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Abstract 

The drying process is critical in the food industry for the preservation and processing of 

various food items while many optimized drying operations are using response surface 

methods, resulting in higher product quality. Understanding the elements influencing 

drying processes is essential for improving product quality, shelf life, and energy 

efficiency in the food business. It also focusses the important aspects to govern drying 

process that include food material qualities such as moisture content, composition, and 

physical structure. Furthermore, the effect of process factors such as temperature, 

airflow rate, drying time for better drying efficiency and food product quality has been 

investigated along external influences on the drying process, such as pressure, and the 

inclusion of additives or pre-treatments. The interconnections between these 

parameters and their consequences on drying kinetics, product quality features (e.g., 

color, texture, and nutritional content), and energy consumption are affecting the end 

product in multiple ways. Breakthrough technology and creative techniques to improve 

drying processes in the food business such as freeze-drying, microwave drying, and 

vacuum drying are optimizing drying operations to make it more sustainable. 

Keywords 

Drying Technology, Processing Operations, Drying Kinetics, Drying Factors 

1. Introduction 

The process of drying is an essential stage in the various techniques applied within the 

food industry. It is utilized to draw moisture out of food, which inhibits the proliferation of 

bacteria and other microbes that shorten the shelf life of food goods, causing spoilage. 

Foods that have been dried are easier to store and transport whilst retaining their flavor, 

texture, and nutritional content [1, 2]. Drying is known as the removal of moisture from a 

substance through heating, cooling, or exposure to air or other gases. In the food 
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sector, drying is a frequently employed technique that is used to turn a surplus crop into 

shelf-stable produce. In the food industry, food products are dried to lower their 

moisture content to a level suitable for storage and transportation. The food industry 

utilizes a variety of drying techniques, each with particular advantages and 

disadvantages [3, 4]. 

Drying processes and techniques are essential in the food sector as they are employed 

to maintain the integrity and security of food products, control deterioration, and 

minimize waste. Food goods can be made more cost-effective to transport and store 

by reducing their weight and volume through drying methods. Additionally, drying can 

improve the flavor, texture, and nutritional content of foods, increasing their consumer 

appeal. Several drying methods have undergone successful testing to see if they may 

be used in food preparation. For instance, a high-efficiency drying technique that has 

the potential to be utilized within the food industry is the microwave-assisted thermal 

process [5, 6]. 

2. Significance of Drying Process 

According to previous documented research, using innovative drying technologies can 

enhance the quality of food products by maintaining their nutritional value, color, and 

consistency. Vacuum drying, for example, may significantly reduce the drying process 

as well as improve the ability of fruits and vegetables to rehydrate [7, 8], while freeze-

drying can preserve the nutritional content of food products, such as vitamins and 

antioxidants [9]. Several cutting-edge methods have been proposed and researched 

for their possible application in the food sector, including Elliot and symmetric Elliot 

extreme learning machines, artificial neural networks, spray-drying of bioactive 

components, and freeze-drying methods [6, 7]. These methods seek to preserve the 

nutritional value of food while improving product quality and lowering energy costs. 

Furthermore, advanced drying techniques can raise the standard of food product 

safety. For instance, by removing the requirement for physical handling of the product, 

spray-drying can lower the risk of contamination [10]. To decrease the possibility of 

microbiological contamination and prolong the shelf life of their products, McCormick 
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& Company, a leader in the world of flavor manufacturing, employed a vacuum belt 

dryer [11]. The need of novel drying method has been presented in Figure 1.  

 

Figure 1 Advantages of novel drying methods [48] 

In this chapter, we will discuss about the various factors and elements which affect the 

processing and production of food products, specifically during the process of drying. 

We will also look at the various applications of drying processes and technologies within 

the food industry, and what is the affect of drying on various food products as well as 

the stage of production at which drying is needed. The challenges pertaining to drying 

processes at an industrial level will also be discussed along suggested solutions. 

3. Factors Affecting Drying Processes in the Food Industry 

Following are certain factors which have certain affects upon the drying processes in 

the food industry: 

3.1. Temperature 

Drying is a major operation in the food business, and temperature is a critical aspect 

that can dramatically affect the efficiency and quality of the process. To maximize the 

production of premium dried food items, it is imperative to comprehend how 

temperature affects drying processes. In this section, the impact of temperature on 

drying operations in the food industry will be investigated, specifically looking into how 
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temperature impacts the rate of moisture removal during drying by pinpointing the best 

temperatures for various drying processes, and assessing how temperature impacts the 

quality and shelf life of dried food products. By delving into these issues, we intend to 

offer a thorough understanding of the function that temperature plays in the process of 

drying and provide suggestions for how to produce dried food products of the highest 

caliber. 

3.1.1. Affect on Rate of Moisture Removal 

Temperature is a key drying element that influences moisture removal during drying 

processes. Temperature and relative humidity are the two key factors that affect the 

evaporation rate. It is commonly known that heat can accelerate evaporation, which 

raises the amount of liquid that the air can hold while lowering relative humidity [12]. 

Temperature can be changed to achieve distinct drying behaviors, and changing the 

drying parameters over time can also result in varied drying behaviors. With the use of 

low heat sources to promote moisture evaporation, intermittent or non-isothermal 

drying techniques have been claimed to be more effective than traditional continuous 

drying methods. The influence of temperature on moisture removal during drying 

processes has been investigated through drying tests at various temperatures and step-

down temperature settings, with fixed air velocity. It has been noted that the drying 

temperatures now in use demand lengthy drying durations of up to 24 hours and use a 

significant amount of energy. Therefore, it is necessary to create innovative drying 

techniques that raise output and energy efficiency while preserving a satisfactory level 

of product quality. The development of computational techniques to forecast the 

temporal and geographical changes in temperature and moisture during processing 

can aid in the optimization of the dry process. For non-isothermal drying of leafy 

products, a model for simultaneous heat and mass transmission has been presented, 

and numerical findings have been verified using dehydration experiment curves. It has 

also been discovered that the drying properties of walnuts are greatly impacted by the 

non-uniformity of the drying circumstances around the product, specifically the air 

temperature and humidity along the column heights [13, 14]. 
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3.1.2. Optimal Temperature 

The selection of the appropriate temperature to achieve the best drying duration while 

maintaining the physicochemical, nutritional, and sensory qualities of the food product 

while drying, is critical. Higher temperatures ought to be avoided since they might 

cause food to cook rather than dry. The drying process takes place at temperatures 

ranging from 15°C to 37°C, with 140°F being the ideal temperature for food. The drying 

process shouldn't be accelerated by raising the temperature in order to reach the 

specified moisture content of 10% (on a wet basis) [15, 16]. For example, the 

generalized method for drying orange peels is done under sunlight for 48 hours at 

temperatures ranging from 30°C to 37°C in the morning and 15°C to 20°C at night. Low-

temperature drying processes are advised for meat products to prevent 

microbiological and biochemical decomposition. High temperatures may shorten 

drying times but can cause heat-sensitive components to degrade, lose color quality, 

become more difficult to rehydrate and shrink at higher rates. Regardless of the drying 

technique, it's critical to pick a drying temperature that doesn't degrade the end 

product's quality and offers a respectable drying time [16, 17]. 

Freeze-drying can be done using an ultralow-temperature freezer that can reach up to 

80°C and the drying process may be sustained at 80°C for 24 hours. The size of the dried 

powder obtained during freeze-drying is dependent on the granulometry operating 

conditions. The recommended temperature range for spray drying is between 110°C 

and 140°C; however, no evidence has been found on the best range for drying using 

alternative techniques. The vacuum spray drying process maintains an interior dryer 

temperature of 40°C to 50°C [16]. 

3.1.3. Affect on Quality and Shelf-life 

In order to maintain the quality and shelf life of dried food products, temperature 

control is an essential feature. Based on the nature and sensitivity of the food material 

being dried, the ideal temperature range is determined. To maintain stability, it is 

advised to keep temperatures for heat-sensitive materials between 10-35°C. Although 

higher temperatures speed up the drying process, they can also induce material 

collapse and pore structure degradation. As a result, the right selection of shelf 
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temperature should be determined based on the balance of input and the required 

heat. For instance, in the secondary stage of freeze-drying, greater temperatures might 

hasten the drying process. However, too high temperature may cause ice to melt 

during sublimation, resulting in structural changes such as shrinkage. The drying time for 

conventional freeze-drying has been demonstrated to be significantly reduced by over 

50% with an increase in process temperature [18].  

Case hardening, in which food seems dry from the exterior but is actually moist inside, 

can occur as a result of an increase in shelf temperature. High heat can also cause 

food to cook on the exterior before drying inside, which can lower the product's overall 

quality. The majority of dried fruits have a storage life of one year at 60°F and six months 

at 80°F. The storage duration shortens as the temperature rises. Vegetables also have a 

shorter shelf life than fruits, and beef jerky should be kept in a freezer or refrigerator for 

best results. The optimal conditions for storing dried food are below 60°F since low 

temperatures can increase the shelf life of dry food products. Room temperature, on 

the other hand, can cause dried food to degrade if not consumed within a particular 

duration, and exposure to moisture can also reduce the shelf life of dry food. The 

texture and mechanical resistance during transit of freeze-dried items are also greatly 

impacted by the mechanical stiffness of the product, which increases dramatically with 

greater shelf temperature. To maintain the highest possible quality and shelf life, the 

shelf temperature should be adjusted based on the individual food materials [15, 18]. 

Overall, the current study gives useful insights into the impact of temperature in drying 

processes and emphasizes the need of optimizing drying parameters to obtain optimal 

quality and shelf life of dried food items. Future studies in this field may examine how 

temperature affects various food components and create inventive drying methods to 

improve the quality and shelf life of dried food products. 

3.2. Humidity 

Humidity, in particular, may have a considerable influence on the drying process and 

the subsequent product quality. As a result, the purpose of this section is to investigate 

the influence of humidity on drying operations in the food business. We will specifically 
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look at how humidity affects drying, determine the ideal conditions for drying food 

goods, and assess the difficulties in regulating humidity during drying. Understanding 

these characteristics allows the food business to improve its drying operations, improve 

the quality of its goods, and boost its efficiency. 

3.2.1. Effect on Drying Process 

Humidity greatly impacts the drying processes within the food industry. Low humidity 

can cause moisture to migrate from food to the air, resulting in flavor and texture loss. 

High humidity in the early stages of drying, on the other hand, may enhance the drying 

pace of some fruits, such as apricots. However, for fruits and vegetables including 

apricots, crambe seeds, carrot cubes, and onions, changing the relative humidity of 

the drying air might dramatically alter product quality and drying speed. For example, 

a moderate relative humidity of 30% to 50% resulted in improved product quality, but 

lower and higher relative humidity reduced the quality of the product or decreased 

drying speed [19, 26]. 

A step-by-step regulation of relative humidity can successfully avoid crusting and 

conserve energy. The adaptive hot air-drying system with temperature and relative 

humidity monitoring and control capability can optimize the stepwise control of relative 

humidity via a fuzzy logic controller designed to automatically adjust the relative 

humidity for optimal product quality and accelerated drying speed. Additionally, 

production is increased with humidity control equipment by reducing the time required 

for water to dry [19, 20]. The effect of relative humidity on microwave drying speed and 

product quality was studied, and it was discovered that low relative humidity increased 

the drying rate while high relative humidity slowed it [20, 21]. Low relative humidity, 

however, can lead to low-quality color and vitamin C content. Furthermore, moisture 

exposure can cause mold and bacterial development in dry goods, reducing their shelf 

life. Even in immaculate environments, moisture encourages the growth and spread of 

microbes, which can taint the finished product if not adequately managed. Therefore, 

in order to assure quality, efficiency, and safety throughout the drying process, humidity 

management is crucial in the food sector [19, 20]. 
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3.2.2. Optimal Conditions 

Specific temperature and humidity levels are necessary for optimal drying conditions for 

food products in order to guarantee that moisture is removed from the food without 

cooking or an external degree of hardness. Food should be dried at a temperature not 

more than 140°F to avoid burning the food instead of drying it. In order to avoid case 

hardening, the drying process should never be accelerated by increasing the 

temperature. Case hardening can happen when food cooks on the exterior and 

moisture cannot escape. Water travels from the food to the surrounding air during 

drying; therefore, low humidity is ideal for drying food products, and drying will be 

inhibited if the surrounding air is humid [22, 27].  

During the drying process, air flowing over the food removes moisture; therefore, ideal 

circumstances call for a balance of temperature and humidity-warm temperatures, low 

humidity, and air current. Drying eliminates moisture from food, preventing the growth 

of bacteria, yeasts, and molds; however, enzyme function is delayed rather than 

inactivated throughout the process. The optimal drying method depends on factors 

such as climate, equipment availability, and food type [22, 23]. 

