Abstract
Drying processes are vital for preserving agricultural and food products, extending their shelf life by reducing moisture content and inhibiting spoilage. Infrared (IR) technology has emerged as a promising method for producing high-quality dried foodstuffs. Key advantages of IR drying include significantly decreased drying time, high energy efficiency, and superior product quality compared to conventional methods. It also offers uniform heating, versatility, and easy control. IR drying is applied either alone or in combination with other methods such as hot air, microwave, vacuum, and vibration, for a wide range of products including fruits, vegetables, and grains. Research efforts are actively focused on modeling drying kinetics and optimizing IR drying processes to enhance efficiency and product quality.
1. Introduction
Drying is a fundamental and energy-intensive unit operation across various sectors. It involves the thermal removal of moisture from wet solids by evaporating liquid into a gas phase, typically air. This process is crucial for preserving agricultural products, food items, and pharmaceutical materials, extending their shelf life, facilitating storage and transportation by reducing weight and volume, and ensuring product quality and stability.
However, traditional drying methods, such as hot air drying, often present significant limitations. These include low thermal efficiency, high energy consumption, dust pollution, and long drying times, which can lead to undesirable changes in the final product's quality, such as browning, case hardening, and degradation of nutritional or active compounds. To address these drawbacks, Infrared (IR) drying has emerged as an advanced, energy-efficient, and effective alternative.
This review paper aims to evaluate existing knowledge in the field of IR heating, provide insights into the relationship between product properties and engineering processes, and present an up-to-date view on further research opportunities in IR drying applications. It will focus on the fundamentals of IR heating, the characteristics of different IR wavelengths, and how various materials respond to IR drying, highlighting its advantages over conventional methods.
2. Fundamentals of Infrared Drying
2.1 Principles of Infrared Radiation and Drying
Infrared (IR) energy is a form of electromagnetic radiation that is transmitted as a wave. It occupies the region of the electromagnetic spectrum between visible light (0.38-0.78 µm) and microwaves (1-1000 µm), with a general wavelength range from 0.78 to 1000 µm.
The fundamental mechanism of heat transfer in IR drying is distinct from conventional methods like convection. IR radiation energy is transferred directly from the heating element to the product surface, penetrating the material and converting into sensible heat without heating the surrounding air. This direct absorption results in rapid and uniform heating of the material, which can reduce the moisture gradient within the kernels during drying. This contrasts with convective drying, where heat is primarily transferred from hot air to the product surface, relying on conduction for heat transfer to the core, which can lead to case hardening and hinder mass transfer.
When IR energy interacts with moist materials, water significantly absorbs IR radiation, particularly at wavelengths near 3 and 6 µm, and also in the 3–15 µm range. Organic materials and other food constituents also absorb IR. The depth of penetration of IR radiation depends on the properties of the material being dried and the specific wavelength of the radiation.
2.2 Infrared Wavelengths and Their Characteristics
Infrared radiation is commonly classified into three categories based on its wavelength:
· Near-infrared (NIR): 0.75 to 1.4 µm.
· Mid-infrared (MIR): 1.4 to 3 µm.
· Far-infrared (FIR): 3 to 1000 µm.
Each range has distinct properties and applications:
· NIR, with its shorter wavelengths, is associated with greater penetration capacity and is generally more efficient for drying thicker bodies.
· FIR, conversely, with longer wavelengths, tends to be absorbed more on the surface of materials, making it more efficient for drying thin layers. FIR radiation is broadly considered advantageous for food processing because most food components effectively absorb radiant energy in this region. MIR also finds application in various dryers, typically ranging from 1.4 to 3 µm.
The penetration depth of IR radiation varies depending on the material's composition (e.g., moisture content) and the wavelength of the IR. For opaque materials, IR radiation primarily causes superficial heating, with heat then transmitted by conduction. However, for moist, porous materials, radiation can penetrate to some depth. For small grains, near-infrared radiation is completely absorbed within approximately 1-2 mm from the surface, causing rapid internal heating and moisture transfer. Studies comparing IR wavelengths for drying applications suggest that matching the emitter's peak output spectrum with the material's peak absorption spectrum is crucial for efficiency.
3. Materials and Their Response to Infrared Drying
Infrared drying has been successfully applied to a diverse range of food and agricultural products, often demonstrating superior performance compared to conventional methods. The response of materials to IR drying varies based on their properties and the specific IR wavelength or drying combination used.
