified into two major types, namely plant-based meat
analogues and cultured meat. Plant-based meat products are mainly
composed of proteins of plant origin that have similar nutritional and
sensorial properties to animal meat (Sun, Ge, He, Gan, & Fang, 2021).
The most widely used ingredient in plant-based meat analogues is soy
protein, which is rich in nutrients and possesses excellent gelling prop-
erties (Banerjee & Bhattacharya, 2012; Day & Swanson, 2013). Various
processing techniques have been studied to reproduce the fibrous
structure of meat, such as extrusion, freeze structuring, electrospinning,
and shear cell technology (Yuliarti, Kiat Kovis, & Yi, 2021).

Consumer demand for plant-based meat analogues as a replacement
for animal meat is increasing because it represents a sustainable protein

source and avoids the ethical issues of slaughtering livestock animals
(Kyriakopoulou, Dekkers, & van der Goot, 2019; Zhou, Hu, Tan, Zhang,
& McClements, 2021). Therefore, inexpensive and less energy-intensive
processing techniques are required to satisfy the growing market size
(Mattice & Marangoni, 2020). Ohmic heating is a potential technique for
producing meat analogues. It enables a rapid and uniform increase in the
temperature of food through internal heat energy generation via alter-
nating current (AC) (Varghese, Pandey, Radhakrishna, & Bawa, 2014;
Vicente, de Castro, Teixeira, & Pereira, 2016), resulting in highly effi-
cient direct conversion of electric energy into heat (Ghnimic,
Flach-Malaspina, Dresch, Delaplace, & Maingonnat, 2008; Jan, Khan,
Bashir, & Jan 2021). This technique is widely used in food processing,
such as in sterilization, pasteurization, thawing, and cooking processes
(Gally et al., 2017; Pereira, Martins, & Vicente, 2008). When ohmic
heating is applied to the cooking of food, its textural, nutritional, and
organoleptic qualities can change depending on the cooking tempera-
ture and holding time (Jo & Park, 2019; Soisungwan, Khampakool, You,
& Park, 2020; Soisungwan, Khampakool, You, Park, & Park, 2019). To

Abbreviations: o, electrical conductivity; E,q4, total volumetric ohmic internal energy; HEC, holding energy consumption; k, cell constant; Q,-e, ohmic internal
energy generation rate per volume; Qy, heat energy loss; Ququen, heat energy uptake; SPC, system performance coefficient; TEC, total energy consumption.
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the best of our knowledge, ohmic heating techniques have not been
studied for the production of meat analogues. The potential of ohmic
cooking to produce a soy protein-based meat analogue was evaluated.
The aim of this study was to investigate the effect of ohmic cooking
temperature and holding time on the energy efficiency, textural quali-
ties, and physicochemical properties of soy-based ohmically cooked
meat analogue (OCMA).

2. Materials and methods
2.1. Raw ingredients

Meat analogue dough (100 g) contained soy protein isolate (25.9%),
wheat gluten (13.0%), corn starch (1.9%), methyl cellulose (0.9%), red
beet powder (1.3%), soybean oil (0.9%), salt (0.5%), and distilled water
(55.6%). An optimal moisture content of 55.6% for reasonable textural
quality was determined through preliminary experiments. The evenly
blended dry ingredients (soy protein isolate, wheat gluten, corn starch,
and red beet) were mixed with the soybean oil and distilled water that
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contained the dissolved salt. After thorough mixing, the samples were
stored at 4 °C until further processing.

2.2. Ohmic cooking system

A schematic diagram of the ohmic cooking system used in this study
is shown in Fig. 1. A customized Teflon plate (20 mm thickness) ohmic
container (111 mm x 88 mm x 60 mm) was used as a mold to form a
rectangular shape of meat analogue dough during ohmic cooking.
Square-type titanium electrodes, positioned at both ends of the ohmic
container, were maintained at a distance of 2.5 cm. Titanium electrodes
minimize electrochemical reactions during the ohmic heating of food
(Jo & Park, 2019; Samaranayake & Sastry, 2005). A teflon cast (110 mm
x 20 mm x 95 mm) was designed to pressurize the meat analogue inside
the ohmic container. Thus, the cooked meat analogues will have an
appropriate structural form and texture. A variable transformer pro-
vided AC voltage of 60 Hz across the sample. A K-type thermocouple was
used to monitor the temperature increase and holding during ohmic
cooking. Temperature, voltage, and current data were monitored and

