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Abstract

:

Various technologies have been evaluated as alternatives to conventional heating for pasteurization and sterilization of foods. Ohmic heating of food products, achieved by passage of an alternating current through food, has emerged as a potential technology with comparable performance and several advantages. Ohmic heating works faster and consumes less energy compared to conventional heating. Key characteristics of ohmic heating are homogeneity of heating, shorter heating time, low energy consumption, and improved product quality and food safety. Energy consumption of ohmic heating was measured as 4.6–5.3 times lower than traditional heating. Many food processes, including pasteurization, roasting, boiling, cooking, drying, sterilization, peeling, microbiological inhibition, and recovery of polyphenol and antioxidants have employed ohmic heating. Herein, we review the theoretical basis for ohmic treatment of food and the interaction of ohmic technology with food ingredients. Recent work in the last seven years on the effect of ohmic heating on food sensory properties, bioactive compound levels, microbial inactivation, and physico-chemical changes are summarized as a convenient reference for researchers and food scientists and engineers.
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1. Introduction


Conventional thermal methods such as pasteurization, sterilization, drying, and evaporation are widely employed commercially to ensure microbiological safety in the food industry [1]. However, these methods cause extensive damage to the nutritional component of food; especially vitamins and heat-sensitive polyphenols that are linked to food quality [2]. These conventional treatments are relatively inefficient in terms of energy requirements, waste recycling, and environmental sustainability. As consumers have increased their demand for healthy foods with fresh properties and longer shelf life, researchers have explored various novel methods to improve food quality and safety [3]. Recently, a lot of research has focused on developing alternatives to conventional thermal technologies, such as reciprocation thermal processing [4], controlled agitation processing [5], microwave, radio frequency [6], and ohmic heating [7]. These alternative technologies have advantages of lower temperature and shorter time requirements than conventional methods, and are also more energy-efficient, sustainable, and environmentally friendly. Amongst these novel technologies, ohmic heating has established itself as one of the most economical alternatives available to the food industries for thermal processing, as it relies only on electricity [8]. Ohmic heating itself has been widely applied for pasteurization [6,7,8,9], drying [7,8,9,10], concentration [8,9,10,11], extraction [9,10,11,12], and nutrient preservation [10,11,12,13]. Ohmic heating results in better nutrient retention and fewer changes in the sensory properties of food [2].



With ohmic heating, heat is generated directly inside the food itself by Joule heating as the electrical current passes directly through the conductive food, and the resulting energy generation induces an increase in temperature [12,13,14]. Many liquid and liquid-solid products, in particular, can be processed in a short time through ohmic heating [15]. Many studies have confirmed that ohmic heating effectively pasteurizes juice. Extrinsic factors such as electric field and frequency, and intrinsic factors such as pH and sugar concentration, significantly affect the efficiency of ohmic heating [16,17]. With ohmic heating, there are no wide temperature gradients in the heated food, which avoids overheating of the surface of the solid food or particles and retains the food’s sensory properties [18]. Ohmic heating consumes less energy with a shorter heating time compared to conventional thermal methods used in commercial production. Some studies reported that the shelf life of ohmic treated samples was similar to or longer than that of samples heated conventionally [19].



Numerous studies have indicated that ohmic heating possessed efficient effects in many manufacturing processes and does not lead to significant effects on the nutritional, functional, and synthetic properties and sensory characteristics of food products compared to traditional techniques [14], while improving food quality [20] and inactivating enzymes [21]. Besides, ohmic heating can be widely used to heat liquid food such as citrus juice [22]. Darvishi et al. [23] analyzed and investigated the impact of the ohmic heating system on the black mulberry juice concentration, and the results were compared to the traditional heating method. The phenolics content of the juice sample using ohmic heating was 3–4.5 times higher than the traditional heating method. The pH value and total phenol content was not significantly affected by using the higher voltage gradient. The consumed energy was (3.33–3.82 MJ/kg water) using ohmic heating compared to the energy consumption by the traditional heating method (17.50 MJ/kg water). This result confirmed that the consumed energy by ohmic heating was 4.6–5.3 times lower than the energy consumption by the traditional heating method [23].



As this new technique is gaining growing industrial interest, highlighting recent research work on the impact of the ohmic technique for potential industrial applications is highly desired in the food industry. The objectives of this comprehensive review were to illustrate the developments in the ohmic heating field during the last 7 years (2013–2020) with a focused discussion on the effect of ohmic heating on sensory characteristics, maintaining bioactive compounds, microbial inactivation, and physico-chemical changes. This review emphasizes opportunities and limitations in the ohmic processing of foods, which can be possibly explored for commercial exploitation.




2. Review Methodology


A systematic literature search was conducted via the database (Web of Science, Clavariate Analytics, London, UK) for literature obtained from keywords “Ohmic Heating”, with a further subdivision by the subtopic “Food” (as described in the search Criteria provided in Figure 1). Web of Science was selected due to its’ reputation for being a good collection of articles and numerous indexed journals, and a very user-friendly interface [24]. The search on the topic “Ohmic Heating” produced 4535 articles, of which 1869 articles were published since 2013. On further refining the search with the keyword “food”, 386 articles appeared from 1987–2021, of which 221 articles were published since 2013. Figure 1 highlights the trend of rapid development in the application of ohmic heating in the food sector over the last 25 years. It is evident that the ohmic heating food processing aspect gained momentum initially from 2005–2010, and then received even more attention (almost double publications per year) in the last 5 years from 2015–2020. More than 40% of the publications since 2013 came from the groups of Kang and Kim [16,17,25,26,27]; Pereira, Vicente, and Teixeira [28,29,30,31,32,33,34,35]; and Gavahian and Sastry [7,12,21].




