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Figure 1. Schematic of the hybrid thawing device (combination of infrared and electric field).
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Fig 4. Temperature profile of the sample center during the thawing process: (A) 70% sausage samples and (B) beef samples.

Sy Sl 9 (39 Sl i AT Oyt Y)Y
ol itz sl yless o slozl 13, 5l o |y WlasS CabsS 5 1Y+ ums (lodizes (339 ol Sl yeais (B g A) D S
G5 Lol oP< + V) Clsls Jgame 93 10 (455 S8l (g lo sre 1 slazl &8, g, aS ols ylid g 5le] Jdo ol .amo o
b osalive AC-IR-HV (g0 pon Jlas 3 159 Sl i yidon (Ve Lupmigan 53 3908 Gl cilises slasyglid 4 o] fensly
bl 5 5l ks s U o] CMS] 5 wisls olis |y 9 il pslie op,2aS AC-HV § ACIR (glalos a5 > o
SR ACHVY 515l s g (- TEAV) AC Lk & 05 <l oprpiaS AlliosS essS o« bliio jo (P< +/+1) agr o sine
39 It o e aS (g ebdy 59 8l s sre a8l g e 890l il 5l eslaiul aST > jo il plaisl (U
o5 s yslis 4z ST a5 amo e i b ol 0,8 Sl (L +I0FY) ACHR-HV s 5 (0.698%) AC-IR Lo
2 039 S8l Jpame Cogb), Lad> )3 (loaiiS (rad 28 (6551 JUl 0550 9 Dol im0 a5 ) sleadl &35 e
o 53 ol WHO) o 5045 b (20lS 5 sy slole s 1,3 S8 T g5 51 20 Butas 2% Y gama
Sl it e o a8 S s Al 5 digai e Cote (Il s sl 5, T 3y Vsl AC
9 5 3 Gytbe Cushy 0b cage AC-HV jlos 1o anlb floj o olisS (blie o 0 mhaw 4y il 5l ol & yzlee
Sl (halS (255 BB b 1) slezmil @) Gloj e0yjg Sl Gugmne (Rl (g jless ol &S (SlaigT e 358 b Joas
e Gl Jloel s 3y 3y S olige 5| 26 el Sl JE il oS ams e ol b, ol
I3 e 55 55 seiasle G i blie 5 5 e B g 3 1y ol (50055 b o] e o
Gl Sl (SBE (e g Giale S 09 Dglite CBsS g g )0 Sl (nl Sab iz e g oljea (59 281 Al 8
Coos &y 3T OT Spzrlas cazmsi )5 5 00 Aigad S50 5 el (e Sl JLid 5 (gles Lol obml crge e j8eole
OrelsS (ol o) de AC-IR-HV Lo )5 0594 gz 59 oy Gl 035 (oo Jted | aligs oS5 5 elans
2 Lo gl g B> sline 4 Logy) anl)d oy (2815 a8 ol lis 5 091 ol e (39 il b33l L eolezsil &8, ole
ACHR-HY [l ;0 YU 5l (Si501 e 5538l Lol 0,8 alowl 1) 535 ol i ACHR s 3o allosS cuigS
Wl o Y 5y S S s &5 el ] LKoo 4z8l ) amo izl V37 a5 ACAR L alie ;5 1, 535 il Cendlys

xS wjle goleie an T jo 1) 65,8l @ier 5 00,8 o |y 5o 80pg0ke 5l (L5 (orbaw 00l igle )5 ogllasls 151 ot