Data acquisition system
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Fig. 1. (a) Schematic diagram of customized ohmic cooking system (b) installation of thermocouple into different geometry of meat analogue (LP: left position, CP:
central position, RP: right position).
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recorded using a 34970A Data Acquisition system (Keysight, Santa Rosa,
CA, USA). These data were used to determine the process uniformity and
the system performance coefficient (SPC) of the ohmic cooking system.

2.3. Ohmic cooking treatment

The prepared meat analogue dough (100 g) was transferred to the
customized ohmic container. The temperature of the meat analogue
during ohmic cooking was measured by three K-type thermocouples at
the left (LP), central (CP), and right (RP) positions, as described in Fig. 1.
An electric field of 30 V/cm at 60 Hz was supplied via a variable AC
power supply (SV-5022; Daekwang Tech, Seoul, Korea) during the

a
E,,d: Qk,dt
fi
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= k-—|VV|dt
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Iy 2 I 2 I 2 b 2
—|VV, —|VV, Aty —|VV, —.|VV- At
| T T )t (G e )
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temperature come-up time, that is, the time to reach the specified target
temperature. After reaching the target temperature, the electric field
was lowered to 15 V/cm to prevent excessive heating during the tem-
perature holding time. The target temperatures (70, 80, 90, and 100 °C)
were controlled by a proportional-integral-derivative (PID) controller
(ITC-100; Inkbird, Shenzhen, China) with an on/off function; holding
times were maintained for 1, 3, 5, and 7 min. The 34970A Data
Acquisition system (Keysight, Santa Clara, CA, USA) was used to
monitor the temperature, voltage, and current of the meat analogue
sample during ohmic heating. The OCMA was sealed using a vacuum
packaging machine (FM5460-071; Simtech, Seoul, Korea) and cured at
4 °C for 24 h before analysis.

2.4. Energy efficiency analysis of SPC

The energy efficiency of ohmic cooking was analyzed in terms of the
SPC. In studies of ohmic heating and cooking, SPC analysis has been
widely used to estimate the internal energy generation dose and its
conversion to heat (Darvishi, Khostaghaza, & Najafi, 2013; Icier &
Bozkurt, 2011; Jo & Park, 2019; Park, Ha, & Kang, 2017; Soisungwan
etal., 2019, 2020). In the calculation of SPC, the conversion ratio of total
volumetric ohmic internal energy (E,q, J) generation to temperature
increases as the target temperature is approached (Jo & Park, 2019;
Soisungwan et al., 2019, 2020) as described in the following steps.

Electric field (JVV], V/m) application resulted in an ohmic internal
energy generation rate per volume (Q,, W/m?), taking into account the
squared electric field and electrical conductivity (6, S/m) changes of the
sample, as shown in Eq. (1).

Qiezo '|VV|2 (€8]

Electrical conductivity (6, S/m) is the ability of a sample to conduct
the electric current. It has a significant influence on ohmic heating, in
that higher electrical conductivity of foods is associated with more rapid
heating (Park, Balasubramaniam, & Sastry, 2014). The electrical con-
ductivity of food was calculated using the cell constant (k, m™1), applied
voltage (V), and electric current (A) (Park, Balasubramaniam, Sastry, &
Lee, 2013; Rieger, 1994) as shown in Eq. (2).
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o=k - (2)

1
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The ohmic internal energy generation rate per volume (Q, Ww/m®)
can be calculated via combination of Egs. (1) and (2).

1
Ou=k - IVVF 3

The total amount of volumetric internal energy generation (Eyq, J) is

calculated through the integration of ohmic cooking time (s) versus
ohmic internal energy generation rate per volume (Ques W/m?).
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Numerical integration for E,q (J) was conducted using the trape-
zoidal rule coding function of MATLAB (Version 7.9.0.529; Mathworks
Inc., Natick, MA, USA) software as suggested in our previous studies (Jo
& Park, 2019; Park et al., 2017; Soisungwan et al., 2019, 2020).