Materials that have shown positive results with IR drying include:
· Grains: 
· Rough rice/Paddy: Studies have investigated the moisture diffusivity of rough rice under IR heating, finding it significantly affected by rice temperature and tempering. High heating rates and moisture diffusivity were achieved, reflecting a high drying rate compared to convective drying. IR drying of paddy, particularly with graphene far-infrared drying equipment, has shown high moisture diffusion coefficients and thermal efficiency, reducing drying time with increased IR temperatures and grain flow. Vibration-aided IR drying has been used for high-moisture paddy to ensure uniform and quick drying. Combined IR and hot air drying for paddy also improves quality attributes.
· Barley: IR and combined FIR-convection drying have been successfully applied to barley, with significant energy savings.
· Soybean: Combined near-infrared radiation and fluidized-bed drying reduced cracking and breakage of soybean grains while maintaining physical quality and protein solubility.
· Instant germinated brown rice: Combined far-infrared radiation and air convection drying enhanced drying rates, reduced drying time and energy consumption, and improved rehydration and softness.
· Fruits: 
· Apple slices: IR drying has proven to be an effective and much faster method of water removal than convective drying, with quality attributes like color, crispness, and hardness primarily related to the final material temperature.
· Banana slices: Combined low-pressure superheated steam and far-infrared radiation, or vacuum infrared, significantly reduced drying time and improved crispness.
· Blueberries: Catalytic IR drying evaluated for characteristics and quality of fresh and sugar-infused blueberries.
· Citrus press-cakes: FIR drying was effective and economical, significantly reducing drying times while maintaining antioxidant activities.
· Longan: Combined IR and hot air drying reduced energy consumption and drying time, increasing mass transfer coefficients and creating a more porous structure.
· Murta berries: Combined IR-convective drying showed higher drying rates and shorter drying times than hot air drying alone.
· Peach: Successfully dried by application of IR and combined IR-assisted convection.
· Pineapple: Effect of osmotic pretreatment and IR radiation on drying rate and color change.
· Raspberry: Infrared radiation and microwave vacuum combined drying showed positive kinetics and quality outcomes.
· Sweet potato: FIR-assisted freeze drying could produce crispy products.
· Kelp: IR radiation dried kelp with reduced drying time and improved quality characteristics like rehydration ratio and color.
· Vegetables: 
· Carrots: IR drying increased drying rate with temperature, and combined IR and hot air dryers showed higher drying rates, shorter drying times, and greater effective diffusivity.
· Garlic slices: Continuous IR hot air drying achieved maximum effective moisture diffusivity and minimum drying time, with increased color change and rehydration ratio, but decreased flavor strength and allicin content with higher IR and air temperature.
· Onion slices: IR drying dramatically reduced drying time with increased IR power, and IR-convective conditions resulted in better rehydration ratios.
· Cissus quadrangularis Linn. (CQ): VC-VIR drying provided the highest drying rate, while VIR drying produced the greatest total phenolic and quercetin content with low energy consumption.
· Welsh onion: Combined far-infrared and vacuum drying considerably shortened drying time, with radiation intensity influencing drying rate and product quality.
· Stem lettuce slices: IR drying reduced drying time significantly compared to hot air drying, and hybrid methods improved product quality.
· Other agricultural and food products: 
· Cashew kernel: Infrared oven drying at product temperatures of 100-120°C showed good absorption and penetration, with effective diffusion coefficients being estimated.
· Herbs (e.g., Aquilaria subintegra leaves, basil spice powder, bee pollen, loquat flower tea): Vacuum far-infrared drying improved water removal and active compound retention.
· Wet olive husk: Mathematical modeling of thin-layer IR drying of wet olive husk was performed.
· Organic pigments: Combinatorial IR-convective drying reduced drying time without compromising pigment quality.
· Paper: IR radiation heating/drying is widely used, particularly gas-fired IR heaters, which emit in the medium wavelength range, well absorbed by moist paper.
· Shredded squid: IR radiations were found effective in drying, resulting in less drying shrinkage, brighter color, and better rehydration capacity.
This response will discuss traditional fluidized bed drying, infrared-assisted fluidized bed dryers, the advantages and characteristics of infrared drying for food, and various comparative studies and hybrid drying systems, drawing from the provided sources.