Journal Pre-proofs

Caliskan Kog (slaadly b iagh ool gl wilooe (Bl Susb) oy (il jo & Jole plizmen 50 B0y90le (il 9>
ol ol glsdran (Y+YF) (] Ken 5 Dalvi-Isfahan 5 (Y- Y0) o ,Ken g Li oY+YY) ), g Jiang «(Y-Y0) ol )Kan o
G 0 3l et Gl yge 0 Ll e olan 55 il L2alS L Vgane slazel a8, olej zals a8 wlosls oLis Slallas
wbee 2ol Ol @l cubyl g adl il cask ge5 s ey Jilwnad Gl slaplolS skl g Ghale)S
b Wl oo ipeiiias Giale)S g Dl JUES dgege Gyl 51 VL 5Ly (SO S Glae oS Sl 0l (A1S ioren
SSedsar 5 5Ll sl Ths 4 b )sld plu b 0T 2l8lee Gliee & Jlo po S L 2 1) Jpame cush, 5 28l
Lis 5 slazl g8, e yo oo (trade-off) joolasdlas abl, S syzy i ol bl cEsame o osl diadly Jyame
A5l e,S wal 8 1) slesl &8, e (i ACHIR-HV (60 500 aileles az ST 0l plis Jpame g9 50 )0 1) Cosb,
2l 50,5 sgazme w1 o (1l (e caslie Jobss sl L AC-HV Lo hlie ;5 .l (5 0,Sles Zugh; Lai
Srmlie 43S Wl oo w9y cnl 5l ol ls (e maple 93 o )3 1) 3 e (n S 0ilete (Jgame SodS Lk g ()9

A5 slesul é_é) Slaills azwgs g (o o p,l5 sl p

m sausage %70

m Beef

Weight loss (%)
© o o o
N w =N (S)]

o
=
T

o

AC AC-IR AC_HV AC-IR-HV

(P <0.01) Conl S5 Jilo 2 30 b jlowd (s 10 Smo BB ovidd (LS wlin ju S5 45 B9 >

ool g2, it gla by, con dlugs CdsS 9 Ve urmgw sladiges y39 <l (B) JS

Fig 5. Weight loss of 70% sausage and beef samples under various thawing methods.
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Table 1. Effect of the thawing process on color parameters (L*, a*, b*) of 70% sausage samples .

Parameter Treatment Before Freezing After Thawing
L" (Lightness) AC 4261+ 1.58° 48.79+ 1.44°
L" (Lightness) AC-IR 37.9+1.61° 44.21%2.14°
L" (Lightness) AC -HV 41.42+1.73° 46.204+ 1.96°
L" (Lightness) AC-IR-HV 36.082+ 1.84° 47.31+1.75°
a” (Redness) AC 19.53+ 1.03° 16.46+ 1.32°
a” (Redness) AC-IR 22.58+ 1.16° 19.85+ 1.27°
a" (Redness) AC -HV 2157+ 1.11° 17.75% 1.43°
a” (Redness) AC-IR-HV 21.12+0.98° 21.44+1.39°
b” (Yellowness) AC 17.63+ 1.62° 17.025+ 1.23°
b” (Yellowness) AC-IR 20.83+ 1.71° 20.22+1.34°
b” (Yellowness) AC -HV 18.53+ 1.79° 17.93+ 1.56°

b” (Yellowness) AC-IR-HV 16.65+ 1.57° 23.09+ 1.44°
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Table 2. Effect of the thawing process on color parameters (L*, a*, b*) of beef samples .

Parameter Treatment Before Freezing After Thawing
L" (Lightness) AC 33.36+ 1.50° 16.51+ 2.15°
L" (Lightness) AC-IR 22,59+ 1.76° 17.29+ 2.14°
L" (Lightness) AC -HV 20.4+1.61° 12.14+ 1.96°
L" (Lightness) AC-IR-HV 26.6x 1.48° 25.25+ 1.88°
a” (Redness) AC 27.012+ 1.12* 20.65+ 1.36°
a” (Redness) AC-IR 16.64+ 1.20° 16.98+ 1.53°
a” (Redness) AC -HV 9.067+ 1.47° 7.99+ 1.67°
a” (Redness) AC-IR-HV 19.057+ 1.28° 17.4+ 1.70°
b” (Yellowness) AC 13.54+ 1.38° 9.72+ 1.55°
b" (Yellowness) AC-IR 9.61+1.41° 7.18+1.72°
b” (Yellowness) AC -HV 5.36+ 1.27° 3.461+ 1.69°
b" (Yellowness) AC-IR-HV 10.297+ 1.33° 8.45+ 1.80°
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Figure 6. Specific energy consumption (SEC) of 70% sausage and beef samples under different thawing methods.
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Figure 7. Effect of various thawing methods on the hardness (N) of beef and 70% meat sausage samples.
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Introduction: Freezing is a widely used preservation method for meat and meat products; however, the thawing
stage largely determines the final quality of the product. Conventional thawing methods, such as air convection
(AC), are often time-consuming and may lead to excessive drip loss, surface dehydration, microbial growth, and
quality deterioration. To address these limitations, advanced thawing technologies such as infrared radiation (IR)
and high-voltage electric field (HV) have been proposed. Infrared heating provides rapid surface energy transfer,
whereas HV can enhance heat transfer through ionic wind generation and boundary-layer disruption without a
substantial increase in bulk temperature. In this study, a hybrid thawing system integrating AC, IR, and HV was
evaluated for beef cubes and 70% meat sausage in order to investigate thawing kinetics, energy consumption, and
quality-related responses.