The energy uptake in the form of heat (Qpxen) was calculated, taking
into account the temperature increase, mass (m), and specific heat of the
sample, as suggested by previous researchers (Icier & Ilicali, 2005; Jo &
Park, 2019; Park et al., 2017; Soisungwan et al., 2019, 2020).

Quaken = m'cp' (Tr - Tj) ()

The energy efficiency of SPC was estimated via Qaken, Evd, and Qiakens
as shown in Eq. (6).

SPC = kaen ( 6)
Evd + Qloss
Quoss represents the heat loss from each wall of the ohmic container. It
was calculated using Newton'’s cooling law through the installation of a
K-type thermocouple on each wall.

2.5. Energy consumption analysis

The energy consumption of ohmic cooking, taking into account the
applied voltage (V) and current (I), was calculated using Ohm’s law as
shown in Eq. (7).

P=IxV (@]

where P is the electrical power usage, I is the current passage through
the sample, and V is the applied voltage.

In this study, the energy consumption was quite low during the
temperature holding time compared with the total cooking time.
Therefore, energy consumption was separately calculated during the
temperature holding time and expressed as the holding energy con-
sumption (HEC), whereas the total energy consumption (TEC) repre-
sents the energy consumption calculated for the total ohmic cooking
time. The ratio between HEC and TEC was calculated by dividing HEC
by TEC and expressed as a percentage value.
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2.6. Texture profile analysis (TPA)

TPA of the OCMA was conducted using a two-bite test with a 16-TA-
XT2i texture analyzer (Stable Micro Systems, Surrey, UK) fitted with a
cylindrical probe (P/36, 36 mm diameter), as described by Chiang et al.
(2021). The OCMA was stored overnight at 4 °C to stabilize its structure,
and thawed at room temperature before TPA to ensure a uniform tem-
perature. Rectangular-shaped samples (15 mm x 15 mm x 10 mm) were
prepared and placed under the probe. The sample was twice compressed
to 40% of the original height at a constant speed (pre-test: 1.0 mm/s;
test: 1.0 mm/s; post-test: 1.0 mm/s) and pressure. The TPA parameters
are classified into primary parameters (hardness, springiness, adhe-
siveness, and cohesiveness) and secondary parameters (gumminess,
chewiness, and resilience) (Novakovi & Tomasevi, 2017). Analysis and
interpretation of all the TPA parameters are practically difficult; hence,
representative primary (hardness) and secondary (gumminess and
chewiness) parameters were selected based on previous studies on
plant-based meat analogues (Chiang et al., 2021; Yuliarti, Kiat Kovis, &
Yi, 2021). TPA measurements included hardness (N), gumminess (N),
and chewiness (N), as previously described (Jo & Park, 2019; Klinmalai,
Hagiwara, Sakiyama, & Ratanasumawong, 2017).

2.7. pH measurement

The pH of OCMA was measured using a glass electrode pH meter
(Orion Star A211; Thermo Fisher Scientific, Chelmsford, MA, USA). It
was calibrated using buffer solutions (pH 4, pH 7, and pH 10) before
analysis. The OCMA sample (5 g) was homogenized in 20 mL of distilled
water (1:4 dilution) using a homogenizer (SR-30; Misung Scientific Co.
Ltd, Seoul, Korea). The pH values were recorded once stable readings
were established.

2.8. Color measurement

The color of OCMA was determined using a calibrated colorimeter
(CR-10; Konica Minolta Sensing Inc., Sakai, Osaka, Japan). The color
coordinates L*, a*, and b* refer to brightness, redness, and yellowness,
respectively. Three random internal and external locations of each
sample were selected for the color measurement. The total color dif-
ference (AE) was calculated to describe the changes in color of the meat
analogue dough and of the OCMA at different time and temperature
(Wang, Zhang, & Adhikari, 2015) using equation (8).