3. Principles of Ohmic Heating


The ohmic heating system consists mainly of heating unit, electrodes, data recording system, alternating current (AC) power source, voltage control unit, and thermocouples to measure temperature [36]. In most foods, there are large quantities of water and dissolved salts, which can increase the electrical conductivity, as with these ions that are exposed to the electric field, they will move towards the electrodes of the source of the opposite charges, generating ion collisions and thereby leading to increased temperature in the food [37]. For ohmic heating, the material must have electrical conduction. Non-conductive material may become conductive by adding an electrolyte such as NaCl (sodium chloride) or soluble organic salt (tetraalkyl ammonium), which does not interfere with the reaction, or ionic solvents can be used because they are naturally conductive [38].



The basis of electrical conduction heating (ohmic heating or electrical resistance heating) is that the alternating electric current passes through the food, which causes the ions to move towards the electrodes of opposite charges. This movement of ions causes collisions with each other, which leads to resistance to the movement of ions and increases kinetic energy. The product is heated to convert food into electrical resistance, and the heat inside it is generated instantaneously and volumetrically as a result of the movement of ions. The amount of heat depends on the current, the voltage, the electric field, and electrical conductivity of food [39,40].



The passage of electrical current through the foodstuff is subject to Ohm’s law, as heat is generated as a result of the food becoming an electrical resistance.


   V ∝ I    V = I R   



(1)




where



V: Voltage (volts)



I: Current strength (amps)



R: Resistance (Ohm)




4. Electrical Conductivity of Ohmic Heating


Electrical conductivity is the most important characteristic that affects the ohmic heating process. It depends on the temperature, the dissociation of ionic bonds, and the intensity of the electric field of the food material [41]. Ohmic heating depends on the type of base material to be treated, moisture content, and ion concentration. Electrical conductivity increases linearly with the conductivity of solid and liquid foodstuffs, which are affected by temperature, voltage, and concentration. The temperature is inversely proportional to the concentration of the foodstuff. The electrical conductivity increases linearly with the water content and temperature, and solid food is more impervious to electrical conductivity [42].



When AC passes through food, it converts electricity into heat [18]. Ionic compounds such as acids and bases can also help increase electrical conductivity, but they are few in non-polar compounds such as fats. Therefore, the value of the electrical conductivity of the material is not constant [43]. The electrical conductivity is expressed in Siemens per meter (S/m) [44]. In general, the electrical energy is transferred to different parts of the food by using ohmic heating. Heat is volumetrically produced, which gives a great opportunity to heat solid and liquid foods at the same rate [45]. Researchers observed that when heating tomato to reduce the water content, the contact area between the tomato sample and the two electrodes was decreased. The contact area can be calculated from the following equation:


  A =      m t    p   L    



(2)




where



A: Contact area (m2)



mt: Mass of the sample at any time (kg)



p: Tomato density (kg/m3)



L: Distance between poles (m)



Darvishi et al. [46] found that when making tomato paste with ohmic heating and using five different levels of electrical voltage (6–14 V/cm), the ohmic heating rate was greatly affected by electrical conductivity. In this study, a temperature measurement was varied from (26–96 °C), and the results showed that electrical conductivity increased linearly with increasing temperature, and there was a significant effect (p < 0.05) of the voltage gradient on heating time. Boldaji et al. [47] studied the effect of ohmic heating on the electrical conductivity of tomato samples during the concentration process. The electrical conductivity increased linearly (3.19–95.95 S/m) with the concentration, while the treatment time decreased (28.32–4.3 min) with the increase in the electrical voltage (6–14 V/cm), which led to the decrease in energy consumption that ranged between (4.63–3.05 MJ/kg).




5. Applications of Ohmic Heating


Ohmic heating is an electric heating method and also known as Joule heating [48,49], which is an advanced heat treatment, mainly used with food to be thermally processed as heating is more homogeneous [40] compared to other electrical heating techniques such as microwave and radio frequency heating [50]. This technique provides high-quality food and is also used in many applications such as pasteurization, sterilization, cooking, thawing, fumigation, extraction, and fermentation, in addition to the new trend for its use in military fields and food for long-term space missions [40]. Studies have shown that the use of this technique does not lead to significant effects on the nutritional, functional, and synthetic properties and sensory characteristics of food products compared to traditional techniques [51]. Figure 2 depicts factors and applications of ohmic heating in food processing.



Many researchers have studied the effect of ohmic heating on fish, meat and its products, and compared to other traditional thermal methods used in melting, heating, and cooking for food quality, food safety, and flavor. In addition, this new technology has the ability to extend shelf-life. It is a favorable alternative for heat treatment due to the shorter heating time and non-heating of surfaces, in addition to the possibility of using lower temperatures [52]. Ohmic heating may have an effect on electrical, physical, and biological characteristics of the product, which has led to many research applications such as heating, fumigation, drying, extraction, wastewater treatment, melting, and cooking for different types of fish and meat and their products. Ohmic heating technology was also used to treat many other food products such as vegetables, juices, meat, seafood, soup, creams, and pasta, and to sterilize foods used in glass containers for ready-to-eat food, to produce low-acid, high-quality foods, and to reduce acidity of foods that depend on tomato sauces [53].