Traditional Fluidized Bed Drying (FBD) and its General Applications
Traditional Fluidized Bed Dryers (FBDs) are extensively used for drying wet particulate and granular materials, and can even fluidize slurries, pastes, and suspensions in beds of inert solids. In this technique, air is blown at high speed to suspend the drying material, causing drying to occur in a fluidized state. This creates a large contact surface area between the solid and the gas, facilitating rapid heat and moisture transfer.
Advantages of FBDs include:
· High heat and mass transfer rates due to good contact between particles and drying gas.
· Uniform temperature and bulk moisture content of particles due to intensive mixing.
· Reduced drying time without significantly damaging heat-sensitive materials, as it prevents overheating.
· Easy material transport and handling.
· Close controllable temperature.
· High drying capacity.
· Simplicity in construction and low maintenance costs.
Disadvantages include high energy consumption, especially due to the high latent heat of vaporisation and the energy required to fluidize particles. The process can also be slow during the falling rate period.
FBDs are commonly applied in the pharmaceutical and food industries. They have been successfully used to dry various agricultural products of different particle sizes, including:
· Cereal grains like wheat, corn, and rice (paddy, germinated brown rice).
· Vegetables such as carrot, celery, mango, kiwifruit, button mushrooms, green peas, and paprika.
· Other materials like lentil seeds, soybean, terebinth, squash seeds, turnip seeds, hazelnut kernel, and industrial products such as agrochemicals, detergents, fertilizers, polymers, and pigments.
Materials Dried in IR Fluidized Bed Dryers (IR FBD)
IR-assisted fluidized bed dryers combine the advantages of both infrared heating and fluidization, providing efficient drying. Specific materials effectively dried using IR-assisted FBDs include:
· Bee pollen: The IR-assisted FBD system provided a saving of 52% in specific energy consumption for bee pollen drying, and the hybrid technique was more efficient without significant colour changes. Mixing from fluidization promotes homogeneous exposure to IR radiation, leading to a higher processing capacity.
· Carrot cubes: Studies on carrot cubes in IR FBDs showed that an increase in air temperature and infrared power improved drying rate, while an increase in air velocity could also enhance moisture removal. Alizehi et al. (2020) observed that the synergistic effect of IRD and SBD made the drying efficiency and quality of IRSBD (Infrared-Assisted Spouted Bed Drying) for carrot cubes better than pure SBD.
· Paddy: The use of infrared fluidized bed dryers has been found to be a better option compared to warm air FBDs for paddy, with optimized conditions leading to improved milling characteristics. The highest moisture diffusivity was achieved in the shortest possible time, and tempering after IR drying further improved moisture removal during cooling. Combined IR and fluidized-bed drying could also reduce cracked and fractured soybean grains. A solar-assisted FBD with an IR lamp for paddy drying, though not significantly affecting the dehydration rate, increased the solar energy fraction.
· Soybean grains: Combined near-infrared radiation and fluidized-bed drying has been used for soybean grains, which helps in reducing cracking and breakage.
Infrared Drying of Food Material: Advantages & Characteristics
Infrared (IR) radiation drying is a method fundamentally different from convection drying, as the material is dried directly by absorbing IR radiation rather than transferring heat from the surrounding air. IR energy is transferred from the heating element to the product surface without heating the surrounding air, penetrating the material and converting into sensible heat
Here is a comprehensive response discussing various aspects of Infrared (IR) drying, its impact on product quality, modelling, design considerations, a literature review summary, research gaps, practical applications, and concluding remarks, drawing from the provided sources.
IR-Assisted Hybrid Drying Systems
IR-Assisted Freeze Dryers (22.5) Freeze-drying is a technique commonly used in the pharmaceutical, fine chemical, biotechnology, and food industries to dehydrate materials susceptible to degradation during high-temperature drying. Properly freeze-dried products can retain their aroma, texture, structural integrity, and flavour and can be preserved for long periods without refrigeration. However, conventional freeze drying, which relies on conductive or radiant heating, requires a long processing time, significantly increasing operational costs.
The application of infrared radiation (IR) in freeze-drying can appreciably lower the drying time. When IR energy is applied to foodstuffs, the radiation penetrates the exposed food surfaces and propagates into the material, creating molecular vibration and providing thermal energy with relatively lower energy losses compared to other heat sources. This method can enhance drying efficiency, shorten drying time, and improve product quality in vacuum freeze-drying operations. For example, studies have shown that IR-assisted freeze-drying was successfully applied to tiger prawn, with optimal conditions determined for sample thickness, distance from the IR heater, IR temperature, and freeze-drying time. A novel infrared freeze-drying (IRFD) technology has been shown to lower energy consumption and keep the quality of Cordyceps militaris. IR heating in microwave oven/dryer was also used to obtain desired product characteristics such as browning and crisping in baking of cakes, improving quality compared to microwave alone.