While room drying at room temperature works only if heat, humidity, and air movement 

are sufficient, sun drying is problematic in places with high humidity. Sun drying is best 

used in dry climes. Modern food dehydrators or convection ovens, which combine low 

heat with a fan to circulate the air, are excellent methods for drying food in the oven at 

a temperature of 140°F to 150°F (60°C to 65°C). It is critical to ensure that food is dried 

equally on both the interior and exterior, and vegetables are regarded as optimally 

dried when they are brittle, while fruits are considered optimally dried when they feel 

like leather. After drying, items should be allowed to cool for 30-60 minutes before being 

packed into clean, dry, insect-proof containers. The containers for dried meals should 

be packed as securely as possible without crushing the food in order to prevent insect 

contamination and moisture reabsorption. Dried foods must be appropriately 

packaged and stored right away [21-23]. 
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3.2.3. Challenges Associated with Controlling Humidity 

Controlling humidity throughout the drying process may be challenging. An excessive 

amount of humidity can cause drying processes to take longer, increased energy use, 

and reduce productivity. Humidity can also impact the drying process, lowering 

product integrity and damaging items and processing equipment as a result of 

moisture. This is crucial for processing hygroscopic food products or other objects that 

naturally collect moisture from their environment. Humidity control strategies need to be 

implemented by manufacturers during drying processes to prevent such issues [24, 25].  

Relative humidity, or the difference between the quantity of moisture in the air at a 

particular temperature and the maximum amount that may exist at that same 

temperature, must be monitored for effective humidity control. Minor changes in 

humidity might result in costly and time-consuming procedure changes in industrial 

processing facilities. It may not be possible to maintain appropriate humidity levels for 

equipment functioning and product integrity with just air conditioning. A specific 

dehumidification system is required to remove unnecessary moisture to maintain the 

optimum room air temperature [25]. 

Uncontrolled air leakage can cause condensation and other moisture-related 

difficulties, but building a specialized continuous air barrier can help alleviate these 

challenges. Insufficient humidity levels during the drying process can result in problems 

such as cracking, fragility, and product deterioration. Excess moisture during the drying 

process might impair the product's quality and shorten its shelf life.  During the hot 

summer months, manufacturers struggle to maintain constant humidity levels in their 

facilities because warm air currents bring more Gulf moisture to northern regions during 

these months, making it harder to regulate humidity levels during the drying process [24, 

25]. 

3.3. Air Velocity 

Air velocity is another significant factor in the food drying process because it impacts 

the rate of moisture removal from the food product. According to research, increasing 
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air velocity increases the rate of water evaporation from food. The gradient of 

evaporation rate, however, changes with temperature while rising with velocity. To get 

the necessary quality and efficiency, it is crucial to choose an appropriate air velocity 

for a particular food product. Furthermore, optimizing process parameters such as air 

velocity is required to achieve the desired drying efficiency and food product quality 

[29, 30, 33]. 

3.3.1. Role of Air Velocity 

The drying process is significantly influenced by air velocity, which also has an impact 

on drying efficiency and product quality. The rate of water migration and the heat 

stability of the chemical composition should be considered when determining air 

velocity during HAID (Hot Air Impingement Drying) [28]. The drying kinetics of lumber in 

the food industry is immediately impacted by higher air velocity because it accelerates 

evaporation during the drying process [29, 30]. The drying rate is increased throughout 

the constant drying rate phase as well as during the transition and falling rate periods 

by gradually raising air velocity from 0.5 m/s to 3.5 m/s. However, as the air velocity 

approaches 1.5 m/s, the influence on the drying rate is modest due to the balanced 

heat transfer rate and enthalpy change. The influence of velocity is substantial 

throughout this period, especially at high velocities. Air velocity also has an impact on 

the critical moisture content (CMC), with increased velocity being correlated with lower 

CMC and pushing it towards FSP. At high air velocities, the impact of temperature is less 

noticeable since the drying rate is not considerably affected by additional increases in 

air velocities due to reduced heat and mass transfer rates [29]. Furthermore, wood 

stacking may block the airflow channel and minimize turbulence at the air-lumber 

contact, leading to the substantial influence of velocity. Therefore, in order to optimize 

the drying process in applications for the food industry, experimental setups may be 

utilized to investigate the impact of air velocity on wood drying [30, 31]. 
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3.3.2. Impact of Air Velocity on the Quality of the Dried Food Product 

The effect of air velocity on the quality of dried food has been studied in food science 

and has a pivotal role. The maximum values of enzymatic response were achieved 

when samples were dried at 65°C with an air velocity of 6 m/s, according to a research. 

However, high air velocity might cause a long-term non-enzymatic response and 

reduce lightness owing to prolonged drying time. Therefore, it's crucial to choose an air 

velocity that strikes a compromise between the necessity to effectively dry the product 

and the need to preserve its color quality. In fact, increasing air velocity can enhance 

the color quality of dried items. Compared to other drying techniques, ovens with built-

in fans for air movement have faster rates of moisture removal, and higher air velocities 

at the start of drying can improve overall efficiency and the quality of the finished 

product. As a result, careful consideration of air velocity is required to ensure the quality 

and efficiency of the dried food product [28]. 

3.4. Surface Area 

The surface area of food items is critical in the drying process. Due to enhanced 

moisture transport, drying rates rise with surface area. Slicing, shredding, or grinding are 

methods used in the food business to increase the product's surface area. According to 

a previous publication [38], increasing the surface area of kiwifruit slices resulted in a 

faster drying rate and a shorter drying time when compared to whole kiwifruit. Similar 

results were found in another [39], which found that smaller potato cubes dried faster 

and more quickly than bigger potato chunks. 

3.4.1. Affect on Drying Rate of Food Products 

The surface area of food goods is a significant aspect in influencing drying rate. Food 

slices that are thin have more surface area, which speeds up the elimination of moisture 

during drying. This is because moisture may escape more quickly from the surface of 

the food. Comparatively speaking, thinner slices dry up faster than broader ones [35]. 

This is due to the fact that thinner slices have a greater surface-to-volume ratio, which 

means they dry more quickly as moisture has a shorter distance to travel from the food's 



Drying Technology – Current Research and Industrial Applications  

Scientific Knowledge Publisher (SciKnowPub), USA 
 

surface to the air, where it may evaporate. Therefore, it is advised to cut food goods 

into thinner pieces to enhance their surface area in order to accomplish faster drying 

periods. Moisture removal is influenced by temperature as well. Increasing the 

temperature of food causes moisture to evaporate, but a balance of temperature and 

humidity is required for optimal food drying. 

3.4.2. Increasing the Surface Area of Food Products 

Various methods are used throughout the drying process to improve the surface area of 

food goods. Three of these important procedures are: (1) ultrasonic vacuum (USV), (2) 

vacuum dryer (VD), and (3) freeze dryer (FD). The content does not focus particular 

procedures for increasing surface area, although it does discuss various minced beef 

drying processes. Cabinet drying, for example, tends to diminish the material's surface 

area and permeability. Adding a hard coating to the food's surface, on the other hand, 

might result in less moisture escape and a longer drying time [36]. Ultrasound treatment, 

on the other hand, can cause micro channels and tissue breakdown, resulting in 

increased porosity and intercellular gaps in the dry product [39]. In research comparing 

USV and VD drying processes on minced beef samples, the USV approach produced a 

more open structure and more porosity than the VD technique. In comparison to VD 

and USV procedures, freeze-drying yields minced beef samples with greater porosity 

and open structure because it sustains less damage at low temperatures. Accordingly, 

depending on the particular requirements of the product being dried, these various 

drying techniques may be used to enhance the surface area of food items throughout 

the drying process [32, 34, 37]. 

3.5. Type of Food Product 

The drying process in the food sector is greatly influenced by the kind of food product. 

Table 1 shows the various processing temperatures and drying periods needed for 

various foods [40]. Drying is a cheap and effective technique of preserving food, but it 

can have a negative impact on the end product's quality and safety. Fruits and 

vegetables include substances that make it simpler for microorganisms to survive the 
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dehydration process, whereas certain sugars and amino acids can boost the survival 

rate of bacteria during preservation techniques [41].  

Foods to be dried Processing temperature and time 

Fruits 

 Cherries 70 °C for 2–3 h; 55 °C until dry 

 Coconuts 45 °C until dry 

 Pineapples 70 °C for 1–2 h; 55 °C until dry 

 Persimmons 60 °C for 1–2 h; 55 °C until dry 

 Pears (Asian) 60 °C 

Vegetables 

 Asparagus 60 °C for 2–3 h; 55 °C until dry 

 Beans, green 60 °C for 2 h; 55 °C until dry 

 Mushrooms 25–30 °C for 2–3 h; increase to 50 °C until dry 

 Onions 70 °C for 1–2 h; 55 °C until dry 

 Parsley 30 °C to 50 °C; may be room dried 

Fish 

 Carp 4 °C under high pressure for 15–20 min 

 Prawn 70 °C for 30 min 

Meat 

 All 80 °C for 2 h 

Table 1 Processing temperature and time for different food products 

To tackle this, many methods that inactivate microorganisms during the drying process 

have been developed. Acidic fruits with a low pH are particularly efficient in damaging 

microbes after drying [41]. However, drying can cause flavor, fragrance, and useful 

ingredients in some foods, such as vitamin C, thiamin, protein, and fat, to be lost. 

Despite these disadvantages, drying provides a number of benefits, including as 

lowering food weight and volume for simpler storage, packing, and transportation. Any 

sort of food may really be thoroughly dried out by spray drying, extending its shelf life at 

ambient temperature without refrigeration [40, 42]. 
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Pathogens adhered to the surface of white cabbage, such as Salmonella spp., can be 

inactivated at different rates depending on the drying process used. For example, the 

decrease of microbial growth in vacuum microwave drying and the atmospheric 

pressure microwave processing combination method varies depending on the food 

product, but it has been demonstrated to be successful in decreasing microbial growth 

in freshly shredded carrots and parsley. Finally, as dry food containers can be opened 

and closed several times without the contents changing, they are a great strategy for 

minimizing food industry waste. To prevent infection, canned goods must be consumed 

right away after being opened [41]. 

3.5.1 Characteristics of Food Products that Affect the Drying Process 

The drying of food products is a complicated process that is influenced by a number of 

variables. The initial moisture level of the product is one of the most important aspects 

since it impacts the drying process and duration. The outcome of the drying process is 

significantly influenced by the chemical makeup of the food. For instance, the drying 

time and rate are impacted by the presence of natural or added chemicals such 

as sugars, acids, and salts. The size and form of the food product also have an influence 

on the process, since bigger or irregularly shaped goods might take longer to dry [43]. 

The food's structure can also affect how quickly and how long it takes to dry. For 

instance, the density and porosity of food items are natural qualities that influence the 

drying process. Additionally, the process is impacted by the material's ability to develop 

pores as it dries, and poor temperature management can result in unintended 

structural changes to the material [43, 44]. 

Low humidity, low heat, and sufficient air circulation are only a few of the other 

requirements for successful drying [45]. The drying of numerous food items, such as fruits, 

vegetables, and dairy components, is covered in the Special Issue. The Special Issue 

may also cover the analytical techniques used in the drying operations [43]. Finally, 

understanding the features of food items that impact the drying process is critical for 

achieving optimal drying results. It is possible to increase shelf life while maintaining 
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nutritional quality, texture, and sensory characteristics by regulating elements such as 

initial moisture content, chemical composition, and structural qualities. 

3.5.2. Different Drying Methods Used in Food Industry 

Depending on the kind of food product being dried and the intended end product 

quality, the food business uses a variety of drying techniques, such as sun drying, oven 

drying, spray drying, freeze drying, and vacuum drying. It is important to select the right 

drying technique for each product since it might affect the functional qualities and 

nutritional value of the food product. There are around 50 distinct types of dryers used 

for drying food items, and new drying technologies are being widely researched to 

evaluate their influence on the chemical and metabolic changes that occur 

throughout the dehydration process. Drying can improve material quality and provide 

value-added chemicals in spices, medicinal plants, herbs, bioactive enzymes, and nuts. 

It is critical to adopt an appropriate drying process for each product since various food 

items may require different drying methods to optimize drying parameters and assure 

product quality. Traditional drying techniques are more prone to physical and chemical 

deterioration in the finished product, which should be minimized by using an 

appropriate drying technique [46].  

