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Fig. 1: Schematic and picture of the ohmic-vacuum concentration system for grape juice
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Introduction: Conventional thermal processing methods for fruit juice concentration often lead to significant
nutrient degradation and high energy consumption. Ohmic heating (OH) has emerged as an advanced alternative,
utilizing electrical resistance to generate rapid, uniform heating. When combined with vacuum technology, OH
enables lower processing temperatures by reducing the boiling point, thereby better preserving heat-sensitive
bioactive compounds. Black grape juice, rich in polyphenols and antioxidants, presents an ideal candidate for this
hybrid approach. However, the interplay between operational parameters (voltage gradient and vacuum pressure)
and their effects on processing efficiency and product quality remains underexplored. This study systematically
evaluates the ohmic-vacuum concentration of black grape juice to identify best conditions that balance energy
efficiency with quality retention.

Material and methods: Fresh black grapes were sourced from vineyards in Sanandaj, Iran. The juice was extracted,
filtered, and standardized to 15.5 = 0.5 °Brix using a refractometer. The experimental setup consisted of a Pyrex
ohmic chamber (10x10x15 cm) with 316L stainless steel electrodes (2 mm thickness, 10 cm spacing), connected to
a vacuum system (50-100 kPa), power regulator (0-30 V/cm, 60 Hz AC), and data acquisition unit. Processing
conditions tested three voltage gradients (10, 20, 30 V/cm) and three pressures (50, 70, 100 kPa) until 70 °Brix
concentration was achieved. Heating rates were calculated from temperature-time curves using Teflon-coated
thermocouples (£0.1°C). Specific energy consumption (SEC, MJ/kg water) combined ohmic and vacuum pump
energy inputs. Exergy efficiency accounted for thermal irreversibilities using ambient (293 K) and product
temperatures. Quality analyses included pH (digital meter), total phenolics (Folin-Ciocalteu method, 760 nm), and
antioxidant activity (DPPH assay, 1Csy at 517 nm). All experiments were triplicated, with data analyzed via ANOVA
and Duncan’s test (SPSS v18, p < 0.05).

Results: The study demonstrated significant effects of voltage gradient and vacuum pressure on processing Kinetics,
energy efficiency, and product quality during ohmic-vacuum concentration of black grape juice. Increasing voltage
gradient from 10 to 30 V/cm at atmospheric pressure (100 kPa) improved heating rates from 0.06 to 1.24°C/s,
reducing processing time by 4.7-fold (32.02 min to 7.78 min). Under vacuum conditions (50 kPa), heating rates
decreased by 28% (0.07-0.89°C/s) due to reduced electrical conductivity, extending processing time to 32.02 min at
10 V/cm. The fastest processing (7.78 min) occurred at 30 V/cm and 100 kPa, while the slowest (32.02 min) was
observed at 10 V/cm and 50 kPa. Specific energy consumption (SEC) ranged from 1.92-2.27 MJ/kg water at 100
kPa, increasing 2.5-4.5 times under vacuum (4.95-10.05 MJ/kg at 50 kPa) due to additional pump energy
requirements. Exergy efficiency peaked at 18.78% for 30 V/cm at 100 kPa, but decreased to 2.5-6% at 50 kPa. The
vacuum pump accounted for 64-89% of total energy consumption under reduced pressure conditions. pH reduction
was minimized (4.58%) at 50 kPa and 10 V/cm, compared to 16% reduction at 100 kPa. Total phenolic content
reached maximum retention (857 mg GAE/100 mL) at 50 kPa and 10 V/cm, with higher voltages causing
progressive degradation. Antioxidant activity (IC50) showed optimal results (19.36%) at 50 kPa and 10 V/cm, but
deteriorated to 35-40% at 30 V/cm. Color parameters (L, a, b*) indicated greater changes at higher voltages and
atmospheric pressure.

Conclusion: The ohmic-vacuum hybrid system demonstrated that higher voltage gradients (30 V/cm) reduced
processing time and improved exergy efficiency (18.78% at 100 kPa), but vacuum conditions (50 kPa) increased
energy demand. Low pressure (50 kPa) and moderate voltage (10 V/cm) optimally preserved phenolics and
antioxidants, despite longer processing times. Balancing energy efficiency (favoring 100 kPa) with quality (favoring
50 kPa) requires optimization. Future studies should explore scaling this technology for industrial applications while
minimizing energy use. This research highlights the potential of ohmic-vacuum heating as a sustainable solution for
juice concentration, addressing both energy and quality challenges in the food industry.

Keywords: Ohmic-vacuum heating; quality; energy consumption; exergy efficiency; grape juice concentration