Materials and Methods: Beef cubes and 70% meat sausage samples were frozen at —18 °C and thawed under four
treatments: AC (control), AC-IR, AC-HV, and AC-IR-HV. The thawing chamber was operated at an ambient
temperature of 20 °C and an air velocity of 0.5 m/s. In the hybrid treatments, the infrared lamp power was set at 250
W, and the electric field intensity was 6.7 kV/cm. Thawing was continued until the core temperature reached the
target endpoint. Specific energy consumption (SEC) was calculated based on the total electrical power used by the
fan, IR source, and HV unit. Weight loss was determined by comparing sample mass before and after thawing.
Color attributes were evaluated using image analysis and reported as L, a*, and b*, while total color difference was
calculated as AE. Textural properties were assessed using a texture analyzer equipped with a standard Warner-
Bratzler shear blade, where peak shear force (Hardness, N) was recorded. Statistical analysis was performed using
one-way ANOVA followed by Duncan’s multiple range test at P < 0.01.
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Results and Discussion: The results showed that hybrid thawing treatments significantly reduced thawing time in
both products compared with the AC control (P < 0.01). For 70% meat sausage, the thawing time decreased from
20 min in the AC treatment to 8 min in the AC-IR-HV treatment, corresponding to a 60% reduction. In beef, the
shortest thawing time was observed in the hybrid treatments, where thawing time decreased from 24 min in the
control to approximately 10-11 min, indicating a reduction of more than 50%. The thawing behavior differed
between the two food matrices. Beef exhibited faster thawing kinetics than sausage, whereas the sausage samples
showed a longer phase-change plateau due to their emulsion structure and the presence of salts and phosphates,
which lower the freezing point and modify heat transfer behavior. Among the hybrid treatments, AC-IR-HV
provided the fastest thawing performance in sausage, while AC-HV was nearly as effective as AC-IR-HV in beef,
suggesting that ionic wind can efficiently disrupt the boundary layer in muscle tissue. In terms of energy
performance, AC-HV showed the most favorable balance between thawing speed and energy efficiency. Although
AC-IR-HV achieved the shortest thawing time, its SEC was higher because of the additional power demand of the
IR lamp. Therefore, AC-HV can be considered the most energy-conscious option among the accelerated thawing
methods.

Regarding quality attributes, IR-assisted treatments tended to increase weight loss and color change compared with
AC-HV. The combined use of HV partially moderated the surface drying effect associated with IR by improving
convective transfer. Beef samples generally showed greater weight loss than sausage, likely because post-thaw
muscle tissue has lower water-holding capacity than the stabilized protein-fat-water matrix in sausage. Color
stability was also better preserved in AC-HV than in the IR-containing treatments, where more pronounced changes
in redness and total color difference were observed. Furthermore, texture evaluation demonstrated that hybrid
thawing significantly preserved tissue firmness against structural softening caused by severe drip loss (P < 0.01).
The highest hardness values were recorded in AC-IR-HV (11.14 N for beef and 5.65 N for sausage) and AC-HV
(10.43 N and 5.60 N, respectively), whereas the AC control showed the lowest hardness values (8.12 N for beef and
4.43 N for sausage).

Conclusions: This study demonstrated that hybrid thawing systems can substantially improve the thawing efficiency
of meat and meat products. The AC-IR-HV treatment was the most effective for minimizing thawing time, while
AC-HV provided the best compromise among thawing speed, energy efficiency, and quality preservation (including
color stability and structural firmness). The response of the thawing process depended strongly on the food matrix,
with muscle-based and emulsion-based products showing different heat transfer and quality behaviors. For industrial
applications requiring maximum throughput, AC-IR-HV is recommended; however, for applications emphasizing
quality retention and energy savings, AC-HV appears to be the more appropriate option
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