Bender et al. [45] pointed to the possibility of using ohmic heating as a new method for baking without gluten and studied its effect on chemical and functional properties. Results indicated that ohmic-based baking without gluten improved qualities of size, stability, tissue, relative elasticity, pores, color, and starch gelatinization. The manufactured gluten-free (GF) bread using ohmic heating was significantly superior in its functional properties and characteristics compared to the traditional manufacturing methods. The values were 2.86–3.44 cm3/g, 45.05–56.83%, and 35.17–40.92% for specific volume, relative elasticity, and porosity, respectively. In contrast, conventional oven-baked GF bread resulted in 2.60 cm3/g of specific volume, 44.23% of relative elasticity, and 37.63% of porosity. Bender et al. [33] also improved the mechanism of ohmic heating through a three stage application of electrical power: First using 2–6 kW for 15 s, followed by 1 kW for 10 s, and lastly 0.3 kW for 1–30 min. Kautkar et al. [54] made ginger paste using an ohmic method with salt concentrations (0–2% w/w) on a laboratory level through a voltage of 5–13 V/cm. Temperature-dependent electrical conductivity was obtained at different time periods at (0, 5, 10 min) and at four temperature levels from (30–60 °C). The results indicated that there were bubbles on the surface of the product at temperatures above 70 °C, especially at higher voltage levels. The values of the electrical conductivity were in the range of 4.41–6.63 and from 3.75 to 5.87 S/cm, respectively. The study confirmed that the electrical conductivity of the ginger dough depended on the intensity of the temperature and the ionic concentration.



An ohmic heating unit was designed on a 1 L laboratory scale by [55] for testing with papaya fruit whose conventional pasteurization yield suffered from rapid deterioration causing approximately 50% losses. The electrical conductivity of papaya pulp was measured at temperature ranges of 35–95 °C, three voltage gradients 6.66, 13.33, 20 V/cm, and for 1, 2, and 3 min. Statistical results showed that the optimal conditions for improving the papaya pasteurization process were at an electrical voltage of 13.33 V/cm and 2 min retention time depending on the low microbial load. The heated pulp using ohmic heating method was compared with fresh pulp in terms of biochemical and biological properties. The obtained results showed that the heated papaya pulp retained 86.44% of lycopene, 87.13% of beta-carotene, and 85.23% of ascorbic acid compared to the fresh samples. Darvishi et al. [46] noted that the rate of ohmic heating of food is highly influenced by electrical conductivity based on heating tomato using ohmic heating at five different voltage gradients (6–14 V/cm), and temperatures from 26 to 96 °C. The results showed a linear increase in the electrical filed values with a significant increase in temperature (p < 0.05) as shown in Figure 3.



Parmar et al. [56] used ohmic heating for the concentration of milk by evaporation. The main problems of using conventional thermal evaporation were the loss of aromas and color change. The effect of ohmic heating was studied on the physical, chemical, sensory, and microbial properties during the concentration of cow’s milk, buffalo milk, and mixed milk (50:50) and compared to conventional evaporation at 13.33 V/cm, current (5–20 Amp), temperatures (0–100 °C), and time 75 min. The results indicated that ohmic heating has a huge potential for rapid and homogeneous heating of liquid and semi-solid foods, resulting in a safe and high-quality microbiological product. Ohmic heating significantly increased the formation of free fatty acids (FFA) and viscosity, as well as an increase in hydroxy methyl furfural (HMF) and important color values in dye estimation such as redness (a*) and yellowness value (b*). However, the pH and brightness (L*) of concentrated milk were clearly decreased. Ohmic heating also resulted in a significant reduction in microbiological numbers, and treated milk could be preserved for a longer period. Table 1 provides a convenient summary of electrical properties, temperature, and time of recent studies of ohmic heating applications.




6. Advantages and Disadvantages of Ohmic Heating


Ohmic heating technology, despite its uses, is still relatively new and under study, and there have been a number of advantages and disadvantages. These advantages are the continuity of heating without transferring heat to the surfaces, a rapid and homogeneous treatment for liquid and solid phases, minimal thermal damage, minimal loss of nutritional value, an ideal process for shear-sensitive products due to low flow velocity, low risk of product damage, and high energy transfer efficiency [36]. In addition, some studies [66] reported that this technology exhibited low sedimentation compared to conventional heating, low maintenance costs due to the lack of moving parts, preserved the color and nutritional value of foods, the lowest requirements for cleaning, heating food particles and liquid solutions, low treatment temperature, retain color and nutritional value, and short treatment time for extraction. This technology increases the mobility of ions to transport the particles charged in the solution and is considered a practical method for preheating the products before the canning process [66].