AE= \/ (L* — L*)* + (a* — a*o)’ + (b* — b%y)’ ®

40

Temperature (°C)
a
>

20 +
0 T T T
0 1 2 3
Time (min)
(a)
Fig. 2. (a) Temperature evolutions ( 170 °C, mmmm—— : 80 °C, ===« =: 90 °C,

of 3 min holding time (= === : Temperature, : Electric field).
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2.9. Statistical analysis

Statistical analysis was conducted using SAS software (version 9.1.3;
SAS Institute, Cary, NC, USA). Data were subjected to analysis of vari-
ance, including Fisher’s least significant difference testing for multiple
comparisons at a 95% confidence interval. Statistical significance was
set at p < 0.05. All the experiments were conducted in three replicates.

3. Results and discussion
3.1. Temperature profiles and electric field-internal energy generation

Fig. 2 shows the representative temperature evolution and
temperature-electric field profiles of the meat analogue during ohmic
cooking with a 3 min holding time. The meat analogue dough was
ohmically cooked at four different target temperatures (70, 80, 90, and
100 °C). Temperature come-up times for 70, 80, 90 and 100 °C were
0.66 + 0.03 min, 0.73 + 0.03 min, 0.83 + 0.03 min, and 0.87 + 0.03
min, respectively (Table 1). Although the temperature come-up time
was not compared to conventional cooking in this study, the results
show that ohmic cooking resulted in rapid temperature increases. Ohmic
heating achieves this via the direct application of AC to food, thereby
generating internal energy (Ding, Liu, Xiong, Wang, & Li, 2021; Hra-
decky, Kludska, Belkova, Wagner, & Hajslova, 2017; Wattanayon,
Udompijitkul, & Kamonpatana, 2021). Fig. 2b presents the

Table 1
System performance coefficient (SPC) at different cooking temperatures.
Temperature Temperature Heat Heat Total SPC
Q) come-up time quantity loss volumetric
(min) (Qakens ) (Qioss, internal
J) energy
generation
(Eyg, J)
70 0.66 + 0.034 15,350 4429 17,521 + 0.70
+ 533¢ +
1384 0.02°
80 0.73 + 0.03¢ 18,420 4711 21,113 + 0.71
+190° 1,090¢ +
0.03*°
20 0.83 £ 0.03" 21,490 4954 24,172 + 0.74
+ 2,212° +
241° 0.06™
100 0.87 + 0.03* 24,560 5163 27,409 + 0.75
+ 478 +
236" 0.02%

a'dMeans(:i:St:fmdard deviation) with a different letter in the same column are
significantly different at P < 0.05.
SPC: System performance coefficient.
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Fig. 3. Temperature distribution of different geometry (left, middle, right) at 80 °C and 5 min holding time (
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temperature-electric field profiles during ohmic cooking with a 3 min
holding time at 80 °C. The meat analogue was subjected to an electric
field of 30 V/cm until 80 °C was reached, after which the PID controller
regulated the electric field via its automated on/off function. The elec-
tric field was intermittently applied to the samples during the holding
time, which required less electric field application as compared with the
temperature come-up time. This implies that energy consumption would
be lower during the temperature holding time as compared with the
temperature come-up time. This aspect will be discussed in section 3.2
on electrical power consumption.

Fig. 3 shows the representative temperature distribution in different
geometries of meat analogue samples during ohmic cooking at 80 °C
with 5 min of holding time. A thermocouple was installed at the left,
central, and right positions of the meat analogue (Fig. 1b). There was no
difference in temperature evolution between the left, central, and right
positions of the meat analogue sample under the different ohmic cook-
ing conditions. Thus, temperature uniformity of ohmic cooking was
observed in the production of the OCMA. Ohmic heating has the
advantage of enabling uniform temperature increases through internal
heat generation (Angel—Rend()n, Filomena-Ambrosio, Cordon-Diaz,
Benitez-Sastoque, & Sotelo-Diaz, 2019; Cappato et al., 2017; Engchuan,
Jittanit, & Garnjanagoonchorn, 2014).