The drying techniques employed, such as sun drying, which is a natural process, while 

dehydrating with heat from a fire or other dryers is an artificial process, affect the 

physical characteristics of the drying process [47]. Intermittent drying can help preserve 

bioactive chemicals by reducing browning effects, hydro-thermomechanical stress, 

and chemical reactions in samples. Innovative or combination methods must provide 

high-quality dried goods while also taking the environment and energy efficiency into 

account. To remove water from food items, the food industry uses a variety of drying 

procedures, including mechanical dewatering, osmotic dehydration, and thermal 

drying [46]. 
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Figure 2 Factors to be considered for dryer selection [49]  

In Figure 2, some factors have been discussed regarding the selection of an 

appropriate dryer during various drying processes. One of the main factors 

when selecting a dryer is the type of food product to be dried and the optimum 

temperature need by the product such as vacuum drying is considered to be a 

good option for fruits and fruit related products.  

4. Conclusion 

Drying process is an important stage in the food industry working with various 

parameters, including air velocity, surface area, and developing technology, have 

considerable influence on the quality and shelf life of food items along an impact on 

the drying process's efficiency and sustainability. These parameters have significant 

influence on nutrient and flavor retention, as well as the environmental and economic 

consequences of drying techniques while significant insights for boosting the efficiency 

and sustainability of the drying process in the food sector can be achieved by giving 

case studies that illustrate effective optimization of drying operations using the response 

surface technique. Current research findings and practical ideas consolidates 

fundamental concepts of heat and mass transport processes; however, further 

investigations are needed to lead the creation of efficient and sustainable drying 

processes, allowing manufacturing of high-quality food items with prolonged shelf life. 
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Abstract 

Spray drying is increasingly gaining attraction in the food industry, demonstrating a 

growing prevalence in the fabrication of not only a vast spectrum of elements, but also 

functional foods, pharmaceuticals, and nutraceuticals, amongst various drying 

methods by providing microbiological stability and preventing chemical and biological 

deterioration. It also minimizes storage needs and shipping costs and leads to the 

creation of a product with unique features like quick solubility along color enhancing or 

concealing an astringent taste in food items as its one of the finest and most potent 

strategies to enhance the durability and sensory qualities of products is the spray-drying 

of liquid extracts. Its popularity in the industry stems from its efficiency in drying even the 

most challenging substances. The preference for spray drying encapsulation often 

stems from its economic efficiency relative to alternate encapsulation techniques. The 

resulting powder is extremely stable and immune to chemical and microbiological 

alterations (such as oxidation and hydrolytic reactions) due to its low moisture content 

and low water activity. 

Keywords 

Spray Drying, Spray Dried Powder, Encapsulation, Drying Technology, Powder Quality 

1. Drying Technology: A Preservation Technique 

Drying is an ancient preservation technique that is still widely used today. The 

process involves using heat to remove moisture from food, which helps keep it 

fresh for longer periods. Drying of food items can be categorized into two main 

types: a) in-air drying and b) in-vacuum drying, depending on the method of 

dehydration used. There are various heat application techniques for drying, 

including convection, conduction, radiation, microwave, radio frequency, and 

Joule heating. Drying materials can be in the form of wet solids, liquids, 
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suspensions, or pastes, and they need to undergo downstream processing to 

enhance their value and extend their storage and transportation time. However, 

conventional hot air drying may harm the preservation of bioactive 

components in these heat-sensitive materials. High temperatures can lead to 

product deterioration, denaturation of active substances, case hardening, 

discoloration, and other negative effects [1]. The advantage of selecting 

dehydration as a method to conserve food lies not solely in its technical 

simplicity but also in its economic benefits. The expenses associated with 

processing, packaging, transporting, and storing dried commodities are less 

compared to those associated with canned and frozen goods. Generally, the 

food dehydration process is divided into three stages a) initial preparation 

before drying b) the drying process itself, and c) treatment after drying. The 

impact of these steps on the end product's quality hinges on the type of 

processing material utilized and the envisaged use of the final product [2-4]. 

Drying is an energy-intensive process in postharvest processing, used to reduce 

the water content of various fruits, vegetables, agricultural products, and herbs. 

By reducing the water activity to a level that inhibits microbial growth, 

enzymatic activities, and other deteriorative reactions, the shelf life of 

biologically derived items can be extended. Drying is especially important for 

herbs, as it allows the extraction of active chemicals. Moreover, dry products 

are lighter, resulting in lowering shipping costs. Biologically derived products 

have diverse physical, chemical, and biological characteristics. To meet 

different quality and price requirements, a wide range of dryers have been 

developed for dehydrating and preserving these items. While approximately 100 

dryer types are available commercially, the technical literature describes over 

500 dryer types. Dryer design varies due to differences in product characteristics, 

heat input methods, operating temperatures & pressures, and quality standards 

for the dried product. Traditional dryers typically operate at atmospheric 



Drying Technology – Current Research and Industrial Applications  

Scientific Knowledge Publisher (SciKnowPub), USA 
 

pressure, use hot air as the drying medium, and rely solely on convection for 

heat transfer. Batch operation is preferred for systems with limited capacity and 

long drying times, such as solar dryers. Drying safeguards products by reducing 

moisture content, offering various advantages in food preservation. It allows for 

early harvest, reduces shipping weights and costs, minimizes the need for 

packaging, and extends shelf life [5-8].  

2. Drying Methods: A General Overview 

In the food industry, microcapsules are typically dried using the most common 

methods of freeze-drying and spray-drying. These are distinct procedures, each 

performed under different temperatures and durations, which result in unique 

morphological and particle size characteristics in the dried goods. An 

experiment that encapsulated bioactive elements from acerola pulp, followed 

by freeze-drying and spray-drying, was conducted to compare the properties of 

the microcapsules. The results indicated that the spray-dried product contained 

higher levels of bioactive substances and antioxidants [9]. 

Traditional thermal processes for drying encompass techniques such as hot air 

drying, vacuum drying, and freeze drying, among others. Each method has its 

own strengths, for instance, hot air drying utilizes simple, safe, and cost-effective 

machinery. Vacuum drying is suited for materials that are prone to oxidation. 

Microwave technology provides rapid drying rates and uniform product quality. 

However, due to the complexity and diversity of component characteristics, a 

single drying technique often falls short in meeting the quality standards of the 

final product. As a solution, innovative and eco-friendly combined drying 

technologies, such as heat pump drying, superheated steam drying, freeze 

drying, vacuum sealing, and microwave drying, are gradually replacing 

traditional drying methods. These combined technologies aim to decrease 

drying time and elevate product quality [6, 10]. 
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Freeze drying and spray drying are not only used in the food industry but also in 

the chemical sector, for encapsulation and drying purposes. The first method 

aids in the transformation of liquid products into a powder form, thus extending 

their usable lifespan. Certain active biological components are encapsulated to 

facilitate their storage and distribution. Spray drying, another method, also 

converts liquid food into powder form. These procedures have been long 

implemented in the dairy industry and have recently found applications in the 

pharmaceutical sector, primarily for drug delivery. Freeze drying is an excellent 

choice for heat-sensitive materials, as it can preserve the color, taste, and 

nutritional value of the food. Freeze-drying, because of its steady state and 

lower temperature, is ideal for handling heat-sensitive substances. The freeze-

drying technique integrates two pivotal stages: freezing and drying. Earlier, 

efforts were mainly focused on refining the drying stage, not fully considering the 

potential impacts of the freezing phase. As a solution undergoes freezing, it 

experiences several physical transformations, including reaching a supercooling 

state. The level of supercooling in a solution governs the characteristics of ice 

formation (its size, number, and form) during the freezing stage, which in turn 

affects the subsequent drying stage, such as resistance to the flow of water 

vapor. Therefore, varying levels of supercooling lead to diverse ice 

characteristics and subsequently, uneven drying outcomes [11, 12]. 

2.1. Spray Drying 

The technique of spray drying, which transforms liquid meals into a powdered 

form, has been extensively utilized over the years to manufacture a range of 

products like milk powder, fertilizers, medicinal compounds with active 

properties, and laundry detergents [12-14]. Spray-drying offers benefits like rapid 

processing, flexibility, and the capacity to produce small droplets. Typically, 

spray drying suspensions that contain nanoparticles result in larger, hierarchically 

organized structures. Secondary particle shapes like dense, hollow, or even 
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doughnut-shaped morphologies can be achieved by manipulating factors such 

as temperature, air flow speed, droplet size, viscosity, the size of the primary 

particle, the amount of solid content, and interactions between particles [15-

17]. 

2.1.1. Working Principle of Spray Drying 

The spray drying process primarily includes following steps:  

1) Concentration 

2) Atomization 

3) Droplet interaction with air 

4) Droplet drying 

5) Separation 

Spray drying is a method employed for transforming solid components into dry 

powder. It begins with a slurry, which is a mixture of liquid, solution, or suspension 

that is introduced into the spray dryer as a damp product. This slurry is atomized 

into tiny droplets, typically ranging in diameter from 10 to 500 micrometers. Due 

to the lack of atomizers capable of producing monodisperse droplets of very 

small sizes, the drying process has to accommodate a broad spectrum of 

droplet sizes, achieved through the use of heated gas. Unlike other drying 

techniques, spray drying allows for the reduction of significant accumulations of 

dry material downstream of the atomization zone since there is no necessity for 

wall contact within the spray dryer, and drying droplet collisions rarely occur. 

Spray drying stands out as one of the few drying techniques that can endure 

long viscous and sticky phases during the solidification process. Other drying 

procedures, such as spin flash, mill drying, or contact drying methods including 

mixing and kneader drying as well as one shaft and two shaft techniques, 

struggle with prolonged viscous stages. The success of spray drying relies on the 

wet product being of low enough viscosity to permit efficient atomization. This 
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often means that the inflow concentration needs to be reduced compared to 

other drying methods, resulting in a higher required evaporation rate [17, 18]. 

Several factors, including the size of the dryer and the diameter of the droplets, 

allow spray drying to have quick drying times between 1 to 60 seconds. The high 

surface to volume ratio of small droplets facilitates rapid drying periods. For 

instance, a larger droplet with a diameter of one millimeter has a hundred times 

less specific surface area for an evaporating solvent compared to a smaller 10-

micrometer droplet. Moreover, solidified droplets have longer diffusion lengths, 

which slows down the drying rates, especially during the "falling rate drying 

period," where the last of the solvent has to be eliminated through diffusion 

through the solid and the outer surface is dry. Hence, the drying periods in a 

spray drying process, which usually produces droplets sizes below 1mm, can be 

significantly reduced. The stickiness of the final dried and hot particles is an 

essential product quality in spray drying. Depending on the operational mode 

and the product's drying properties, exit temperatures can be reduced to 80-

120°C, with lower temperatures achieved for certain products. However, spray 

drying might not be successful for products with inadequate glass transition 

temperatures. Despite the drawbacks, spray drying can serve as a cheaper 

alternative to freeze-drying for certain substances, such as blood plasma [19].  

In spite of their high drying temperatures, spray dryers maintain a brief drying 

contact time with the core materials inside the drying chamber, often a few 

seconds. This typically involves an input air temperature of 150 to 250 °C and an 

exit air temperature of 50 to 80 °C [20]. The spray drying procedure involves 

atomizing liquid feed, often referred to as extracts, into the drying chamber. 

Here, the droplets traverse through a stream of hot-air or occasionally nitrogen. 

The small droplets, which enhance the surface-to-mass ratio and evaporate 

water rapidly, provide a larger contact surface, making the process both fast 

and aggressive. This minimizes heat damage to sensitive materials. The dry 



Drying Technology – Current Research and Industrial Applications  

Scientific Knowledge Publisher (SciKnowPub), USA 
 

powder particles are then separated from the exhausted air in a separation 

cyclone and collected in a vessel [21-23]. 

The wall material used for spray drying includes sugars such as lactose and 

sucrose [24], gum arabic [25] and mesquite gum [26], in addition to milk proteins 

like sodium caseinate and whey protein [27]. However, pointed out that certain 

wall elements like gelatin, gum arabic, and sucrose is unsuitable for use in infant 

formula. Multiple wall substances are accessible, including starches such as 

maltodextrin, which are used for the microencapsulation of food components 

[28, 29]. 

3. Encapsulation Technique  

The influence of consumer needs propels advancements in encapsulation 

technology for food uses. Bioactive chemical encapsulation has seen 

improvements due to novel dehydration methods. Encapsulation serves as a 

method to safeguard an extremely susceptible substance which forms micro or 

nano scale formations after enclosing a bioactive center in what is referred to as 

wall substances. The purpose is to boost the stability of bio actives for targeted, 

controlled or postponed release while shielding them from harsh elements such 

as light, moisture, and oxygen [30]. In relation to oils that have not undergone 

encapsulation, the encapsulation process bolsters the endurance and 

robustness of oils during their period of storage [31]. A successful encapsulation 

system should employ food-grade ingredients, preferably natural ones, 

seamlessly integrate bioactive compounds into food without altering 

organoleptic properties, provide enhanced physical stability, shield the 

encapsulated substances from heat, light, and pH changes, and enable 

maximum absorption of the bioactive compound [32]. 