In contrast, some scientists reported disadvantages for ohmic such as a narrow band of frequencies [51]. The initial cost of establishing ohmic heating systems is higher than conventional heating methods. Food that contains fat granules does not effectively heat with ohmic heating because it is not conductive due to a lack of water and salts. In addition, pathogenic bacteria present inside the fat granules are exposed to heat treatment less than the bacteria outside the fat particles [36]. In addition, the electrical conductivity increases with increasing temperature inside the system (food and solution) as a result of an increase motion of electrons [36]. Another problem with applying ohmic heating is the corrosion of the electrodes due to electrochemical reactions. The electrochemical corrosion increases even more when the ohmic heating systems are in operation, thus increasing the cost [66].




7. Effects of Ohmic Heating on Quality of Food Products


Modern food processing has given considerable attention to treating food with electrical techniques [67], including ohmic heating, which depends on the passage of alternating electric current through the food, which generates heat inside the food [29]. This technology provides fast and uniform heating and results in less thermal damage to the food. Therefore, a high-quality product can be manufactured with minimal structural or nutritional or sensory changes as a result of a short treatment time [18]. Electrical, thermophysical, and rheological properties of foods have an important role in uniform heating. It is necessary to point out the importance of potential electrochemical reactions at the contact surface between food and electrodes as well as possible non-thermal effects of the electric field that depend on treatment conditions [68]. The electric field of ohmic heating can cause various changes in the quality and biological processes of food, such as the inhibition of enzymes and microorganisms, the degradation of heat-sensitive compounds, changes in cell membranes, viscosity, pH, color, and rheological characteristics [69]. Table 2 reports some of the effects of ohmic heating on the quality and characteristics of different foods.




8. Effects of Ohmic Heating on Inactivation Microorganisms in Food


Many foodborne diseases have spread throughout the world despite the continuous development of food technology [27]. Although food products were treated at high temperatures to ensure their microbiological safety, thermal damage occurred such as changes in flavor, texture, taste, and nutrient composition. Therefore, modern studies have found that advanced thermal treatment techniques play a vital role in preventing damage to processed foods and eliminating microorganisms such as bacterial cells and spores [76].



Schottroff et al. [77] mentioned that the influence of the electric field on biological cells was depended in particular on the size of the cell. This study evaluated the inactivation of vegetative microorganisms by ohmic heating at 12 kHz and 300 kHz compared to non-thermal effects. The inactivation of Microbacterium lacticum, Escherichia coli and Saccharomyces cerevisiae were tested using conventional and ohmic heating in the 12-kHz and 300 kHz system. The results found that the inactivation levels by kilohertz ohmic heating were not increased compared to conventional heat treatment. Ohmic heating can inactivate bacteria not only by its heating effects, but also through the non-thermal effects of the electrical current [78]. Bacterial count is one of the basic and most used methods in assessing the microbial stability of the foodstuff. Several studies have been conducted to measure the effect of ohmic heating on the total number of bacteria in juices, fruits, milk, and seafood [14,79]. Lyng et al. [80] mentioned that the main reason for microbial inhibition during ohmic heating is due to the effect of heat treatment. However, other studies indicated the ability of non-thermal treatment such as chemical and mechanical effects to inhibit microbial growth [80]. The mechanism of the chemical effect is due to the formation of free radicals, oxygen, hydrogen, hydroxyl, and mineral ions that cause bacterial death, while the mechanical effect is due to the disruption of the microbial cell membrane, which leads to leakage of cell contents through electroporation. This study determined that ohmic heating had a significant effect in eliminating Bacillus subtilis spores compared to conventional methods [80].



Moreover, ref. [78] studied the effect of ohmic heating on the spores of Bacillus subtilis in an aqueous solution of sodium chloride at 101 °C (i.e., boiling point) and the effect of the intensity and frequency of the electric field during the treatment. The microbial inactivation effects of ohmic heating for all conditions of the electric field (5, 10, 20 V/cm at 20–60 kHz) and treatment times of 8, 10, 12, 14, and 16 min was better than those of samples treated by traditional method. The efficiency of eliminating bacteria increased with increasing intensity of the electric field. B. subtilis was almost completely eliminated at 14–16 min and 60 kHz, while the spores remained alive at 20 and 40 kHz for the same period. These results proved that ohmic heating inhibited B. subtilis more effectively than the traditional method [78]. Park et al. [17] studied the optimum ohmic heating conditions and investigated the effect of voltage gradients and corresponding sugar concentrations (°Bx) of apple juice to inactivate Escherichia coli O157: H7, Salmonella enterica serovar Typhimurium, and Listeria monocytogenes. The lowest heating rate was at a concentration of 72 °Bx in all voltage gradients used in the study and a similar pattern of temperature increase was shown in 18–48 °Bx juice samples. System performance coefficients (SPC) were comparatively higher under two treatment conditions (30 V/cm in 36 °Bx or 60 V/cm in 48 °Bx juice). Meanwhile, after treatment for 60 s in 36 °Bx at 30 V/cm, 5-log reductions of the three foodborne pathogens were achieved. A treatment of 8 °Bx juice at 60 V/cm for 20 s was sufficient to achieve 5-log reduction without affecting product quality [17]. Table 3 represents the effects of ohmic heating on food products for eliminating microorganisms:




9. The Effect of Ohmic Heating on the Bioactive Compounds in Food


Ohmic heating is an alternative thermal treatment, which is considered to have less impact on biologically active compounds compared to traditional thermal processes. Bioactive compounds are highly valuable components because of their nutritional importance and their relation to human health. Therefore, preservation of these compounds during thermal treatment such as boiling, pasteurization, and sterilization is one of the most difficult challenges in the food industry [87]. High temperature leads to the loss of some active ingredients. For the purpose of determining the appropriate temperature for a process, the highest temperature that maintains these bioactive compounds is highly recommended [88].