Low Pressure Superheated Steam Dryers (22.6) A novel drying technology combining low-pressure superheated steam drying (LPSSD) with far-infrared radiation (FIR) has been proposed for heat-sensitive products. This combined LPSSD-FIR system was studied for banana, investigating the effects of operating parameters on drying kinetics and dried product quality, including colour, shrinkage, rehydration behaviour, microstructure, and texture. While LPSSD is known to produce high-quality dried products, it is a rather slow process. FIR is a suitable alternative to accelerate this drying, as it generates energy absorbed directly by the product without environmental loss. Studies showed that drying time could be considerably reduced with FIR. A comparative study found that LPSSD-FIR generally took longer drying time than a combined FIR and vacuum drying (VACUUM-FIR) system, except at the highest temperature (90°C), where LPSSD-FIR was shortest but resulted in darker colour. X-ray microtomography revealed that FIR and higher drying temperature increased total porosity and shifted pore size towards larger sizes in banana, impacting quality.
Intermittent IR Drying (23)
Intermittent drying involves alternating between active and passive drying periods by periodically changing operational conditions, such as temperature, air flow, energy input sources (convection, conduction, radiation, microwave), or operating pressure. This approach can provide better quality products by minimising degradation and can lead to shorter effective drying times. Intermittent drying incorporates tempering periods between active drying stages, which helps to decrease moisture gradients that cause tensile stress on the surface and compressive stress in the interior of the grain, resulting in a product with better quality.
Intermittent irradiation methods are particularly suited for drying food products thicker than the penetration depth of IR radiation. The energy input can be programmed, providing more energy in the first stage of drying (when moisture content is high) and shorter irradiation periods alternating with sufficiently long pauses to allow moisture to transfer from the interior to the surface. This helps to control the surface temperature, preventing overtreatment and retaining food properties. Studies on osmotically treated samples of potato and pineapple showed that intermittent IR drying led to less colour change compared to continuous convective drying. For apple slices, the effect of processing parameters under simultaneous infrared dry-blanching and dehydration with intermittent heating has been investigated. It has been suggested that IR should be applied in the first stage of drying (preheating, constant rate period) when a film of water is present on the sample surface. Prolonged use of IR in the falling rate period could deteriorate product quality.
IR-Assisted Vibration Mode of Drying (25)
IR heating is attractive for surface heating applications, but its effectiveness can be limited when using increased grain bed depths, leading to wide variations in moisture content and potential fissuring. This limitation can be overcome by vibrating the product to produce thorough mixing. This ensures that each grain uniformly receives IR radiation, allowing for faster and more uniform drying.
A batch-type vibration-aided infrared dryer was developed and studied for drying characteristics of high-moisture paddy. This method provides uniform but quick drying by exposing every grain uniformly to the IR source. Studies on paddy drying using a vibrating platform coupled with an IR heating source showed favourable results for thin-layer and single kernel layers of rough rice. The effective moisture diffusivity of paddy grains during drying under this mode has been evaluated. Vibration-aided IR drying also showed no significant effect of material bed depth on the drying rate when drying paddy. It has been proven that IR radiation is very beneficial in vibrated mode-IR drying for grains.
Impact of IR Drying on Product Quality (18, 19)
IR drying significantly impacts various quality parameters of dried products. Generally, it is reported that IR-assisted drying results in higher product quality. This is due to its ability to achieve uniform temperature distribution within the product and rapid heating.
Key Quality Attributes and Effects:
· Colour: Changes in colour are a critical quality attribute. IR drying can lead to better product colour (e.g., whiter and less yellow for onion at lower temperatures), but higher surface heat flux can cause browning. For apple slices, changes in chromaticity coefficients are not dependent on the heat supply mode but related to the final material temperature. Luminance is also affected by temperature. For some products, like Aquilaria subintegra leaves, vacuum far-infrared drying affects colour change. Studies on Murta berries showed that IR drying could enhance the retention of active content like phenolic compounds. In sweet potatoes, IR-assisted hot-air drying resulted in lower degradation of colour.