3.1.   Applications and Advantages  

The growing demand for versatile, nutrient-rich oils in the realms of food, 

medicine, and cosmetics is undeniable, driven by their multifaceted utilities. 
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However, the high degree of unsaturation present in vegetable and marine oils 

introduces a risk for oxidative degradation and the onset of an unpleasant taste. 

Further complicating matters is the inherent instability of oils when subjected to 

processing and storage conditions, given their vulnerability to light and heat, 

which restricts their utility in the food sector. Consequently, measures to 

safeguard these oils are imperative to enhance their stability during 

management, processing, and storage [33, 34]. Such fluctuations negatively 

influence the product's shelf life, sensory attributes, and overall market 

acceptance [35]. Encapsulation, which is typically employed to resolve the 

problems stated earlier, is a hopeful approach that involves safeguarding the 

main elements from heat, light, and oxygen. It also facilitates stability, 

bioavailability, taste concealing, and controlled release, all while retaining the 

oils' functional attributes and improving their manageability [36-41].  

Encapsulation of oil enhances the oxidative stability of lipids and safeguards the 

interior ingredients from external elements such as reactive substances, oils, 

flavorings, and vitamins. This is enabled by the core material's high solubility, 

ease of blending, and controlled release, pending the appropriate trigger. It 

also minimizes the evaporation of the volatile components in the core material, 

thereby decreasing or concealing any associated unfavorable tastes [42-45]. 

There are some key reasons for opting for oil encapsulation: (a) Encapsulation 

aids in bolstering lipid oxidation stability, a crucial element in the creation of 

powdered edible oil goods. This process helps in the conservation of oils by 

shielding them from oxidation [43] (b) It acts as a protective shield for the core 

ingredients against elements such as oxygen, light, and water. This is particularly 

relevant for vulnerable ingredients like oils, scents, and vitamins. Food oils are 

especially sensitive to irradiation, air, temperature, and light [46, 47] (c) 

Encapsulation facilitates the transformation of oils from a liquid state to a dry 

state, creating a powder derived from the primary components that blends 
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easily and has high solubility. In the food industry, this conversion of liquid feeds 

(like flavors and edible oils) into powders with suitable handling characteristics is 

a critical encapsulation form [48] (d) It helps control the release of crucial 

contents, ensuring an appropriate delay for the correct stimulus. This 

characteristic, known as encapsulation, is a significant benefit in managing the 

release of active components in oil and flavor until they reach their intended 

target [49] (e) Encapsulation prevents the evaporation of volatile compounds 

present within the key ingredients. This results in a dry powder with superior 

oxidation stability and low volatility. Encapsulated oils create a dry powder with 

enhanced oxidation resistance and decreased volatility, making it easier to 

utilize in various end products such as cakes and beverages [50] (f) It helps to 

disguise or neutralize the unpalatable tastes of the core ingredient. Some edible 

oils, such as vegetable or marine oils, are highly desired in food items due to 

their nutritional value. Moreover, encapsulation can help solve primary problems 

associated with food containing 3 PUFA, like the undesired "fishy" smell of fish oil 

and the proneness of polyunsaturated fatty acids to oxidation, which can 

negatively impact food acceptance [51] and when compared to non-

encapsulated oils, encapsulation improves the longevity and robustness of oils 

during storage [52]. 

4. Spray Drying Applications in Various Industries 

Drying serves as a vital operation in the various sectors including 

pharmaceutical industry, biopharmaceutical industry, dairy industry, food 

industry and many more. Few of them are discussed below: 

4.1.  Pharmaceutical Sector 

Spray drying has been an active area of technological progression over the 

past few decades, especially within the pharmaceutical industries. In 

pharmaceutical and biopharmaceutical sectors, spray drying being primarily 

used for the conversion of liquid drug formulations into solid states, all while 
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preserving their therapeutic and pharmacological characteristics. This 

procedure, most commonly applied to remove solvents like water, is significant 

as it allows a drug in its solid form to stabilize both the active pharmaceutical 

ingredient and the additives. This stabilization considerably curtails pathways of 

chemical and physical degradation, such as hydrolysis, oxidation, isomerization, 

condensation, racemization, and interactions with other constituents present in 

the solution [53]. Spray drying also has been used in the delivery of pulmonary 

medications, including the manufacture of consistent and inhalable size 

particles for devices such as nebulizers, dry powder inhalers (DPI), and 

pressurized metered dose inhalers. Spray drying also assists in the development 

of mucoadhesive formulations that can effectively adhere to nasal passages, 

thus improving drug absorption and bioavailability. Innovations and patent 

submissions in spray drying technologies aimed at enhancing solubility are also 

underscored. Historically, the pharmaceutical industry has utilized spray drying 

for creating dry versions of plant-based active ingredients [54]. 

4.2.  Food Industry 

The potential of spray drying to generate a diverse array of food products, 

including powders from milk or soymilk, tomato pulp, dehydrated fruit juice and 

others, has been acknowledged. It can be employed for the encapsulation of 

substances like vegetable or fish oil, and dry creamer [55]. There's a growing 

health consciousness among contemporary consumers, leading to a surge in 

demand for foods fortified with bioactive or functional components, especially 

those derived from natural sources [54, 56]. 

Bioactive compounds, also referred to as nutraceuticals, are naturally occurring 

substances that are either essential or optional elements of our diets and 

positively impact human health [57, 58]. Certain bioactive compounds that 

enhance human health include polyunsaturated fatty acids, polyphenolic 

compounds, anthocyanin, and vitamins. However, their bioactivity and 
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antioxidant properties can be compromised by various factors such as light, 

temperature, air, moisture, or the existence of unsaturated bonds. Therefore, 

encapsulation methods are employed to bolster the chemical or biological 

stability of these substances [59, 60]. In essence, researchers extensively review 

the primary use and recent advancements in spray drying and lyophilization 

processes for encapsulating bioactive ingredients within the food [56, 61]. Spray 

drying process enhances the management attributes of the items and bolsters 

oxidation stability by protecting the bioactive constituents, in encapsulating oils. 

The quality of the final product is significantly influenced by factors associated 

with oil encapsulation such as the temperatures at the point of entry and exit, 

total solids, and the wall materials utilized. Thus, this evaluation gives priority to 

understanding and refining the spray drying methodology for encapsulating oils 

used as food supplements [14, 62, 63, 64]. 

4.2.1. Dairy Products 

The global production of dairy products has been progressively growing; for 

instance, from 2012 to 2016, the production rose by 5.47%, escalating from 

771,262 to 815,965 thousand tonnes. Given this increased production, it's vital to 

preserve this higher quantity of milk for the benefit of people worldwide, 

particularly in regions where conditions are not conducive to dairy farming or 

might accelerate the spoilage of liquid dairy products. Consequently, the 

preference is to produce powdered products using spray drying [65]. Spray-

drying is commonly employed in the dairy industry to create a range of products 

on a substantial commercial scale. The individual characteristics of each 

product depend on the ratio of protein to fat to carbohydrate, the specific type 

of protein, and, to a lesser extent, the process conditions applied. Due to their 

high moisture content, dairy products naturally have a short shelf life, despite 

their excellent nutritional value. To drastically decrease the microbial activity 

associated with moisture and to allow for cost-effective, global distribution due 
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to reduced weight, a significant portion of the material derived from milk is 

dehydrated [66]. Owing to their high perishability, milk and its byproducts often 

undergo processes like spray drying to extend their usable lifespan [67]. Spray 

drying usually yields a free-flowing powder that's easier to transport, handle, and 

store, while also having an extended shelf life. This ease of use makes the 

powder an effortless addition to processed foods such as bread and sweets. The 

development of spray drying equipment and techniques has evolved over 

several years, from the 1870s until the early 20th century [68]. 

5. Spray Drying: Pros and Cons 

A tried and tested, economical, and scalable drying method known as spray 

drying converts liquids directly into powders [69]. By employing the process of 

spray drying, bioactive elements drawn out from food wastes and byproducts 

can be reduced to powder form and reincorporated into the food supply chain. 

Spray drying has been identified as the most convenient, time- and energy-

efficient approach, as it converts liquids directly into a stable powder that can 

be either stored for extended periods or effortlessly mixed with other substances. 

Even though spray drying has many advantages for different materials, it's not 

without its problems, some of which need attention in future development 

programs [70] a) minimizing scale for a more straightforward validation of new 

products, which often necessitates comprehensive testing b) The challenge of 

designing an atomization process that needs a diluted, low viscosity input and 

generates a broad size distribution, which may pose challenges during the 

drying phase c) The process of droplet recycling within the tower can lead to 

the accumulation on the spray tower wall and at the nozzles and can place 

excessive thermal stress on the product d) The shorter drying periods for larger 

droplet fractions can result in inconsistent drying and clumping of the final 

product. 
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6. Quality Characteristics of Final Spray Dried Product  

The consistency in the quality and characteristics of the end product is crucial as 

these aspects are intrinsically linked with the bioactive component content, bulk 

density of the powder, particle size, moisture content, and a host of other 

physical and chemical properties [71, 72]. Many researchers also added several 

factors that influence the quality of the end product/powder, including atomizer 

speed, nozzle design, solvent used, concentration of the liquid feed, feed flow 

rate, inlet and outlet temperatures, airflow rate, aspirator rate, and temperature. 

This technique can yield particles of diverse sizes, from nanoparticles (210-280 

nm) to agglomerates (2-3 mm) [14]. A low moisture content and a high bulk 

density are sought-after qualities in powder. Increased bulk density reduces 

packaging expenses while enhancing the flow of the powder. Moreover, a 

moisture content of less than 5% boosts product stability during storage [73-75]. 

Another advanced technique, nano-spray drying, is used to produce powders 

with particle sizes smaller than 100 nm. Reaching nanoscale dimensions is not 

feasible since the cyclone separator is unable to segregate extremely tiny 

particles during traditional spray drying [22]. Encapsulation enveloping each 

droplet or particle of a bioactive liquid or solid (core substance) within a 

polymerized shell. These small capsules can be round or irregular in shape and 

vary in size from micrometers to millimeters. The core elements can be solid 

substances, dispersions, or droplets [32, 77-80]. 

7. Conclusion 

Spray-drying, due to its quick drying time, is frequently used to encapsulate 

heat-sensitive bioactive compounds. Consumers have exhibited heightened 

interest in food items abundant in bioactive components due to substantial 

research linking their intake to the prevention of chronic diseases. By decreasing 

the moisture content of the product, drying helps preserve the quality, inhibit 

microbial growth and chemical changes during storage. Both reduced water 
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activity and content are responsible for longer shelf life of the product. The utility 

of spray drying in the creation of dry flavorings to maximize output and minimize 

flavor degradation, has played pivotal role in food industry. Spray drying is also 

predominantly employed in the commercial production of dry plant extracts. 

However, high temperatures used in the drying process can lead to heat 

degradation and an unstable state in thermally sensitive components. Hence, 

alternative drying methods and operative conditions need to be developed 

and standardize for multipurpose procedures. 
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Abstract 

Drying process is a common food preservation technique that eliminates moisture from 

food goods to increase shelf life, stability, and convenience along countless 

applications in food sector. By reviewing of the basic ideas and mechanisms involved in 

drying processes, this chapter dives into the practical applications of drying techniques 

in a variety of food categories. It delves into the drying of fruits, vegetables, cereals, 

meats, dairy products, herbs, and spices, clarifying the special issues and obstacles 

connected with each food item. The notable impact of drying on the nutritional 

composition, sensory characteristics, and functional qualities of food items explored 

current trends, challenges and advances of drying technology in food sector. The 

processes such as energy consumption, cost-effectiveness, and sustainability of various 

drying procedures, offering insights into their overall viability and practicality in the food 

industry along reviewing the economic and environmental ramifications of drying 

processes. More innovative methods with accurate operative settings might enhance 

food preservation, quality, and market competitiveness by providing a greater 

understanding of the benefits and constraints connected with drying procedures. 
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1. Introduction 

Drying processes are frequently employed in the food sector for a variety of 

applications, including dairy products, coffee, tea, flavors, powdered beverages, 

processed cereal-based meals, fruits, vegetables, and spices. Drying is employed in the 

manufacturing of malt, where the kilning procedure is utilized to remove water from wet 



Drying Technology – Current Research and Industrial Applications  

Scientific Knowledge Publisher (SciKnowPub), USA 
 

germinated grain. This drying stage is critical in the malting process since it contributes 

to the ideal color and flavor of the malt. Drying fresh food products requires 

complicated processes such as energy transfer, unbound moisture evaporation, and 

water particle movement inside the cellular structure. Drying is a heat-driven process 

that results in solid-dried goods. Vaporizing bound water is critical for producing a safe 

and dry product. Drying fresh food goods reduces bacteria development and extends 

the product's shelf life. The drying method consists of eliminating unbound moisture 

followed by the removal of interior moisture. The drying process also has an impact on 

enzyme activity, sensory qualities, and microbial proliferation in food. Various drying 

processes have been widely researched for their chemical and biological changes in 

food items, and changed through time as advanced equipment and optimized drying 

parameters are developed [1, 2]. 