Somavat [82] studied the effect of ohmic heating on carotenoids (β-carotene and lycopene), phenolic compounds (phenolic acids, narringin, quercetin, and total flavonoids), and ascorbic acid in fresh tomato juice. The results showed that ohmic heating did not affect the amount of carotenoids and phenolic compounds in tomato juice. Ohmic heating also did not cause any decrease in the amount of the β-carotene, lycopene, phenolic acids, and quercetin at temperatures of 95, 100, 105, and 110 °C, and confirmed the stability of lycopene at pH 3.9 and temperatures of 90, 95, 100, and 105 °C. Moreover, ohmic heating can successfully retain the values of ascorbic acid and dehydroxy-ascorbic acid when treated at a temperature of 90 °C. The study also confirmed the ability of ohmic heating to increase the total content of naringenin compared to untreated samples [82].



Cappato et al. [89] mentioned that the use of a low-frequency for the electric field (10 Hz) led to the highest value of ascorbic acid deterioration and an increase in the color changes due to the electrochemical reactions, while the interactions at (100 Hz) became less. As a result, the use of high electric field frequencies did not affect the dissociation of ascorbic acid, indicating that the oxidation reaction in a molecule of ascorbic acid was not affected by rapid changes in the electric field values. Mercali et al. [90] used ohmic heating to produce tomato pulp powder. The study showed that the hydrophilic part was not significantly affected, while lycopene was positively affected with significantly increased antioxidant efficacy. This study demonstrated the importance of ohmic heating in maintaining appearance and nutritional value [90]. The effect of ohmic heating on bioactive compounds content, phenolic content, and antioxidant activity are shown in the Table 4.




10. Effect of Ohmic Heating on Inactivation of Enzymes in Food


Enzymes are proteins that spontaneously accelerate the chemical reactions and are considered a vital catalyst [98]. The presence of enzymes significantly reduces the shelf life of fruits and vegetable products [99]. Therefore, the enzymatic activity in foods must be controlled through the treatment stages in order to get rid of their harmful effects on the quality characteristics such as the production of unwanted flavors, changes in rheological properties, and color [34]. Therefore, electrical techniques were of great importance in treating and preserving food from structural and sensory changes, maintaining the properties of enzymes and the ability to control the treatment conditions accurately [100]. Several studies have examined the effect of electrical techniques on the inhibition of enzymes in food, to understand the mechanism. Han et al. [101] found there was a strong link between enzymatic activities and their 3-D structures. The functional moieties in the proteins, which linked to the charged separation would be dissociated by using electro-technological treatments. However, there is more to discover about the mechanism of electric technologies, regarding inactivation of enzymes [102]. A number of researchers mentioned that the electric and thermal energy applied in treating food individually or mutually, affects the enzymatic structure and changes its functions [101,103,104].



Saxena et al. [105] examined the effect of ohmic heating on the polyphenol oxidase in sugar cane juice at three levels of electric field (24, 32, and 48 V/cm) and four temperatures of (60–90 °C) with a time period 5–20 min. There was a 97.8% decrease in the enzyme activity at a temperature of 60–90 °C with an increase in the electric field. Ref. [106] studied the possibility of ohmic heating to prevent brown enzymatic discoloration on the quality of the water chestnut juice using different electric fields and frequencies. Ohmic heating can increase the effectiveness of the peroxidase enzyme and then the activity begins to decrease quickly. The higher the electrical conductivity, the greater the inhibition of the enzyme was observed.



Makroo et al. [107] found that the treatment of tomato juice using ohmic heating for 1 min at 90 °C was sufficient to inhibit the pectin enzyme methyl esterase and polygalacturonase, while conventional treatment at the same temperature required 5 min to obtain the same inhibition of enzymes. Li et al. [108] studied the effect of ohmic heating on the activity of the urease in soymilk at an electrical field of 160–220 V and a frequency of 10–10 kHz. The study showed that the electric field was able to inhibit the enzyme activity. Castro et al. [35] inhibited the enzymes polyphenoloxidase, galactosidase-ox, lipoxygenase, pectinase, and alkaline phosphatase by using ohmic heating and conventional method under the same conditions. Polyphenoloxidase and lipoxygenase significantly decreased the electric field, reducing the time required for inhibition. The results showed that the electric field was able to inhibit phosphatase, alkaline phosphatase, and galactosidase-β. While both polyphenoloxidase and lipoxygenase were affected significantly by using ohmic heating compared to the conventional method regarding the required time for inactivation [35].