· Flavour and Nutritional Content: IR drying can help to preserve vitamins and decrease the chance of flavour loss. It also showed enhanced retention of nutrients for certain products. For garlic slices, higher IR and air temperature generally decreased flavour strength and allicin content, while high air velocity and low temperature/IR achieved the highest flavour content. For Aquilaria subintegra leaves, far-infrared drying affected element content and antioxidant activity. IR has been shown to cleave covalent bonds and liberate antioxidant compounds such as flavonoids, carotene, tannin, ascorbate, flavoprotein, and polyphenols in repeating polymers.
· Rehydration Capacity: Properly freeze-dried products (often with IR assistance) can retain their rehydration ratio. For instant germinated brown rice, increasing far-infrared intensity increased rehydration. Dried squids processed with IR showed better rehydration capacity than conventionally hot air-dried products. The ability of dried apple slices to adsorb water is primarily related to the final material temperature, not the heat supply method.
· Texture: Increased far-infrared intensity in drying instant germinated brown rice decreased hardness, chewiness, and gumminess. For banana slices, IR combined with low-pressure superheated steam improved crispness. High drying rates can damage tissue, making the material fragile and reducing the work of disintegration.
· Microbial Load: Catalytic IR drying significantly lowered yeast and mold counts in onions compared to forced air convection drying. IR heating was found to kill microorganisms on the surface of carrots and strawberries and can be used to pasteurise pathogens.
· Shrinkage and Structural Integrity: IR drying can help prevent shrinkage of the tissue structure. For potato chips, IR-assisted air jet impingement drying resulted in less shrinkage. Combined FIR and vacuum drying, as well as LPSSD-FIR, can modify the structure of dried bananas by increasing their final porosity. The microstructure of convective and IR-dried apples differed, with drying rate possibly responsible for these differences. Apple slices dried by microwave combined with IR showed lower shrinkage, volume, and density, and higher porosity than those dried conventionally.
· Cracking and Breakage: Combined near-infrared radiation and fluidized-bed drying could reduce cracking and breakage of soybean grains. In IR fluidized bed drying of paddy, heat is generated within the rice grain, concentrating in areas with more moisture and increasing steam pressure, which pushes moisture to the outer layer, alleviating surface drying problems that cause cracking. This results in less cracked and fractured grains compared to warm air FBD.
Modeling of Infrared Drying (13, 14, 15)
Importance of Mathematical Modelling: Mathematical modelling is crucial for designing and investigating heat and mass transfer processes in dryers. It allows for the prediction of dryer performance under various environmental conditions without the need for extensive physical experiments, and product moisture can be set as an initial condition. This helps in optimizing process conditions, reducing energy usage, and maintaining stable product quality. Accurate models are vital for equipment and process design, quality control, energy and fuel management, and choosing appropriate storage and handling practices.
Mass and Heat Transfer Equations: During drying, simultaneous heat and mass transfer occurs between the wet material and the drying gas. In IR drying, energy is transferred from the heating element to the product surface, penetrating it and converting into sensible heat. This penetration can provide more uniform heating and reduce the moisture gradient in products like rice kernels. The process involves the absorption of IR radiation by water molecules within the drying sample, which is very effective in terms of drying rate. The interaction of IR radiation with foodstuffs involves its absorption and conversion into sensible heat, affecting the physical state, moisture content, and sample thickness.
Mathematical Formulation (Different Mathematical Models): Numerous empirical and semi-empirical models have been proposed to describe the drying behaviour of agricultural products, often used for thin-layer drying. These models, such as the Midilli model, Page model, and diffusion models, have been successfully applied to predict drying kinetics. While these simpler models are computationally easy and provide quick results, their parameters strongly depend on operating variables, dryer type, and isothermal conditions.
More complex coupled heat and mass transfer models are also developed to describe IR heating. For example, studies have used models based on Fick's law of diffusion to describe moisture diffusivity in rough rice and potato slices under IR heating. These models consider internal resistance to moisture transport and are particularly relevant during the falling rate period. Predictive modelling approaches that couple infrared penetration, dimensional change, heat and mass transfer, and quality characteristics with enzyme inactivation are also being developed.
Artificial Neural Networks (ANNs) are also gaining popularity for modelling complex, non-linear drying processes due to their high learning ability and capability of identifying intricate relationships. ANNs can effectively predict drying kinetics and energy efficiency, and are useful for automatic control systems.