Sun drying, hot air drying, contact drying, infrared drying, freeze-drying, fluidized bed 

drying, and dielectric drying are some of the most prevalent drying processes used in 

the food sector.  Furthermore, drying food has been utilized as a technique of food 

preservation for millennia and may be used as an alternative or supplement to canning 

and freezing procedures. Individuals may now dry numerous foods at home year-round 

with current food dehydrators, which are great for hiking, camping, and other outdoor 

activities due to their lightweight, compact design and lack of refrigeration. Intermittent 

drying is another technology created to address the constraints of convective drying by 

enhancing drying kinetics, product quality, and lowering energy usage in the food 

sector [2, 3, 4]. 

2. General Overview and Drying Methods  

Each drying method has its own set of advantages and disadvantages. Pre-

evaporation, for example, allows for an increase in the dry substance content of wet 

material without the need for additional equipment, which can be beneficial in terms 

of efficiency and energy consumption. This approach can also be used in conjunction 

with specific dewatering equipment, such as presses or centrifuges, to improve the dry 

material content while consuming less energy throughout the drying process. Cabinet-

type dryers, also known as dehydrators, provide controlled heat and air circulation for 
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drying food, making them a popular choice for home drying. Oven drying, on the other 

hand, requires the use of an oven to dry the food, which may limit its accessibility and 

convenience. Air drying, a more traditional method, can be done in a variety of 

settings, such as a shady porch or corner of the kitchen, offering flexibility and ease of 

use. This criterion includes various factors such as drying time, energy efficiency, 

protection from environmental elements, and the possible influence on the quality and 

appearance of the dried product [6, 7, 8]. 

2.1.  Impact on Quality and Characteristics of Food Products 

The drying process can have a considerable influence on the quality and features of 

food items. Dehydration procedures, for example, have been shown to preserve 

superior quality and nutritional content than sun drying. However, it is crucial to 

remember that drying processes in general might cause vitamin and nutritional loss in 

food items. Drying procedures might impact the water-holding capacity of food goods, 

particularly meat, where it may decrease. Cooking the items before drying helps to 

eliminate any bacteria that may be present and ensuring food safety. Lower 

temperatures can be employed in high-pressure drying (HPD) dryers to improve the 

overall quality of the dried product [5]. 

It is also important to note that the storage and treatment of dried foods play an 

important role in keeping their quality. Dried food containers may be opened and 

reopened repeatedly without affecting the contents, making them easy to store and 

use. Canned goods, on the other hand, should be consumed quickly after opening to 

avoid spoiling while drying processes differ from evaporation as they produce 

concentrated liquid products with different properties than the original food product. 

The primary goal of drying is to increase the shelf-life of foods by decreasing their water 

activity and limiting the growth of microbes and enzymes that cause deterioration and 

undesirable chemical changes. To guarantee proper drying, elements such as time, 

temperature, and pre-treatment of the food goods must be considered. Starting with 

high-quality ingredients is critical for getting optimum drying outcomes. Low humidity, 

low heat, and excellent air circulation are crucial for efficient drying since they help 

keep the natural flavor, nutritional content, and scent of the food goods. Drying at low 
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temperatures can also minimize or eliminate the requirement for flavor and scent 

additions in food items [1, 6].  

It should be noted that hastening the drying process by raising the temperature might 

have a detrimental impact on the quality and attributes of the food items. Higher 

temperatures might cause food to cook rather than dry, resulting in a lesser quality end 

product. This can also cause "case hardening," in which the food is cooked on the 

exterior but stays moist on the interior, potentially leading to mold growth, later in 

storage. As a result, it has been advised that food to be dried at the optimal 

temperature of 140°F to produce the maximum outcomes. Different drying methods, 

such as utilizing a dehydrator, oven, microwave, or air-drying, can affect the quality 

and features of food items. Oven drying, for example, is more difficult to manage than 

dehydrating and takes longer, resulting in increased energy use. Blanching vegetables 

and pre-treating fruits before drying can help preserve food quality. Furthermore, 

keeping dried goods in a dark, cold place and insect-proof containers is required to 

retain their quality over time. By choosing the optimal drying process and executing 

suitable storage practices are critical for keeping food product quality and qualities [4, 

6, 7]. 

3. Role of Drying Techniques for Food Safety and Quality 

Drying techniques are utilized for various purposes and products (Figure 1) in food 

sector, few of them discussed below:                                                                                                                                                             

3.1.  Preservation of Food Products 

Drying is a common, oldest and most basic food preservation method, with a recorded 

history in many civilizations and communities [10, 11, 13]. The primary purpose of drying 

methods is to eliminate moisture from food products, which limits the growth of 

bacteria, mold, and yeast that cause spoilage. The shelf life of foods may be greatly 

extended by using the right drying techniques and storage setups while drying also 

decreases the water content of foods, making them lighter and easier to store and 

transport, as dried foods are lightweight, take up little room, and do not require 

refrigeration along their suitability for outdoor activities like trekking and camping. 

Drying may be accomplished in a number of ways, including the sun, an oven, or a 
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food dehydrator set to the ideal temperature, humidity, and airflow. Food enzymes are 

not entirely deactivated by drying, even if it slows down their activity. However, 

combining drying with additional preservation processes like freezing or canning might 

improve the overall preservation process. Drying is essential for food preservation as it 

removes moisture and creates an environment that prevents the growth of bacteria 

that cause degradation [9, 11, 12, 14]. 

 

Figure 1 Preservation of different food products [15, 16, 17] 

 

3.2.  Inhibition of Bacterial Growth 

Drying inhibits the development of microorganisms in food by lowering water activity, 

which is a fundamental element in microbial survival and growth. The process of drying 

has an impact on the microorganisms and their methods for survival, which inhibits or 

delays their growth. Dry foods are hygroscopic, meaning they can draw and hold 

moisture. When the equilibrium between relative humidity and moisture content is 

disrupted, this feature produces an appropriate moisture environment for mold 

development. For this reason, it's critical to maintain the proper relative humidity in the 

storage environment to limit microbial development in dried foods. However, drying 

may not entirely eradicate germs and spore cells, which can survive for months and 

create health concerns. Due to the elimination of water, drying causes several changes 

in the structure of microorganisms, including denaturation of proteins and damage to 

cell walls. Additionally, microorganisms defend against cellular damage rather than 

repair it, in response to drying stress. The drying process also diminishes the efficacy of 

the resonance strength of water molecules, which helps prevent membrane protein 
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denaturation even at high temperatures. As a result of drying, bacteria are exposed to 

stressful settings that might inhibit or inactivate them. These environments can include 

ones with high or low temperatures, increased osmolality, and acidic pH [18]. Various 

drying processes and technologies have been developed to efficiently suppress 

microbial growth and assure microbiological safety in dried items. A combination of 

approaches is sometimes required to efficiently inactivate or kill microorganisms during 

the drying process to make it an effective method for delaying the development of 

microbes in food and extending the shelf life of dried goods. 

3.3.  Production of Powdered Products 

Drying processes are critical in the manufacturing of powdered commodities, serving 

different uses and providing numerous benefits. To ensure the goods' long-term stability 

and availability all year round, one of the main goals is to eliminate moisture from them. 

Drying processes enable simpler storage and transportation by converting liquid 

material into dry, powdery form. Furthermore, drying processes are regarded Best 

Available processes in the industry since they not only preserve the product but also 

improve its quality. For example, drying improves the re-hydrating characteristics of 

powdered commodities, resulting in higher quality powders with improved sensory 

attributes. Drying procedures restrict bacterial development and microbial activity by 

eliminating moisture from the fresh food, extending its shelf life. Additionally, drying 

techniques and factors affect not only the bulk density of dried goods but also how big 

and how angular they appear to be to the client [19, 20]. Drying techniques enable the 

production of powdered commodities that may be used as coatings, flavorings, or full 

meals depending on the unique food product, increasing convenience and diversity in 

food consumption. Drying techniques are essential for generating stable, useful, and 

superior-quality powdered goods [21]. In order to maintain the quality and increase the 

shelf life of powdered commodities, drying processes are essential as the volume and 

weight of the items may be decreased using these methods, which lowers the expenses 

associated with packing, storage, and transportation. Drying procedures achieve a 

water activity level of less than 0.3, effectively inhibiting microbe development and 

undesirable chemical reactions and thereby extending the storage duration of 

powdered commodities. Depending on the unique properties of the raw material, 
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different drying procedures may be used to protect the quality and shelf life of 

powdered commodities, including thermal drying, osmotic dehydration and 

mechanical dewatering [20]. 

For example, freeze-drying is advised for retaining the functional integrity of powdered 

items, but osmotic pre-treatment can be employed to minimize elasticity and viscosity 

loss during rehydration. Drying procedures have the ability to alter the flavor and texture 

of the items in addition to keeping their physical qualities, resulting in the creation of 

novel and healthier snack choices. Color, bulk density, porosity, phytochemicals, 

sugars, proteins, volatile substances, and sensory qualities are used to evaluate the 

quality of dried items. The best drying method may differ based on the particular 

material being dried, hence careful analysis of drying protocols is required in order to 

suggest particular drying parameters for each product. In order to preserve the quality 

and lengthen the shelf life of powdered items, moisture must be removed, and 

microbiological contamination must be kept to a minimum [20, 22, 23, 24]. Examples of 

powdered products are given in Table 1 along their visuals in Figure 2. 

 

Figure 2a Spray-drying Machine for powdered goods [30] 
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Table 1 Different dried food products in market 

Product 

name 

Description Reference 

Egg 

powder 

Egg powder is a dried version of eggs that may be 

reconstituted with water and used in place of fresh eggs in 

cooking and baking. It is manufactured by eliminating the 

moisture from eggs, generally by a spray-drying technique, 

and grinding them into a fine powder. When compared to 

fresh eggs, this powder has a longer shelf life and is easier to 

store and transport 

[25] 

Milk 

powder 

Milk powder, often known as powdered milk or dry milk, is a 

dairy product prepared by evaporating milk to eliminate its 

moisture content. The powder that results can be reconstituted 

with water to make liquid milk or utilized as a component in a 

variety of culinary and beverage applications 

[26] 

Coffee 

powder 

Coffee powder, often known as instant coffee, is a form of 

coffee that is produced by drying. It entails removing soluble 

chemicals from brewed coffee and then dehydrating the 

liquid to get a dry, powdered form 

[27] 

Orange 

powder 

Orange powder is commonly used to describe a powdered 

version of oranges or orange zest. Oranges or their peels are 

dried and ground into a fine powder to make it 

[28] 

Strawberry 

powder 

Strawberry powder is a powdered version of strawberries 

created by drying and crushing the fruit into a fine powder. It's 

a common natural flavoring and coloring component in a 

variety of food and beverage applications 

[29] 

 

3.4. Production of Ready-to-Eat Meals 

Preserving ready-to-eat meals by air drying is a widespread practice; however, it might 

negatively affect the food's quality and shelf life. Exposure to air and moisture during 
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the drying process might reduce the overall quality of the food, therefore specific care 

must be taken to keep it fresh and extend its duration of storage. It is critical to store 

dried foods in airtight containers to avoid moisture reabsorption and retain quality [31]. 

Additionally, it is advised to regularly inspect the dried food during storage to make sure 

it is still dry and shows no symptoms of mold or rotting and to avoid spoiling, removal of 

any moisture from the food and re-drying should be done. The shelf life of air-dried 

meals is also significantly influenced by the surrounding storage conditions. Storing dried 

food in a cold, dry, and dark environment with a temperature below 60°F will help to 

increase its shelf life. However, if the humidity is excessive, the food may begin to mold 

before it dries by shortening its shelf life. In order to avoid moisture reabsorption and 

preserve the quality of air-dried ready-to-eat meals, it is crucial to take into account the 

storage conditions and implement the necessary steps [22, 31]. 