Jakób et al. [109] used the ohmic heating at several temperatures to study its effect on inhibition and analysis of the kinetics parameters of alkaline phosphatase, pectin methylesterase and peroxidase in milk, fruit juices, and vegetables compared with the conventional method (indirect heating). The kinetics parameters were changed while inhibition mechanisms remained constant. The changes in the kinetics parameters were relatively few for pectin methylesterase and alkaline phosphatase, while significant changes and instability of peroxidase occurred due to the effect of ohmic heating on carrot juice [109]. Somavat [82] studied the effect of ohmic heating on the methyl esterase pectin (PME) and polyacaltokronase (PG) in fresh tomato juice at pH (3.9 and 4.4). The results observed a great variation in the inactivity of the pectin methyl esterase activity at pH 3.9 due to the interactions of enzymes with the electric field, while the PG enzyme showed the least variation with a higher rate of inhibition. The results also found that when pH increased to 4.4, PG was inhibited quickly using ohmic heating.




11. Future Trends


Ohmic heating is a highly energy efficient process and it has been reported to have many promising future applications in food and other industries. It can be used alone or in combination with other processing techniques. Ohmic heating has been evaluated in combination with other thermal techniques for its effectiveness. The combination of ohmic heating and infrared heating was more effective to reduce the mesophilic microflora in the meatball samples [108].



Ohmic heating application for sterilization and aseptic packaging holds key promising features in the future. Ohmic treatment may be successfully applied as an alternative method to conventional sterilization to maintain the nutritional quality of protein in vegetable baby foods [109].



Recent findings point out that whey protein networks can be modified by ohmic heating treatments and can be potentially used as a matrix for the incorporation of probiotic entities [110]. One of the novel future applications of ohmic heating is ohmic-assisted hydrodistillation (OAHD) based on volumetric heating for distillation of ethanol and essential oils, which is considered better than traditional distillation methods [111].



Pressure ohmic thermal sterilization (POTS) involves ohmic heating of foods by applying an electric field under elevated pressure. POTS treated carrot samples had better quality attributes than those processed using ohmic heating and pressure-assisted thermal processing [112,113].



The peeling of most of the vegetables in food industries relies on the usage of lye or steam peelings, which results in high pH waste and excessive water use. Wongsa-Ngasri and Sastry [114] found tomatoes treated ohmic heating in salt solution required reduced lye concentrations.



Researchers have developed novel electrically conductive food packages that can be used to heat the food and its package after packing to avoid post-process contamination and to serve consumer needs for convenience [115].



The non-food applications of ohmic treatment includes seawater desalination and waste treatment such as sterilization of animal wastes, heating of clay slip and other slurries, sewage sludge, and compost leachate by ohmic heating have important future uses in food and other industries [116].



Scale-up of ohmic heating is an important consideration for development and future use of this technology. It is generally envisaged that scale-up of ohmic heating does not have limitations present in other novel technologies like microwave or infrared heating. The generally uniform nature of the electricity generation results in uniform heating, which makes scale-up of the process easier [4]. Obviously, with an electrode based technology, electrochemical reactions and metal ion migration occurring at the interface of food and electrodes during heating treatment present problems such as fouling and electrode corrosion [90]. These reactions generally make the process establishment task more challenging, however, with proper controls and instrumentation, coupled with a good critical control plan and hazard analysis plans, make monitoring of larger-scale ohmic heating systems easier. Additionally, with scale-up, the cleaning and maintenance becomes easier. Thus, ohmic heating is becoming increasingly attractive for large-scale processing of viscous products with particulates such as thick soups, sauces, stews, salsas, milk, ice-cream mix, egg, whey, soymilk, and other heat-sensitive liquids with particulates [114].




12. Conclusions


Considerable potential has been demonstrated for using ohmic heating as a replacement to conventional heating methods for many food processing applications. The efficiency and uniform heating of ohmic heating are highly desirable. Ohmic heating should be evaluated as an option for food processes, such as pasteurization, roasting, boiling, cooking, drying, sterilization, peeling, microbiological inhibition, and recovery of polyphenol and antioxidants.



Most studies have used ohmic heating with success on a laboratory scale. On a similar scale, ohmic heating has potential as a residential appliance for preparing food that has the shorter time advantages of a microwave while improving food quality over a cooktop. Engineers can anticipate research and development of these variable frequency, variable voltage devices. Food scientists will work on optimizing frequency, voltage, and temperature to produce the highest quality of each food product with the optimum sensory perception. Microwave appliances typically offer single button controls for selected foods to control microwave cycling. Ohmic heating appliances can similarly have preprogrammed options for various foods that optimize frequency, voltage, temperature, and duration by the press of a single button.



Although the ohmic heating process has better retention of nutritional quality, high energy efficiency, etc., higher cost input limits its commercial use on a higher scale. The foods containing fats and oils cannot be processed with ohmic heating because of a lack of electrical conductivity. The deep knowledge of effects of electric field on mass transfer properties, cold spot determination, and overall process design is prerequisite to establish industrial processes. Thus, it can be deduced that ohmic heating has a prospective for becoming the most important food processing technology of the future.