Design Considerations for Infrared Dryers (28)
Designing efficient IR drying systems involves several key parameters and considerations:
· IR Source Selection: IR radiation is classified into near-infrared (NIR, 0.75-1.4 µm), mid-infrared (MIR, 1.4-3 µm), and far-infrared (FIR, 3-1000 µm). FIR is often advantageous for food processing because most food components absorb radiative energy in this region. However, the choice depends on the material thickness: FIR is more efficient for thin layers, while NIR is better for thicker materials. The heater surface temperature and its emissivity are crucial for matching the peak output of the IR heater emission spectrum with the material's absorption spectrum. Ceramic heaters are common, emitting in the 4-50 µm range.
· Emitter-Material Distance: The distance between the heating source and the drying material significantly influences drying efficiency.
· Material Handling and Bed Depth: Since IR does not penetrate deeply into materials and is considered primarily for surface heating, mechanical systems like vibration are useful to ensure uniform irradiation. This is particularly important for deep beds of grains, where a vibrated system can prevent moisture content variations and fissuring. Fluidized beds, which promote intense mixing, are also excellent for uniform exposure to IR.
· Ventilation and Airflow: While IR drying directly heats the product, integrating it with hot air (convective) drying is common. This combined approach can accelerate heat and mass transfer, shorten drying time, and improve energy efficiency. Air velocity also impacts drying rate and energy consumption, and should be adjusted carefully to ensure better results and avoid cooling the surface too much.
· Process Control: IR drying offers a high degree of process control. The radiative flux can be maintained constant, turned ON/OFF (intermittent), or varied over time, providing precise control over product characteristics.
· Energy Efficiency: A proper design of radiative drying equipment can achieve high energy savings by adjusting heat flow according to the drying dynamics of each food product. IR radiation is more energy-efficient than typical electric IR emitters when converting natural gas to radiant energy.
· Equipment Compactness and Simplicity: IR dryers are noted for their compactness and simplicity in construction. They can be easily integrated into existing convective dryers.
Literature Review Summary (10)
Over the last few decades, significant research has focused on IR drying, particularly for food products and agricultural materials. Key Findings and Trends:
· High Efficiency and Energy Saving: IR drying is consistently highlighted as a high-efficiency, energy-saving technology. It is reported that IR can save energy by directly heating the product without heating the surrounding air, reducing heat loss.
· Reduced Drying Time: A consistent finding is the significant reduction in drying time compared to conventional methods. This is attributed to high heating rates and effective moisture removal.
· Improved Product Quality: IR drying often leads to better final product quality, including improved colour, reduced shrinkage, enhanced rehydration, and better retention of nutrients and active compounds.
· Hybrid Systems are Promising: The combination of IR heating with other drying methods (convection, fluidized bed, microwave, vacuum) is a major trend. These hybrid systems are found to be more efficient, accelerate drying, improve product quality, and offer synergistic benefits by overcoming individual limitations.
· Applications Across Industries: IR drying is applied to a wide range of agricultural and food products, including fruits (apples, bananas, berries, mango, kiwifruit), vegetables (carrots, celery, onions, potatoes, garlic, sweet potatoes, mushrooms), grains (rice/paddy, barley, corn, soybean), and other materials like bee pollen and herbs. Its use in industrial drying has become widespread.
· Mathematical Modelling: Extensive work has been done on mathematical models (empirical, semi-empirical, theoretical, ANN) to describe and optimize IR drying kinetics, heat and mass transfer, and predict product quality.
· Surface vs. Volumetric Heating: IR is generally seen as a surface heating method for thin layers, but can achieve some penetration and volumetric heating in moist porous materials. This is distinct from microwave heating, which is volumetric. Vibration and fluidization are used to address penetration limitations for thicker beds.
Area of Work and Research Gaps (11)
Despite the advancements, several areas require further investigation:
· Total Radiative Properties of Foodstuffs: More detailed research is needed on the total radiative properties of foodstuffs, including how they are influenced by physical state, moisture content, and sample thickness under industrial IR radiators.
· Heat and Mass Transport Processes: Further study is required on heat and mass transport processes during radiative drying of foodstuffs to enable comprehensive process analysis and optimization. Understanding the interplay between surface heating and internal moisture movement (Darcy's flow vs. diffusion) is critical.
· Predictive Modelling: While models exist, further development of predictive modelling approaches is needed, especially for coupling infrared penetration, dimensional change, heat and mass transfer, and quality characteristics with enzyme inactivation. ANNs can improve prediction accuracy and real-time monitoring.