 

Figure 2b Left Freeze-dried variety soup box [32]; Right: Instant Asian ready-to-eat meals 

[33] 

Freeze-drying is a particularly beneficial preservation technology for the creation of 

ready-to-eat meals. Freeze-dried meals have a number of benefits, including a lengthy 

shelf life that makes them perfect for long-term distribution and storage. Freeze-drying 

helps to keep key minerals and phytochemicals in foods, ensuring that ready-to-eat 

meals retain nutritious value, also, freeze-dried meals are lightweight, simple to handle, 

and transportable, which makes them practical for both producers and customers [34, 

35]. Fruits and tiny vegetables are particularly well-suited for ready-to-eat meals since 

they may be freeze dried without losing quality or taste. Additionally, customers may 

quickly and easily rehydrate freeze-dried meals by just adding water, making them 

handy [36]. This technology makes it feasible to efficiently preserve freeze-dried dairy 
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and egg products, something that is not achievable with conventional preservation 

methods [37]. The quality of freeze-dried foods is substantially superior to that of 

conventional drying processes, retaining fragrance, rehydration characteristics, and 

general bioactivity. In terms of making ready-to-eat meals, freeze-drying has a lot of 

benefits, including better quality preservation, a longer shelf life, and ease of handling 

and reconstitution. However, no possible drawbacks of freeze drying in the preparation 

of ready-to-eat meals are mentioned in the literature [35]. Some novel drying 

techniques for the Food Industry are presented in Figure 3. 

 

Figure 3 Novel Drying Techniques for the Food Industry [38] 

 

4. Industrial Drying Processes and Challenges in the Food Industry 

Effective industrial drying procedures are essential for preserving product quality, 

increasing shelf life, assuring food safety in the quick-paced and constantly changing 

food business. However, the obstacles that these drying processes encounter are 

diverse and frequently complicated. The food business is continuously looking for novel 

solutions to get around these challenges, from lowering energy use and costs to 
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preserve product purity and fulfilling regulatory requirements [39]. This topic will cover 

the major issues encountered by industrial drying processes in the food industry, as well 

as the cutting-edge technology and methods that firms are using to optimize their 

drying operations.  

4.1.  Energy Usage 

Food sector industrial drying operations face a number of difficulties that may reduce 

effectiveness and productivity. The problem of energy usage is one of the biggest 

obstacles. Food goods need to be dried with a lot of heat, which uses a lot of energy. 

Reducing energy use is essential as energy prices increase and sustainability gains 

much importance. Finding solutions to optimize drying operations and reduce energy 

use without sacrificing product quality is a perennial problem for food makers [40, 41]. 

4.2.  Product Integrity 

Another difficulty in industrial drying procedures is maintaining product integrity. The 

drying process must take into account the distinctive qualities and sensitivities of various 

food items. Delicate fruits and vegetables, for example, may be damaged or lose 

nutrients if exposed to high temperatures for a lengthy period. However, meat or fish 

items need specialized drying conditions to preserve food quality and avoid spoiling 

specialized food safety characteristics. It takes careful monitoring and management to 

strike the right balance between the demand for effective drying and the preservation 

of product quality and safety [42, 43]. 

4.3.  Regulatory Compliance 

Ensuring regulatory compliance to protect consumer safety, the food business is subject 

to follow stringent laws and standards. Specific standards for drying procedures, such as 

temperature limits, moisture levels, and sanitation procedures, are frequently stipulated 

by these rules. Compliance with these rules while preserving operational efficiency can 

be a difficult endeavor that necessitates constant monitoring, documentation, and 

adherence to best practices [44]. 
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4.4.  Environmental Concerns 

Drying procedures in the food sector have major environmental implications, 

particularly in terms of energy usage and greenhouse gas emissions. Several solutions 

have been put out to reduce these effects. One strategy is to optimize drying process 

parameters such as temperature, humidity, and air velocity in order to reduce energy 

usage while preserving product quality. Utilizing renewable energy sources, such as 

solar energy, to power the drying process is another tactic. The utilization of developing 

technologies like as microwave drying, hoover drying, and freeze-drying can cut 

energy use while minimizing nutritional and flavor loss, therefore contributing to 

environmental sustainability [45, 46]. 

5. Best Practices for Overcoming Challenges in Industrial Drying Processes 

To tackle the constraints of industrial drying processes, food producers are 

implementing a number of best practices that improve productivity, product quality, 

and regulatory compliance. One such practice is the use of quality management 

systems, such as Hazard Analysis and Critical Control Points (HACCP), to assure food 

safety throughout the drying process. These systems entail seeing possible risks, putting 

precautions in place, and then periodically checking to see if they are working. Food 

producers can reduce the chance of product contamination or safety concerns by 

proactively addressing possible hazards [47, 48]. By investing in personnel training and 

education is critical for tackling the obstacles of industrial drying operations. Employees 

who have received the appropriate training are aware of the nuances of drying, 

including the effects of various drying settings on product quality and safety and 

became able to efficiently monitor and manage these metrics, spot possible problems, 

and swiftly implement remedial measures. Employees are kept current with the most 

recent legal requirements and technical developments in drying processes to ongoing 

training and education programmers [49]. 

Collaboration and information exchange within the food industry is also critical for 

addressing obstacles in industrial drying processes. Food producers may exchange best 

practices, learn from one another's experiences, and work together to solve problems 

by taking part in trade groups, attending conferences, and working on cooperative 
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research initiatives. Innovative solutions to improve drying processes and increase 

overall efficiency and sustainability may be created by utilizing the industry's pooled 

knowledge and skills [50]. 

5.1.  Innovations and Advancements in Industrial Drying Technology 

The limitations of industrial drying processes in the food sector are constantly dealt by 

investigating and implementing new technology. The application of microwave drying 

technology is one such development. Unlike traditional drying processes that rely on hot 

air, microwave drying directly heats the food product. This method has a number of 

benefits, including shorter drying periods, less energy use, and better product quality. 

Microwave drying is especially advantageous for heat-sensitive goods since it provides 

for exact temperature control while reducing the danger of over-drying or nutrient loss 

[51, 52]. 

 

 

 

 

 

Figure 4 Vacuum Drying Process in Food Chemical Industry [53] 

Advancement in industrial drying technology is the introduction of hoover drying 

devices. Vacuum drying (Figure 4) includes releasing the drying chamber's air pressure, 

which lowers water's boiling point and speeds up evaporation. This approach is very 

useful for drying heat-sensitive or fragile food goods since it reduces exposure to high 

temperatures. Additionally, hoover drying improves the preservation of the food 

product's natural color, flavor, and nutritional value, producing higher-quality finished 

goods [54]. 
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Figure 5 Revolutionizing Manufacturing with AI and Machine Learning [55] 

Additionally, the optimization of drying processes by food producers is revolutionized by 

the use of artificial intelligence (AI) and machine learning algorithms (Figure 5) into 

industrial drying processes. AI-powered systems can analyze massive volumes of data in 

real time and automatically modify drying settings to obtain the desired drying output. 

These systems are able to recognize patterns, anticipate possible problems, and 

efficiently use energy. Food producers may increase the accuracy, control, and 

productivity of their drying operations by utilizing AI and machine learning [55, 56]. 

6. Conclusion 

In conclusion, the uses of drying processes in the food industry have shown to be very 

significant in a variety of ways. Throughout this study book chapter, the authors have 

looked at the various drying procedures used in the food sector and their uses. These 

techniques, which include air drying, freeze drying, spray drying, and others, 

are beneficial in preserving and improving the quality, shelf life, and safety of food 

items. The benefits of drying technologies are obvious in their capacity to decrease 

water content, hence reducing microbial development and enzymatic activity that led 

to deterioration. Drying processes lengthen shelf life, improve mobility, and promote 

customer convenience by eliminating moisture, reducing product weight and inhibition 

of bacterial growth. Furthermore, these approaches have aided in the preservation of 

nutritional content and sensory qualities of food, ensuring that critical nutrients are kept 
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even after the drying process. Industrial drying procedures in the food sector encounter 

various issues, including energy usage, product purity, and regulatory compliance while 

food producers are overcoming these challenges by the use of cutting-edge 

technologies, best practices, and cooperative initiatives. From energy-efficient drying 

systems and sophisticated control technologies to the incorporation of renewable 

energy sources and breakthroughs in drying technology, the future of industrial drying in 

the food sector appears promising. The food sector can fulfill the expanding needs of 

customers while guaranteeing the safety and integrity of its goods by continually aiming 

for efficiency, sustainability, and product quality. 
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Abstract 

Fruit and vegetables are vital parts of a human diet due to their high nutritional value. 

These food groups are the main source of micronutrients, fiber and important 

phytochemicals. Due to high moisture content (80%), loss and waste in fruits and 

vegetables are the highest among all types of foods, and may reach up to 60%. In this 

regard, drying process is an important parameter in fruit and vegetable industries used 

for processing or preservation purposes. A number of drying techniques have been 

developed over the years to turn perishable commodities into stabilized goods by 

preserving quality attributes, increase shelf life, and reduce transport weight. Advanced 

drying techniques such as solar, microwave, vacuum, infrared, freeze and spray dryings 

have been developed around the globe as being successfully used for various fruits 

and vegetables. Moreover, dried products of fruit and vegetables are broadly used by 

the industries related to confectionery, bakery, in sweets and distilling industries in the 

development of versatile by‐products including sauces, teas, puddings, and food 

supplements for infants as well as children. The effect and applications of these drying 

techniques in fruit and vegetable industries are discussed in this chapter.     

Keywords 

Fruits, Vegetables, Drying Techniques, Preservation, Industrial Applications 

1. Introduction 

Fruits and vegetables are essential components of the human diet and there is 

considerable evidence that their ingestion has health and nutritional advantages [1]. 

Fruits and vegetables are widely recognized for their high nutritional value, which 

includes micronutrients (vitamins and minerals), dietary fibers and contains a wide 

range of phytochemicals that individually or combination are beneficial to human 

health [2]. The nutritive importance of fruits and vegetables along with their potential 

health benefits shows in Table 1.1. The World Health Organization (WHO) recommends 

consuming five to eight servings (400-600 g) of fruits and vegetables each day. In order 

to lower the risk of cardiovascular disease, cancer, poor cognitive function, and other 

diet-related disorders as well as to prevent micronutrient deficiencies [3]. 
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Table 1.1 Nutritive value and potential health benefits of fruits and vegetables 

Nutrients        Sources   Human health benefits         References  

1. Micronutrients  

Vitamin C 

(ascorbic 

acid)  

Broccoli, cabbage, 

citrus fruits, guava, 

kiwifruit, leafy greens, 

pineapples, potato, 

strawberry, tomato, 

watermelon 

Scurvy prevention, 

wound healing, 

cardiovascular disease, 

healthy immune system 

[2] 

Vitamin E 

(tocopherols) 

Avocado, nuts (such 

as almonds, nuts, 

peanuts, pistachio, 

walnuts), green leafy 

vegetables 

Cancer, diabetes, heart 

disease, immune system, 

LDL oxidation 

Vitamin K Crucifers (such as 

broccoli, sprouts, 

cabbage), green 

onions, nuts, leafy 

greens 

Osteoporosis, synthesis of 

procoagulant factors 

Vitamin B9 

(folate)  

Dark green 

vegetables (such as 

spinach, mustard 

greens, lettuce, 

broccoli, sprouts) 

Birth defects, cancer, 

heart disease 

2. Dietary Fibers  

Dietary fibers  Most fruits and 

vegetables 

Decrease the risk of 

chronic diseases such as 

cardiovascular disease, 

type 2 diabetes mellitus, 

cancer and weight lose  

[4] 

3. Phytochemicals  

Phenolic acids 

 

Seeds, fruits and leafy 

green vegetables 

Prevents cardiovascular 

diseases, anti-   

inflammatory and 

anticancer 

[5] 

Flavonols Kale, onion, lettuce, 

and tomatoes 

prevent cardiovascular 

diseases, heart related 

disorder, prevents blood 

clotting and human 

gingival diseases 

[6] 

Flavones Tomatoes, onions, 

lettuce and kale 

Cardiovascular 

properties and 

neuroprotective 

[7] 

Flavanones Lemons, oranges and 

grape fruits 

Reduced lipid level and 

prevents cardiovascular 

[8] 
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diseases 

Anthocyanidin Radish, beetroot, 

berries, strawberries 

and cherries 

Antimicrobial properties, 

anticancer and 

antidiabetic activities, 

prevents cardiovascular 

disease 

[9] 

Resveratrol Grapes, berries and 

wine 

Lowers blood pressure, 

helps in preventing 

cardiovascular diseases 

and skin cancer 

[8] 

Lignans  Seeds (flax, pumpkin, 

sunflower, poppy, 

sesame), barriers  

Reduced risk of 

osteoporosis, breast 

cancer, menopausal 

symptoms, and heart 

problems 

[10] 

Tannins Legume seeds, peas, 

some leafy and green 

vegetables 

Anti-inflammatory, anti-

oxidant, anti-cancerous, 

and anti-microbial 

properties 

[11] 

Food is essential for both human survival and the ecosystem. It can be eaten either raw 

or processed to provide value-added goods. However, a growing concern has led to 

an increase in global food waste due to exponential rise in population and instability in 

supply chains [12]. Globally, around 1.3 billion tonnes of food are lost or wasted each 

year, and this figure is growing [13]. According to FAO [14], stages where possible 

causes of food loss and waste occurred are shown in Figure 1.  