3.2. SPC and electrical power consumption

Table 1 presents the SPCs of different cooking temperature used in
ohmic cooking treatment of the meat analogue. The energy uptake was
increased at higher cooking temperatures. For example, Qgken at 70 °C
was 15,350 J, which increased to 24,560 J when the ohmic cooking
temperature was raised to 100 °C. Higher cooking temperatures were
associated with greater energy loss in the form of heat. Qo5 at an ohmic
cooking temperature of 70 °C was 4429 + 138 J, which increased to
5163 + 236 J at 100 °C. A higher target temperature required a longer
temperature come-up time, which resulted in higher Qjoss. The efficiency
of ohmic heating is significantly enhanced by minimizing heat loss; thus,
the ohmic cell should be equipped with appropriate thermal insulation
(Zell, Lyng, Morgan, & Cronin, 2011). In this study, an ohmic cell was
made of a teflon plate with a thickness of 20 mm and thermal conduc-
tivity of 0.24 W/mK (Tomo et al., 2021), which is relatively low, and
similar to that of popularly used thermal insulators, such as coir and
mineral wool (Guna et al., 2021; Zell et al., 2011).

The SPC values ranged between 0.70 + 0.02 and 0.75 + 0.02

: left position (LP), ==ssassss : central position (CP),

(Table 1), which is higher than previously reported values, which ranged
from 0.46 to 0.65 (Jo & Park, 2019; Soisungwan et al., 2019, 2020).
During ohmic heating of starch-based foods, some of the internal energy
is utilized for starch gelatinization rather than an increase in tempera-
ture (Jo & Park, 2019; Soisungwan et al., 2020). Therefore, in the pre-
sent study, it is postulated that a proportion of the internally generated
energy was used for denaturation of the soy protein.

Previous studies investigated the SPC of ohmic cooking of solid-
liquid mixtures, such as noodles, rice cakes, and curry. Solid-liquid
mixtures have different electrical conductivity attributes than solid
foods, soup, and sauces; discrepancies in the heating rates of the various
ingredients lower the SPC values. In contrast, the present meat analogue
is a solid product with a uniform composition; thus, it would result in a
higher SPC. The highest ohmic cooking temperature of 100 °C resulted
in the maximum SPC of 0.75 + 0.02, which indicates that 75% of the
electrical energy was converted to heat. SPC values are dependent on the
electric field strength, heat loss, heating rate, and sample composition
(Darvishi et al., 2013; Icier & Ilicali, 2005). Internal energy generation is
proportional to the squared electric field strength and electrical con-
ductivity (Sarang, Sastry, & Knipe, 2008). In our study, the electrical
conductivity of the sample increased with increasing cooking tempera-
ture; ¢ values of ~1.15, 1.20, 1.30, and 2.0 S/m were measured at 70,
80, 90, and 100 °C, respectively. Therefore, internal energy generation
occurs efficiently at higher ohmic cooking temperatures, which results
in a higher SPC.

Table 2 presents the energy consumption of the sample during ohmic
cooking at different temperatures and holding times. TEC represents the
total energy consumption during the temperature come-up time and the
holding time, whereas HEC considers only energy consumption during
the holding time. TEC was more affected by the cooking temperature
than by the holding time. For example, when comparing the group with
a 5 min holding time, it was observed that the TEC was 19,726 + 1355 J,
23,378 + 1252 J, 26,264 + 1754 J, and 30,548 + 942 J at cooking
temperature of 70, 80, 90, and 100 °C, respectively. The magnitude of
the difference ranged between 2886 and 4284 J when the cooking
temperature was increased by 10 °C. However, the contributing effect of
the holding time resulted in holding time-dependent increases in TEC.
For example, TEC of the 80 °C cooked samples amounted to 20,257 +
1378 J, 21,326 + 1089 J, 23,378 + 1252 J, and 24,576 + 1183 J at
holding times of 1, 3, 5, and 7 min, respectively. The magnitude of the
difference ranged between 1069 and 2052 J when the holding time was
increased by 2 min. Once the sample reached the target temperature, the
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Table 2
Energy consumption of meat analogue ohmic cooking.
Cooking Holding time TEC (J) HEC (J) HEC/TEC
temperature (°C) (min) (%)
70 1 16,998 + 24+ 3° 0.01 +
1,345 0.02¢
3 17,833 + 313 + 1.74 +
649" 118% 0.61%
5 19,726 + 511 + 253 +
1,3558" 293de 1.30%de
7 19,319 + 772 + 3.92 +
6678" 728¢ 3.58>d
80 1 20,257 + 5+ 3¢ 0.02 +
1,3788 0.02¢
3 21,326 + 213 + 1.00 +
1,089% 120 0.08°
5 23,378 + 526 + 223 &
1,252° 2449 0.95°
7 24,576 + 1172 + 4.67 +
1,183% 937b¢ 3.51%
90 1 25,274 + 4+5° 0.01 +
2,6584¢ 0.02°
3 24,484 + 312 + 1.25 +
2,3444¢ 175% 0.63°
5 26,264 + 463 + 1.76 +
1,754%¢ 40% 0.04%
7 25,907 + 1578 + 6.10 +
363 610 2.35%
100 1 28,996 + 48 £82° 018+
1,542 0.30°
3 27,899 + 491 + 1.76 +
536" 94de 0.32%
5 30,548 + 706 + 231 +
9427 96 0.27¢d
7 29,186 + 2190 + 7.49 +
1,411%° 3417 0.94