Scaling of ohmic heating devices to replace large vats used in industry will require food science and engineering research to determine any size limitations of ohmic heating and apply new electrode designs and configurations. In the future, instead of a food processor purchasing a vat with a water jacket for heating, the vat may have built-in electrodes for ohmic heating.
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Figure 1. Search criteria and evolution of publications on ohmic heating from 1997–2021. 
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Figure 2. Factors and applications of ohmic heating in food processing. 
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Figure 3. Curves of ohmic heating on tomato samples using different voltage gradients (derived from Darvishi et al., 2012) [46]. 
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Table 1. Recent studies of ohmic heating applications.
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	Application
	Electrical Properties
	Temperature (°C)
	Time (min)
	Overall Outcomes
	References





	Pasteurized Lactose-Free Milk
	0.635–1.230 S/m
	25–65
	30
	There was no significant difference in protein content, total acidity, and specific weight between the treated milk samples
	[57]



	Tomato seed oil
	14–10 V/cm
	40–60
	5–15
	The type of oil was closed to the control sample and within the acceptable quality standards compared to conventional heating
	[58]



	Black raspberries
	23, 60, 125 V
	70–90
	0–90
	Anthocyanin degradation at low voltage while its degradation increased when applying high voltage
	[59]



	Soy milk

Peanut milk

Corn milk
	12 V/cm
	85 ± 3
	5
	A little effect on the yield and the content of lipoprotein in the membrane. Other changes such as color, dryness, and membrane thickness have been found with the ability to control the temperature and distribute it homogeneously
	[60]



	Cocoa fermentation
	5, 97 V/cm
	40, 45, 50
	9.3, 13, 17
	The fermentation temperature was rapidly reached compared to conventional heating which required 8–12 h.
	[61]



	Aloe vera juice
	0.15, 0.25, 0.5 V
	24–25,

19–20 and 21
	3, 5, 10
	Inactivate enzymes and reduce turbidity in aloe juice, thereby maintaining juice quality during storage for 60 days.
	[62]



	Mulberry juice
	0.014–0.039 S/m
	80–90
	90
	The linear rate of heating and electrical conductivity increased with increasing temperature, and the degradation and deterioration of anthocyanins increased with increasing temperature
	[63]



	Smoked fish Pâté
	5 V/cm
	78
	8.28
	A higher amount of volatile nitrogen during the storage period, the lower the TBA and PH values, the results were within the permissible limits. Less processing time and less energy consumption compared to conventional heating
	[64]



	Lactoglobulin proteins
	4 V/cm
	72.5

90

65
	15

1 s

30
	Reducing the allergenic potential of β-LG based products.
	[28]



	Minas Frescal cheese
	4–12 V/cm
	72–75
	15 s
	Improving the sensory characteristics of the cheese of the product, in addition to increasing the proportion of active compounds
	[65]
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Table 2. Effects of ohmic heating on some types of foods.
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	Foods
	Electrical Properties
	Effect of Ohmic Heating
	References





	Milk
	0.39 S/m
	Inhibition of aerobic and thermophilic bacteria, there was no difference in the degrees of protein denaturation. A deadly thermal effect for microorganisms and another non-thermal effect due to the electric current. Very effective for milk pasteurization without the additional degradation of protein.
	[70]



	Fresh solid food (potatoes, carrots, and apples)
	1100 V/m; 2200 V/m; 3300 V/m).
	A significant of ohmic heating on the texture of solid food. The hardness of the samples decreased with the treatment time and resulted in structural damage, even though the food material used in the study had a low electrical conductivity.
	[71]



	Meat and its production
	0.8 S/m and 1.6 S/m
	The quantity of the product is higher while maintaining the sensory quality and improving the color compared to the traditional method, preventing the growth of microbes effectively. Temperature of 100 °C was able to cause the toxic changes in meat and meat products due to direct contact with electrodes and meat products.
	[72]



	Colored potato
	15 V/cm and 30 V/cm
	Extraction of anthocyanins and phenolic compounds in large quantities, treatment time and energy consumption were low.
	[30]



	Sesame oil
	600, 750 and

900 V/m
	The oil extraction rate was higher than mechanical recovery. Free fatty acids (oleic acid) and peroxide value were within acceptable limits.
	[73]



	Mango juice
	40 V/cm, 80 °C and holding time for 60 s
	Polyphenol oxidase inhibition 96%, pectin methyl esterase 90%, decrease in the value of ascorbic acid (11.3%), total phenol content 8% higher compared to conventional heating and improve the functional properties of juice.
	[74]



	Corn flour
	120 V, 60 Hz.
	Maintaining the insoluble fiber content, the percentage of soluble fibers increased by 65%, maintaining the composition of both phenols and antioxidants, greatly reducing water loss.
	[75]



	Polyphenolic extracts from vine pruning residue
	496.0–840.0 V/cm
	An increase in the concentration of phenolic compounds, antioxidant activity, antimicrobial activity, and inhibitory activity of cancer cell growth. The extracts had advantages in the food, pharmaceutical, or cosmetic industries compared to other extraction methods in which toxic solvents should be removed.
	[31]



	Pasteurized orange juice
	32–36 V/cm, 60–90 °C, holding times 0–200 s
	The pectin esterase inhibition was higher compared to the conventional method.
	[7]
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Table 3. Studies of ohmic heating effects on inactivation of microorganisms.
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	Food Matrix
	Microorganisms
	Treatment Conditions
	Inactivation Effects
	References





	Orange juice
	Bacteria, yeasts, molds
	50 Hz; 90, 120, 150 °C; 1.13, 0.85, 0.68 s
	Complete inactivation of

bacteria, yeasts, and

molds
	[18]