 

Figure 1 Possible causes of food loss and waste [14] 

Fruit and vegetables are one of the most consumed commodities globally, accounting 

for more than 42% of total food wastage [13]. Food and Agriculture Organization (FAO) 
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has estimated that losses and waste in fruits and vegetables are the highest among all 

types of foods, and may reach up to 60% [15]. Figure 2 depicts the amount of food 

waste caused by each food item, together with overall waste percentage in fruits and 

vegetables. 

 

Figure 2 Worldwide food waste generated by each food item 

Fruits and vegetables have grown more valuable commercially, and growing them on 

a large scale for market has become important sector of the agricultural industry [16]. 

Fresh fruits and vegetables contain more than 80% water and considered as extremely 

perishable items that degrade quickly [17]. Post-harvest losses and wastages plague 

the whole supply chain of perishable food commodities [18].  About 30% to 50% losses 

have been reported in fruits and vegetables from the farm gate to consumer's level. 

Losses result in unacceptable levels of food insecurity among the world's population. 

These commodities require suitable transportation, handling, and storage facilities in 

order to reach a consumer in a fresh form because of their short shelf life and 

perishable nature [17, 18]. After harvest, post storage procedures are necessary to keep 

the product fresh and preserve its nutritional content. Storage solutions available across 

the world demand a low temperature for product preservation; yet, their increased 

cost and lack of availability in many locations are significant limits [19]. One of the main 

objectives of food processing or preservation is to turn perishable commodities, 
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including fruits and vegetables, into stabilized goods that can be kept for long periods 

of time to minimize postharvest losses [16]. Factors that Influence postharvest quality are 

represented in Table 1.2. Drying is an important process for preservation of food 

components and it is widely applicable in food sectors [20]. Different types of drying 

techniques are suitable to reduce losses and to preserve fruits and vegetables with 

maintained quality [17]. 

Table 1.2 Postharvest factors that influence quality of fruits and vegetables  

Factors                    Description  References 

Intrinsic factors       Related to inherent characteristics, such as  

• Genetic factors,  

• Maturity stage in harvest 

• Susceptibility to physiological disorders 

 

[21] 

Extrinsic factors    Related to development’s ambient and     

technologies, such as  

• Handling (harvest, package, 

transportation, storage, and 

commercialization) 

• Technological (control of temperature, 

relative humidity, irradiation, chemical 

treatments) 

 

[21] 

2. Drying Techniques in Fruit and Vegetables Industries  

Drying is one of the oldest and widely used method of food preservation. It involves the 

removal of moisture from a product due to couple heat and mass transfer. The 

elimination of moisture reduces several moisture-mediated deteriorative processes and 

stops the development and reproduction of microorganisms that cause decay [16]. The 

preservation of fruits and vegetables through drying dates back many centuries due to 

preserve quality attributes, increase shelf life, and reduce transport weight of fruit and 

vegetable. The poor quality and product contamination lead to the development of 

alternate drying technologies [19, 22]. A number of drying techniques have been 

developed over the years. These different types of drying techniques and the impact of 

drying on selected fruits and vegetables preservation and quality discussed below. 

2.1. Solar Drying 

Solar drying is one of the oldest applications of solar energy; hence goods are exposed 

to direct sunlight by being put on the ground. Agricultural products were traditionally 
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dried mechanically, which was time-consuming and expensive. Additionally, the dried 

goods from those dryers weren't fully hygienic. Therefore, with no energy cost, the solar 

dryer technology offered a new, safer, and healthier way to dry fruits and vegetables 

[23]. A solar dryer was used to dry fruit and vegetables because foods have a high 

primary moisture content; if it remains at the same level, the product will deteriorate 

and decrease its quality [24]. Numerous types of solar dryers have been developed with 

various designs such as chamber based, rack/tray type, bin, and tunnel type for 

agricultural products [25].  

Solar drying is used to improve the color, taste and appearance of the products. Solar 

drying is lowering the possibility of microbial development, as well as preventing insect 

infection, contamination with foreign objects, and toxin buildup. The solar drier 

developed was able to produce 48 °C to 54 °C average drying temperature [26]. Solar 

dryers are classified according to the mode of air circulation, such as natural circulation 

known as passive dryers and forced circulation dryers also called active dryers [27]. 

According to the study passive type solar dryers have property of natural heated air 

movement that is easily constructed, and inexpensive. These are used to dry various 

fruits (bananas, pineapples, and mangoes) and vegetables (potatoes, carrots, and 

French beans) in small batches [17]. 

2.2. Microwave Drying 

A different drying technique that has gained favor in recent years for a number of 

commercial food items is microwave drying (MWD). It can be regarded as a rapid 

dehydration process significantly reducing the drying time, up to 89% according to 

certain authors. A MW drying process consists in three drying phases (1) a heating-up 

period during which the product's temperature rises over time as MW energy is 

transformed into thermal energy inside the wet materials (2) thermal energy is 

employed for moisture vaporization and transmission during a quick drying phase (3) 

reduced drying rate period during which the local moisture is reduced to a point that 

the energy needed for moisture vaporization is lower than the thermal energy induced 

by MW [28]. 
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Microwave technology is used to quickly dry fruits and vegetables, and 

electromagnetic radiation plays a significant role in both the internal and external 

heating of the product [17]. Numerous studies have demonstrated the benefits of 

microwave-assisted fruit and vegetable drying. Excellent quality was identified in dried 

carrots in terms of color, shrinkage, and rehydration ability [29]. Microwave-dried raisins 

were found to be of higher quality than hot air-dried samples in terms of color, 

damage, blackness, sugar crystallization, stickiness, and uniformity [30]. Compared to 

convection drying, microwave drying has a number of benefits, but there are some 

drawbacks as well that are presented in Table 2.1. 

Table 2.1 Advantages and limitations of microwave drying [29] 

Advantages Limitations 

Higher drying rate Product texture may be affected 

Lower operating costs High initial costs for industrial scale dryer 

Short drying time Partial loss of aroma and negative 

sensory changes 

Reduced energy consumption Specific sample size and shape may be 

required for effective drying 

2.3.  Freeze Drying 

Freeze drying (FD) has become an important technology used to extend shelf-life and 

to preserve food nutritional quality [31]. Drying different fruits and vegetables using the 

freeze-drying technique is a useful method. Freeze drying is the sublimation of an ice 

fraction, which is the process by which water transforms from a solid into a gas. Due to 

very low temperature all the deterioration activity and microbiological activity are 

stopped and provide better quality to the final product [17, 19]. Recently, the market 

for organic products is increasing. Therefore, the use of freeze drying of fruits and 

vegetables is not only increasing in volume but also diversifying [19]. Sanchez et al. [32] 

showed that, encapsulated freeze-dried cherry juice in powdered form produced a 

higher stability of total monomeric anthocyanin during storage at 38 °C. 

When compared to guava powder made by vacuum and heat pump dryers, FD-

produced guava had the best porosity, colour, rehydration, and vitamin C retention. 

The heat pump dryer only managed to preserve 25% of the vitamin C, compared to 

63% for the FD [33]. FD reduced the drying time for the development of banana chips 
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with the assistance of infrared radiation treatment and additionally dipping of acid 

improves color retention and produced crispiness [34]. Additionally, FD increased the 

number of flavonoids and anthocyanins in red onions during extraction and preserved 

those substances (flavonoids and anthocyanins) in their powder form for up to six 

months of storage [35]. It has been reported that berries (blueberries, tart cherries, 

strawberries, and cranberries) dried using FD retained more phytochemicals, such as 

antioxidants, ascorbic acid, and phenolic contents, compared to berries dried using air 

drying (AD), which produced worse quality [36]. FD showed improved preservation of 

chemical profiles, antioxidant activity, and cellular structure due to its less extreme 

heating. However, had relatively higher energy consumption and drying time [37].  

2.4. Vacuum Drying 

Vacuum drying is a novel technology that allows obtaining a high-quality final product 

while preserving its original nutritional value. Vacuum drying is performed under low 

pressure conditions. The heat transfer effect is produced by the convection or radiation 

method. The use of vacuum guarantees a sparing effect on the product being dried 

due to the low values of drying temperatures [38]. Vacuum drying technology is an 

important process for drying highly heat-sensitive and perishable commodities, which 

are widely used in the pharmaceutical as well as in food products and biotechnology 

The methods of vacuum drying can be analyzed based on the physical parameters 

utilized for applying heat and eliminating water vapor [17, 39]. It can dry products more 

quickly, at a lower temperature, with better rehydration capacity and less energy use. It 

also helps preserve product color, flavor, and other contents including vitamins and 

volatile aromas as shown in Table 2.2 [17]. Fernando and Thangavel [40] compared the 

quality of coconut which is dried through VDT and found it superior as compared to the 

product that was conventionally dried. 

Table 2.2 Effects of vacuum drying on the quality of different fruits and vegetables 

Fruit/vegetable Effect Reference 

Beetroots High quality product with no 

color degradation  

[41] 

Carrots Positive impact on drying time 

and quality improvement 

[42] 

Apples Had no effect on the [43] 
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compositions of slices that were 

enhanced with quercetin 

Dates Maintains overall quality with 

no color degradation 

of their pulp 

[44] 

Mangoes enhances color parameter, 

drying consistency, and 

reduced drying time 

[45] 

Potato High drying rate and reduced 

moisture percentage with 

assistance 

of infrared 

[46] 

2.5. Spray Drying 

Making fruit and vegetable juice powders is a viable way to cut costs associated with 

shipping, storage, and packaging. Juices from fruit and vegetable can be preserved 

from weeks to months while powdered products produced from fruit and vegetable 

juices can be preserved from months to years depending on packaging. Spray drying is 

the most cost-effective method for quickly dehydrating food while preserving quality 

and turned liquid goods directly into powder [47]. SD is widely utilized in industry, 

particularly in the production of fruit and dairy products [47, 48].  The spray-dried 

product is highly stable, because of its low moisture content and water activity. The 

typical ranges for spray-dried fruit and vegetable powders' moisture content and water 

activity are 2–5% and 0.2–0.6, respectively [47].  

It was discovered that spray drying method was 4-5 times less expensive than freeze-

drying. Furthermore, compared to FD, it was demonstrated that using the SD technique 

to dehydrate chokeberry juice into powders improved the retention of total phenolic 

components, total flavonoids, and total monomeric anthocyanin [49, 50]. Izidoro et al. 

[51] concluded that because of the high temperature and atomization nature of the 

spray drying approach, green banana starch solubility, swelling power, and water 

absorption capacity are increased. In another study banana was dried into powder 

using modified spray dryer and result showed that banana powder retained its color 

and flavor [52]. Quek et al. [53] produced spray-dried watermelon powder with best 

colorimetric results, low moisture content, low water activity and good lycopene and ß-

carotene contents in powder. Phoungchandang and Sertwasana [54] spray dried the 
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ginger juice. Goula and Adamopoulos [55] studied the performance of a modified 

spray dryer for tomato powder preparation under various operating conditions. 

2.6. Infrared (IR) Drying 

Infrared drying is based on a property of water to absorb infrared radiation [56]. The 

fundamental idea of an infrared dryer is to heat and dry materials that contain moisture 

by using radiations. These radiations enter exposed materials and increase their internal 

temperature [17]. Infrared drying has great advantages over traditional air drying. 

Studies have shown that infrared has an effective moisture diffusivity and a higher 

thermal sensitivity than air drying [57].  

Zhu and Pan [58] study showed that the high radiation intensity and apple thin slices 

had faster increase of product temperature, and quicker moisture removal. According 

to another study irradiated surface evaporates significantly more water than that which 

is not heated by IR energy [59]. Nimmol et al. [60] examined the behavior of heat 

transport and drying in bananas using infrared radiation and low-pressure superheated 

steam. IR drying could be a favorable way to drying carrots. One of the ways to shorten 

the carrot slice drying time is to supply heat by IR radiation [61].  

3. Drying Applications in Selected Fruit and Vegetable Crops  

3.1. Potatoes 

Potato (Solanum tuberosum L.) belongs to Soulanacea family. After corn, wheat, and 

rice, potatoes are the fourth-largest food crop, and they are widely grown and eaten 

all over the world [62]. The Food and Agriculture Organization (FAO) reported that 

global potato output was around 3.68 108 t in 2018 and the top five potato producers 

worldwide were China, India, the United States, Ukraine, and the Russian Federation 

[63]. The important amino acids histidine and lysine, which are limited in grains, are 

abundant in potato tubers along with vitamins, dietary fiber, minerals, and other 

nutrients [64].  