aiMeans(+Standard deviation) with a different letter in the same column are
significantly different at P < 0.05.

TEC: Total energy consumption.

HEC: Holding energy consumption.

HEC/TEC: Percentage of HEC versus TEC.

Table 3
Texture profile analysis (TPA) of ohmically cooked meat analogue.
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ratio of HEC to TEC, expressed as a percentage value, which ranged
between 0.01 + 0.02% and 7.49 + 0.94%, suggesting that minimal
energy is required to maintain the target ohmic cooking temperature
after temperature come-up.

3.3. Texture attributes of OCMA

Higher ohmic cooking temperatures and longer holding times were
associated with increased hardness of the OCMA (Table 3). Texture
parameters of meat analogues are highly correlated with moisture
content (Bakhsh, Lee, Lee, Hwang, & Joo, 2021). Although moisture
contents were not measured in this study, it appeared that higher
cooking temperatures resulted in more moisture loss, subsequently
contributing to increased hardness. A cooking temperature-holding time
combination of 70 °C and 1 min resulted in hardness of 44 4+ 1.0 N,
which increased to 52 + 1.1 N at 7 min of holding time. The optimal
hardness of the OCMA was determined by comparison with commercial
chicken nuggets, as previously suggested in a study that used a com-
mercial chicken nugget with hardness of 118 N as a reference standard
for the hardness of plant-based meat analogues (Yuliarti, KiatKovis, &
Yi, 2021). Florowski et al. (2019) reported the optimal hardness of
restructured beef steak as 92 N. Herein, similar hardness could be ob-
tained only at a cooking temperature of 100 °C, which resulted in OCMA
hardness that increased with prolonged holding time. The hardness of
the OCMA cooked at 100 °C with a 1-min holding time was 91 + 0.7 N,
which increased to 104 + 1.1 N when the holding time was extended to
3 min. Moreover, at a fixed cooking temperature of 100 °C, the gum-
miness of the OCMA with a 1 min holding time amounted to 80 + 2.4 N,
which then increased to 92 + 1.6 N at 3 min of holding time. The
chewiness presented a similar trend to those of hardness and gummi-
ness. Significant additional HEC was required for a 7 min holding time as
compared with only 3 min (Table 2). Considering the energy con-
sumption, we postulated that a 3 min holding time is sufficient to pro-
duce acceptable textural properties in the OCMA at a cooking
temperature of 100 °C.

3.4. pH

pH of the OCMA ranged between 7.27 and 7.53 (Table 4). A cooking
temperature of 70 °C produced an OCMA with lower pH; however, there
were no significant differences between the pH values of the OCMA