	Cloudberry jam
	Bacillus licheniformis
	50 Hz
	D-values lower for OH than for thermal treatments; z-values 11.4 and 11.1 °C
	[73]



	Milk
	Viable aerobes
	20 kHz; current varied from 7.3 to 2.0 A (voltage from 70 to 12 V) during the heating and holding phases, respectively
	D-values for ohmic samples (8.64, 6.18, 0.38 min) were lower than those for conventional water bath samples
	[70]



	Meat
	Listeria innocua
	50 Hz, 8.33 V/cm, 95 °C, 7 min
	Bacteria inactivated to non-detectable
	[81]



	Tomato soup
	Geobacillus stearothermophilus spores
	60 Hz and 10 kHz; 0, 15, 60,120 s for 121°C; 0, 15, 30, and 90 s for 125 °C; 0, 5, 10, 30 s for 130 °C
	More than 5-log reduction in Geobacillus stearothermophilus spores
	[82]



	Tomato juice
	E. coli O157:H7,

Salmonella

Typhimurium,

Listeria

monocytogenes
	60 Hz; 90 s; 20 V/cm60 Hz; 180 s; 15 V/cm 60 Hz; 480 s; 10 V/cm
	5-log reduction in all bacteria
	[83]



	Tomato juice
	Salmonella Typhimurium Listeria

monocytogenes
	25–40 V/cm, 76 °C, for 30 s
	5-log reduction in bacteria population
	[84]



	Beef meatballs
	Molds, yeasts,

Staphylococcus

aureus, L.

monocytogenes
	50 Hz; 15.26 V/cm; 758 °C; 0 s holding
	Molds, yeasts reduced significantly

S. aureus eliminated

completely; L.

monocytogenes cells

not inactivated efficiently
	[85]



	Buffalo milk
	Total visible colonies, yeasts, and molds, E. coli, Salmonella
	72 °C, frequency in range of 0–200 Hz current in range of 0–200 amperes voltage in range of 0–220 volts
	Larger reductions of total visible colonies yeasts and molds, E. coli, and coliforms, Salmonella were completely killed
	[86]



	Tomato paste
	E. coli O157:H7

Salmonella Typhimurium

L.monocytogenes
	8.3–27.8 V/cm, 67–80 °C, for 60 s
	3-log reduction in E. coli O157:H7 Salmonella population, 3-log reduction in T. L. monocytogenes
	[25]



	Apple juice
	Alicyclobacillus acidoterrestris Spores
	25 kHz; 26.7 V/cm; 100 °C; 30 s
	Total inactivation
	[26]



	Concentrated Tomato juice
	S. Typhimurium

L.monocytogenes
	13.4 V/cm, 60–63°C, for 190–250 s
	5-log reduction in bacteria population
	[17]
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Table 4. The effects of ohmic heating on bioactive compounds content, phenolic content, and antioxidant activity.
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	Foods
	Condition
	Effects On Bioactive Compounds Content, Phenolic Content, and Antioxidant Activity
	References





	Chinese Chives
	11.5 V/cm,100 °C and followed by 5.3 V/cm, 45 min
	Reduced extraction time from 3 h to 45 min (75% reduction) compared to Hydrodistillation method. In addition, there was no significant difference in antioxidant activities of the extracts compared to Hydrodistillation method.
	[91]



	Blue-berry flavored dairy desserts
	(1.82, 3.64, 5.45, 7.30, 9.1)V/cm, 90 °C, 3 min
	1.82 V/cm of electrical field intensity contributed to better preservation of bioactive compounds (phenolic compounds, anthocyanins) and increased antioxidant ability.
	[92]



	Black rice bran
	50, 100, 150, and 200 V/cm,105 °C, 3 min
	A higher yield of bioactive and anthocyanin contents using ohmic heating compared to the steam-assisted solvent extraction methods.
	[93]



	Banana pulp
	13.33, 20 and 26.66 V/cm, 100 °C, 210 s
	A decrease in ascorbic acid content was observed with an increase in voltage gradient.
	[94]



	Aloe vera gel juice
	30, 35, 45 and 55 V/cm at 60 Hz, 20 to 85 °C
	Vitamin C was decreasd during ohmic heating more compared to conventional heating, while total phenolic content was increased more significantly compared to conventional pasteurization.
	[95]



	Tomato by-products
	4, 6 and 11 V/cm,

0–100 °C for 30 min
	An improvement in the process of extracting polyphenols using ohmic heating by 77% compared to the control sample treated by the conventional method, extracting lycopene by 4.93 g/g FWfrom the byproducts of tomato without using organic solvents
	[33]



	Acerola pulp
	30 V, 60 Hz; 80, 85, 90, and 95 °C for 60 min, under oxygen atmosphere
	The electric field did not affect the degradation rates of both ascorbic acid and carotenoid during ohmic heating. The results also reported high rate of both ascorbic acid and carotenoid degradation when the initial oxygen concentration is
	[96]



	Apple juice
	30, 35 and 40 V/cm, 60 Hz frequency; 60, 70 and 80 °C
	The total extracted phenolic content was increased by 5.4% with ohmic heating and 2.5% with conventional method compared to fresh apple juice. The loss of ascorbic acid and carotenoids contents of ohmic treated sample was less than the conventional treated sample.
	[97]
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