· Optimal Process Parameters and Control Strategies: Continuing efforts to optimize process parameters (temperature, irradiation distance, exposure time, air velocity, IR power) for specific materials is ongoing. Advanced process control strategies, such as model predictive control (MPC), are instructional for intermittent drying processes and can determine optimal conditions.
· Long-Term Quality Aspects: While short-term quality improvements are noted, more research is needed on the long-term stability and quality retention of IR-dried products.
· Industrial Scale-Up and Economic Feasibility: Most IR drying research is limited to laboratory or pilot scale. There is a significant gap in reports on prototype development and scale-up, and comprehensive energy and economic analyses on a large industrial scale are scarce.
· Selective Heating and Uniformity: Further understanding is required on selective heating by IR radiation, the distribution of IR radiation and its absorption by the material, and how dryer chamber design (colour, size of valves) influences uniformity, energy consumption, and quality.
· Novel Combinations: Continued exploration of new hybrid drying combinations and their synergistic effects is needed.
Practical Applications (12)
IR drying and hybrid systems have various real-world applications across different industries, particularly in food and agriculture:
· Food Processing and Preservation: 
· Drying Fruits and Vegetables: Widely used for apple slices, carrot cubes, sweet potato slices, onions, grapes, kiwifruit, and other fruits and vegetables, offering benefits like improved colour, rehydration, and nutrient retention.
· Grain Drying: Applied to rough rice/paddy, barley, corn, and soybean, improving milling characteristics, reducing cracking, and enhancing storage quality.
· Snack Foods: Production of healthy snack foods like potato chips with lower oil content, less shrinkage, lower hardness, and less colour deterioration using IR-assisted air jet impingement drying. Also, for probiotics enriched fruit and vegetable snacks.
· Meat and Seafood: IR-assisted freeze-drying of tiger prawn for quality assessment. IR is also used for surface pasteurization of turkey frankfurters and cooking/roasting of meat products.
· Baking and Roasting: IR heating is used in baking, roasting (e.g., hazelnuts), and thermal treatments (blanching, pasteurisation, smoking) of foodstuffs.
· Other Industrial Applications: 
· Paper and Textile Industry: IR heating is very common in the paper industry for drying and correcting moisture profiles in paper and board, offering non-contact heating. It is also used in textile and painting industries.
· Pharmaceuticals: Fluidized bed drying with NIR spectroscopy is used for moisture content monitoring and endpoint determination of pharmaceutical granular materials. Granulation and subsequent drying in pharmaceutical manufacturing also utilise FBD, with NIR aiding quality control.
· Agrochemicals, Detergents, Fertilizers, Polymers, Pigments: FBDs are generally applied to these industrial products. IR is also used for drying organic pigments.
Concluding Remarks (29)
In summary, Infrared (IR) drying and its hybrid variations represent a highly promising and continuously evolving technology for dehydration processes, particularly in the food and agricultural sectors. The fundamental difference of IR, which involves direct absorption of radiant energy by the material rather than indirect heat transfer through air, underpins its key advantages.
The potential and advantages of IR drying are multifaceted:
· Superior Efficiency: IR heating offers high thermal efficiency and significant energy savings compared to conventional methods.
· Accelerated Drying: It leads to a drastic reduction in drying time due to rapid heating rates and efficient moisture removal.
· Enhanced Product Quality: IR drying often results in superior quality of dried products, including better colour, texture, flavour, nutritional retention, and reduced cracking and shrinkage.
· Versatility and Control: IR systems are versatile, simple, and compact, allowing for a high degree of process control over parameters like temperature and radiation intensity.
· Synergistic Hybrid Systems: Perhaps one of the most significant advancements is the ease with which IR can be combined with other drying methods (e.g., hot air, fluidized bed, microwave, vacuum). These hybrid approaches leverage the strengths of each technique, overcoming individual limitations and delivering synergistic benefits such as improved uniformity, faster drying, and better quality.
The future prospects of this technology are bright. Continued research into areas such as total radiative properties of foodstuffs, advanced heat and mass transport modelling (including ANNs), and detailed industrial scale-up studies will further unlock the full potential of IR and hybrid drying systems. As the demand for high-quality, energy-efficient, and sustainable food processing methods grows, the integration of IR technology is poised to drive an advanced jump in the foodstuff-processing sector. The ongoing efforts to refine these techniques promise to deliver products that meet both industrial demands for efficiency and consumer expectations for quality.
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