Ohmic cooking Holding Texture properties o
temperature (°C) time (min) cooked at 80, 90, and 100 °C. Initial pH value of the meat analogue
Hardness Gumminess Chewiness ° P
™ @) ™) dough was 7.3 £ 0.2. The cooked OCMA, at 70 °C, showed a similar pH
- - - value and then it increased with higher cooking temperature. It would
70 1 44+ 1.0 37+ 1.1 36 + 1.6"
3 45+ 1.5 39 + 1.9 38 + 2.4M
5 54+23" 45108 43 £ 1.98 Table 4
7 52+ 110 44+ 1.1 43 +1.48 pH value of ohmic cooked meat analogue.
80 1 51 £ 0.7' 44 + 1.4 43 +2.18 Cooking temperature (°C) Holding time (min) pH value
hi i b4
S A T 1
7 66 + 1'3f 57 + 0.7g 57 + 0.7e 3 727 % 0.04°
: : : 5 7.27 + 0.07¢
90 1 69 + 0.5 61 + 1.2f 60 + 0.8% 7 7.33 + 0.01%
e ef d —_—
D RNT s enn e 1
7 84115 734379 72+ 4.3° 3 7:50 £ 0.077
: : - 5 7.51 + 0.04°
100 1 91 + 0.7 80 + 2.4 80 + 2.5" 7 7.53 + 0.02°
b ab a —_—
e omae mar 1
7 107 + 2.3a 93 + 2'03 92 + 3‘43 3 744 % 0.04°
- - - 5 7.52 + 0.00°
a¥Means(+Standard deviation) with a different letter in the same column are 7 7.52 = 0.07°
significantly different at P < 0.05. 100 1 7.46 + 0.042
3 7.45 + 0.07°
. : : - 5 7.42 + 0.02%°
PID controller intermittently provided an electric field whenever the ; 744 4 0,048

sample temperature fell below the target temperature (Fig. 2b). There-
fore, HEC was significantly lower than TEC. HEC/TEC represents the

#“Means(+Standard deviation) with a different letter in the same column are
significantly different at P < 0.05.
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Table 5
External and internal colour of ohmically cooked meat analogue.
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Temperature (°C) Holding time (min) External colour

Internal colour

L¥ a* b* AE L¥ a* b* AE
70 1 27.2+0.3% 284+ 0.4° 17.0 + 0.48 7.2 £ 0.4% 20.1 + 1.1f 27.3 +0.8% 18.3 + 0.5 6.6 +11.1¢
3 27.2+0.5% 287 +0.4° 17.3 + 0.5%® 7.0 £0.7° 29.1 + 0.5 27.4 + 0.3% 18.4 + 0.6 6.6 + 0.3
5 27.4+0.1%" 283+ 0.2 17.4 + 0.6'® 7.1 +0.2° 29.5 + 0.4 26.7 + 0.3  19.4 +0.9" 7.1 + 0.1
7 27.3+0.2%" 282404 175+ 0.6% 7.2 £ 0.3% 29.6 + 0.2f 25.9+04> 204+1.3"  7.9+06"
80 1 26.7 + 0.6" 27.4 +0.6°¢  17.3+0.9% 82+ 0.5 296+ 1.1f 257 +1.04  19.8+1.28" 8.1+ 0.4Y
3 27.1 + 0.48" 27.3+ 0.6  17.4+1.1% 8.0+05 2909+1.0% 247+07% 214+218 9.3 + 1.4M
5 27.3+0.4%" 2731029 179409 7.8+04% 31.3+1.2% 241+05° 23.7 + 0.7 10.4 + 0.48"
7 27.1 + 0.28" 26.7 + 0.8% 18.7 £ 0.1%F 8.4+ 0.7 31.4 +0.2% 231 +0.9f 25.5 + 0.7° 12.2 + 0.7F
920 1 27.7 £ 0.6  27.4+07°¢ 184 +0.2% 7.4 +009% 32.0 +0.6°®  24.3+0.8° 24.8 + 1.7%f 10.9 + 1.78
3 28.1 +0.7%f 26,9 + 0.5% 19.3+0.1%  7.6+079% 332401 221+07 27.9 +0.9¢ 14.4 +£1.1°
5 28.7 £ 0.2°%  26.7 + 0.4% 18.6 + 1.29F 7.4+ 0.3% 34.6 +0.1° 20.7 + 0.38 28.5 + 1.5¢ 16.1 + 1.0¢
7 29.2 + 0.2° 26.4 + 0.4° 19.4 £ 1.6%  7.5+0.3% 36.2 + 0.9° 19.6 + 0.8" 30.8 + 2.5° 18.6 + 2.0°
100 1 28.9 +£1.1%¢ 253 4+ 0.4f 19.9+1.3¢ 87 +1.0" 335+1.9¢ 195+ 1.0" 28.5 + 2.1¢ 16.9 + 2.0¢
3 28.5 +1.2°¢ 24,6+ 0.7 21.1+1.6™ 98+1.0° 34.4 +1.7° 17.6 + 0.7 30.7 + 0.7° 19.8 + 0.6°
5 29.8 + 0.9°° 24.3 +0.7° 21.7 + 2.8° 9.9 +£1.5° 36.8 + 1.1° 17.2 + 0.57 33.1+1.7° 21.9 + 1.6°
7 30.2 + 0.9 22.8 +1.18 23.3 + 1.6 11.6 £ 1.5°  37.4 + 0.6 16.3 + 0.2 34.7 £ 1.9° 23.8 + 1.4