Due to their short dormancy period and high moisture content, fresh potatoes have a 

limited shelf life and are sensitive to deterioration. Drying is one of the most widely used 
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methods for potato preservation and processing [64, 65]. Potato drying is believed as a 

better method of storage as well as the best choice for value‐added product 

development which ultimately enhances profitability [17]. In order to increase the 

nutritional content of flour-based foods, the dried potato powder can be used as a 

thickening to enhance flavour and colour as well as to partially replace wheat flour 

[62]. Different drying methods, such as microwave drying, high voltage electric field 

drying, vacuum heat pump drying, and freeze drying were available for fruit and 

vegetable products [63].  

One of the most popular drying techniques for agricultural products has been hot-air 

drying. However, its two main drawbacks are the low quality of its dried goods and the 

lengthy drying process [66]. Supmoon and Noomhorm [67] studied hot‐air‐assisted with 

infrared drying to produce potato chips that is health‐friendly instead of traditional 

deep‐fat drying method. In previous studies, infrared drying offered a faster rate of 

drying, a lower proportion of shrinkage, and also a lessened colour degradation [17]. 

Potato slices were successfully dried using far infrared radiations and vacuum 

technology; the process was very energy-efficient, uniformly heated, and produced a 

high-quality end product [46]. The most important aspect of thermal mode drying is 

temperature optimization; drying potatoes at 70°C in a microwave-vacuum dryer results 

in a reduced moisture percentage but degrades the quality in terms of visual colour. 

However, after 150 minutes of drying at 50 and 60 degrees Celsius, the visual colour 

quality was adequate, although drying at 50 degrees required more time [68].  

3.2.  Carrots  

Carrot (Daucus carrota L.) is one of the important vegetables grown throughout the 

word [69]. The carrot is widely utilized in human nutrition because to its high level of 

fiber, b-carotene, and vitamins A, B1, B2, B6, and B12. Its water content ranges from 86% 

to 93%, and it is highly vulnerable to moisture loss, which shortens its shelf life [17]. Carrots 

can also be stored for a long time by drying them. Dried carrots are used as an 

ingredient in various food products, such as soups, sauces, ready-meals as well as 

healthy snacks [70]. Therefore, numerous researchers have looked at the effects of 
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various drying techniques and dryers such as vacuum dryer, microwave and hot-air 

drying on the drying of carrots [17].  

A novel drying technique using a combination of ultrasound and vacuum dehydration 

was developed to shorten the drying time and improve the quality of carrot slices. The 

high content of carotene is a unique property that makes dried carrot slices an 

excellent candidate for developing oil free, healthy snack foods. However, the 

nutritional value must be well preserved and a puffed texture should be generated in 

the drying process [42]. 

Kocabiyik et al. [70] dried carrot slices from initial moisture content of 8.52 kg water 

kg−1 dry matter to 0.11 kg water kg−1 dry matter by infrared dryer however, 

Shrinkage, rehydration ratio and colour parameters were found to be affected by 

process variables. A two-step microwave drying procedure and its impact on carrot 

quality were described by Wang and Xi [71]. It was shown that utilizing a lower power 

level during the second drying cycle can successfully minimize the loss of β-carotene. 

3.3. Tomatoes 

Tomato is the world’s most commonly commercially produced vegetable. The world 

tomato production reached 124,111,781 metric tons [72]. Epidemiological studies have 

shown that consumption of tomatoes lowers the incidence of certain malignancies and 

cardiovascular diseases, demonstrating that tomatoes are unquestionably a functional 

diet [73]. Tomatoes are consumed fresh as well as in a processed form, around 80% of 

the crop is processed to create value-added products including tomato juices, 

ketchup, and sauces. Tomatoes can be preserved in a variety of ways, including 

canning, drying, and processing. To store tomatoes for an extended period of time, 

they can be dried and turned into flakes or powder. Different techniques, including hot 

air, sunlight, microwave, and freeze drying have been employed [17, 72]. 

Industrial processing of tomatoes to a final moisture content of <15% often involves high 

temperatures (60–110 °C) for a period of 2–10 h in the presence of oxygen, and 

therefore, the products show some oxidative damage and during the production of 

dried tomato halves and tomato pulp at high temperatures, significant ascorbic acid 



Drying Technology – Current Research and Industrial Applications  

Scientific Knowledge Publisher (SciKnowPub), USA 
 

losses have been shown [74]. Air-drying is reported to have little effect on the lycopene 

content of tomatoes [75].  

3.4.  Spinach 

Spinach (Spinacia oleracea L.) is a cool season annual vegetable. This widely used 

vegetable can be eaten raw, cooked, or baked in a variety of recipes. Spinach is a 

good source of many important vitamins, minerals fiber and carotenoids but low in 

calories [76]. Table 3.1 shows nutritional composition of spinach. Spinach is a vegetable 

that rapidly perishes after harvest, which is consumed only in the product season. Like 

other leafy greens, spinach has high water content. Drying is one of the preservation 

methods that has the capability of extending the consumption period of spinach [77]. It 

has been shown that a variety of dehydration methods, including microwave, hot-air, 

freeze, infrared, convective, and high electric field drying, can be used to dry spinach 

into dried flakes or powder [17, 78]. The powdered or flakes of dried spinach are lighter 

in weight and can be used in a variety of recipes. Tray drying or cabinet drying, which 

allow for temperature control and produce results nearly identical to FD, are more cost-

effective than freezing spinach to dry it [78]. The best quality of spinach in terms of 

colour and ascorbic acid values were obtained in the drying period with 750 W 

microwave power [76].   

Table 3.1 Nutritional composition of spinach  

Nutrients Composition Reference 

Moisture  91% - 92% [79] 

[80] 

 

 

 

Lipid 0.4% - 0.6% 

Protein  2.9%  

Carbohydrate  2%-10% 

vitamin A 469 μg/100 g 

Vitamin C 30 to 155 mg/100 g 

Vitamin K 378-483 μg/100 g 

Vitamin E 12.3 μg/100g 

Vitamin B9  140 -194 μg/100 g 

Iron  4-35 mg/100 g 

Magnesium 58 mg/100 g 

Potassium  633 mg/100 g 

Zinc  0.5-4.25 mg/100 g 
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3.5.  Bananas 

Bananas are the most widely grown fruit crop and play a significant role in the 

production of horticulture fruit crops in tropical and subtropical regions of the world. It is 

regarded as a superfood (high energy food) in terms of nutrition since it is rich in 

minerals, nutrients, carbs, and phenolics and carotenoids, two bioactive components 

that support human health [81].  The postharvest losses during the whole supply chain of 

bananas reach up to 40% due to inadequate techniques used by growers at harvesting 

as well as inappropriate postharvest management. Bananas stored at low 

temperatures can cause a number of problems when it comes to preservation; 

nonetheless, drying is seen to be the greatest method for producing by-products that 

can be stored for a long time, such as flour and flakes [17]. Dried banana powder has 

many advantages when compared with raw bananas. Dried bananas have higher 

quality and longer shelf life and can be used for instant cooking. Products with 

additional value can be made using the dried banana powder [82, 83].  

According to a study, developing value-added products will be a useful strategy to 

prevent the exploitation of bananas. Dried banana powder can be used to make 

snacks, fast mixes, dietary meals, etc [84]. Kabeer et al. [82] results showed that freeze-

drying was the best technique to preserve nutrients present in ripe banana. Flour from 

unripe bananas is produced by using various drying techniques because of its positive 

impact on the human health as it increases the intake of unavailable carbohydrates, 

which may reduce the risk of non-communicable diseases [85]. 

Banana peels which account for approximately 38% of the fruit weight, are considered 

as waste with no value. The peels have been found to have significant antioxidant, 

antibacterial, and antibiotic qualities. They also have a high phenolic content and high 

dietary fibre level. Since drying has an impact on both manufacturing costs and 

material quality, it is a crucial step in preparing beginning material for additional 

processing. The microwave drying method is recommended for drying banana peels at 

an industrial scale [86].  
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3.6. Apples  

Apples (Malus domestica L.) are one of the most widely grown fruits in the world. 

Quercetin glycosides, a naturally occurring antioxidant molecule from the flavonoid 

family with anti-cancer and heart-protective qualities, are abundant in apples [17]. 

Apples are eaten raw or processed into a variety of foods such juice, marmalade, jam, 

dried apples, etc. Moreover, dried apples are also used in the preparation of baby 

food [87].  

Freeze drying is considered as a best technique for the preservation of quality 

characteristics of apples [88]. Lately, apple powder made by hot-air drying at 70°C 

showed colour retention and increased total phenolics, antioxidant capacity, and free 

radical scavenging activity [89]. In an experiment utilizing the microwave vacuum 

drying (MVD) technology for drying apple slices, showed a notable enrichment with 

quercetin derivatives through vacuum impregnation. MVD and FD of apples 

significantly retained its total quercetin glycoside content but AD showed a negative 

impact on quality attributes during drying; caused loss (44%) of quercetin glycoside and 

undesirable changes [43]. Doymaz [87] studied drying behavior of green apples and 

showed best results in describing thin-layer drying of apple slices. Moreover, pretreated 

samples with citric acid solution had a higher effective moisture diffusivity than the 

other samples.  

3.7. Mangoes  

Mango (Mangifera indica L.) is the most commercially important fruit in the 

Anacardiaceae family. Rich in antioxidants including pro-vitamin A and vitamin C, it 

has a high nutritional value to go along with its sensory quality in terms of flavour and 

taste. Mango, like other fruits and vegetables, has a short shelf life due to its high 

moisture content [90]. A study showed that, in comparison to hot air and freeze drying, 

microwave drying at 350 W may produce mango slices of excellent quality with the 

added benefit of a shorter drying time [91]. Vacuum-assisted osmotic drying resulted in 

lower losses of sucrose and fructose than the conventional osmotic drying technique 

[17]. Combining hot-air drying with microwave vacuum drying can greatly improve 

mango slices by reducing drying time and improving colour quality. Since the size of 
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samples also has an effect on the drying uniformity and efficiency, the application of 

different drying techniques to larger samples should be considered in the future study 

[45].  

3.8. Dates  

Date palm (Pheonix dactylifera L.) is valued for its socioeconomic and historic 

significance, making it the primary crop throughout the Middle East and North Africa 

[92]. Date fruit is remarkably popular for their delicious sweety taste, dietary and 

medicinal values. It is a good source for carbohydrates (70–80%), dietary fiber (6.4–

11.5%), protein (2.3–5.6%), minerals (0.10–916 mg/100 g dry weight) and vitamins (C, B1, 

B2, B3 and A) [93]. Dates are vulnerable to microbial deterioration due to their high 

moisture content when harvested, it is best to dry them before storing them. Drying is 

among the most traditional methods of food preservation used to increase product 

shelf life. Open sun drying method is traditionally used to produce dried dates as it is 

cheap and cost effective. However, it gives low quality products as a result of 

contamination from foreign materials (litters, dust, soil and sand particles) and insect 

infestation. Some of the problems related to sun drying can be overcome using solar 

dryers [94]. According to a study when dates are vacuum-dried, the moisture level of 

the product is reduced from 15% to 5% and the product's colour quality is good [44]. 

Seerangurayar et al. [94] investigated the effect of solar drying methods on the color 

and textural attributes of Khalas dates at three ripening stages and concluded that, all 

ripening phases, dates dried in forced convective drying showed the best colour and 

texture characteristics when compared to dates dried in open sun drying. İZLİ and 

Technology [95] determined drying characteristics and to compare the dried fruit 

quality by using three drying methods convective (60, 70 and 80 °C), microwave (120 

W) and freeze drying. This study showed that microwave drying can produce high 

quality date slices with the additional advantage of reduced drying times compared to 

convective and freeze drying. 

4. Conclusion 

The drying process for fruits and vegetables is a critical method used to extend their 

shelf life while retaining nutritional value and flavor. Through this process, water is 

removed from the produce, inhibiting the growth of microorganisms and enzymes that 
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cause spoilage. This preservation technique is cost-effective and can be done using 

various methods such as sun drying, microwave drying, freeze-drying, vacuum drying, 

spray drying and infrared (IR) drying. Many of the new drying techniques developed 

internationally found to be more efficient in energy use and time as compared with 

traditional drying techniques. Each method has its advantages and limitations. Sun 

drying and air drying are traditional and accessible but may take longer and can be 

affected by environmental conditions. Freeze-drying involves freezing produce and 

then removing the ice through sublimation, maintaining flavor and nutrients 

exceptionally well but requires specialized equipment and is costlier. Microwave drying 

has higher drying rate and short drying time but product texture may be affected and 

partial loss of aroma and negative sensory changes are seen.  

In conclusion, the drying process for fruits and vegetables is a valuable preservation 

technique. Choosing the appropriate drying method depends on factors like cost, 

equipment availability, desired quality, and intended use of the dried produce. 

Regardless of the method used, proper storage is crucial to maintain the quality and 

safety of dried fruits and vegetables. 
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