#IMeans(+Standard deviation) with a different letter in the same column are significantly different at P < 0.05.

attribute to the loss of moisture in the OCMA at higher ohmic cooking
temperatures.

3.5. Color

Table 5 presents the external and internal color attributes of the
OCMA. The observed L*, a*, and b* values of external color ranged from
27.2 to 30.2, 22.8-28.7, and 17.0-23.3, respectively; the internal color
L*, a*, and b* value ranges were 29.1-37.4, 16.3-27.4, and 18.3-34.7,
respectively. The OCMA was slightly darker than grilled beef ham, for
which L*, a*, and b* values of 48.4 + 1.9, 22.3 + 0.6, and 13.7 + 1.6,
respectively, were reported by Savadkoohi, Hoogenkamp, Shamsi, and
Farahnaky (2014).

Regarding the external color, L* increased with prolonged holding
time at ohmic cooking temperature of 90 °C and 100 °C. An elevated
cooking temperature was associated with lower a*. For example, at a
fixed 3 min holding time, 70 °C cooking resulted in a* of 28.7 + 0.4,
which decreased to 24.6 + 0.7 at 100 °C. Ohmic cooking temperature
also had an effect on b*, which decreased when the temperature was
raised. In this study, red beet powder was used as the colorant for
OCMA. Red beet is an excellent source of natural color. The colouring
agent/constituent of red beet is betalain (Koul et al., 2002). Betalain,
extracted from red beet, is water soluble with high tinctorial strength
(Roy, Gullapalli, Chaudhuri, & Chakraborty, 2004). Betalain degrades at
higher temperature; thus, it decreases a* value and increases b* value at
higher cooking temperatures and longer processing time (Chandran,
Nisha, Singhat, & Pandit, 2014). Therefore, in this study, discoloration
of OCMA can be attributed to degradation of betalain at the evaluated
ohmic cooking temperatures.

Ohmic cooking temperature and holding time had a more pro-
nounced effect on internal color than external color. An increased ohmic
cooking temperature produced a brighter internal color in the meat
analogue. For example, at a fixed 3 min holding time, a cooking tem-
perature of 70 °C resulted in L* of 29.1 + 0.5, which increased to 34.4 +
1.7 at 100 °C. The ohmic cooking temperature also had a notable effect
on a*, which significantly decreased as a function of elevated cooking
temperature. In contrast, increased cooking temperatures and longer
holding times resulted in enhanced internal yellowness. The internal
color change showed a similar trend to that described for roast beef by
Goni and Salvadori (2011) who reported that a* decreased and b*
increased when the end-point cooking temperature was increased. In
this study, moisture migration was observed from internal side to out
side during ohmic cooking; thus, internal discoloration would attribute
to moisture migration. The use of plant-based colorants is an important

consideration for consumers’ appeal of meat analogues.
4. Conclusions

This study investigated the potential of ohmic cooking to produce
protein-based meat analogues by adjusting the effects of different
cooking temperatures and holding times. Ohmic cooking enabled the
rapid production of a soy-based meat analogue while achieving uniform
cooking at all geometries. In terms of energy efficiency, the highest
cooking temperature of 100 °C resulted in a maximum SPC of 0.75.
Rapid high-temperature cooking efficiently converted electrical energy
to heat. Ohmic cooking consumed minimal electrical energy during the
holding time, once the temperature of the sample reached target tem-
perature. With regard to energy efficiency and the textural quality of the
OCMA, a cooking temperature-holding time combination of 100 °C and
3 min was optimal. The color of the OCMA was more dependent on
cooking temperature than on holding time. Higher ohmic cooking
temperature resulted in enhanced yellowness, in accordance with pr.
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