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Chapter 1

Introduction to Food Preservation Technology: Principles, Methods, and
Emerging Innovations

Dr. Souvik Tewari

Assistant Professor

Department of Food and Nutrition

Swami Vivekananda University, Barrackpore, W.B., India.
e-mail: souvikt(@svu.ac.in

1. Introduction to Food Preservation Technology

Food preservation technology plays a crucial role in ensuring food security, reducing post-harvest
losses, and maintaining the nutritional and sensory quality of foods (Nishad et al., 2024). With
increasing global demand and long supply chains, preservation methods have evolved from
traditional practices to highly sophisticated modern technologies (Raja Santhi and Muthuswamy,
2022). This chapter discusses the fundamental principles, conventional methods, and emerging

innovations in food preservation.
Principles and Objectives of Food Preservation

The primary principle of food preservation is to prevent or delay spoilage, thereby extending shelf
life while maintaining safety, quality, and nutritional value (Amit et al., 2017). Preservation works
by controlling the main factors responsible for deterioration — microorganisms, enzymes,

chemical reactions, pests, and physical damage (Potter and Hotchkiss, 1995).

The primary objectives of food preservation are to extend shelf life while maintaining the safety,
quality, and nutritional value of food products. Preservation methods aim to inhibit microbial
growth by controlling environmental conditions that flavour the multiplication of bacteria, yeasts,
and molds. At the same time, they reduce enzymatic and chemical spoilage reactions that lead to
deterioration such as browning, rancidity, and nutrient loss. Effective preservation also focuses on
maintaining desirable sensory attributes including flavour, texture, colour, and overall
acceptability to consumers. Ensuring food safety by preventing foodborne illnesses is a central

goal, achieved through appropriate processing and hygienic handling practices. Additionally, food



preservation plays a vital role in minimizing post-harvest losses, improving food availability,

facilitating long-distance distribution, and contributing to global food security.

Preservation can be achieved by removing moisture, controlling temperature, modifying

atmosphere, adding preservatives, or using physical and biological treatments.
1.1 Causes of Food Spoilage and Deterioration
Food spoilage occurs due to biological, chemical, and physical factors.

1.1.1 Biological Causes of Food Spoilage

Biological spoilage primarily results from the activity of living organisms such as microorganisms,
insects, and rodents that contaminate food during production, processing, or storage (Odeyemi et
al., 2020). Among these, microorganisms are the most significant contributors, as they utilize food
nutrients for growth and reproduction, leading to visible and sensory deterioration (Hamad, 2012).
Their activity can cause slime formation, gas production, discolouration, off-odors, and texture
breakdown, ultimately making food unsafe or unacceptable for consumption (Abdel-Aziz et al.,

2016).

Microbial Spoilage

Microbial spoilage is caused by bacteria, yeasts, and molds that grow in food under flavourable
conditions of moisture, temperature, nutrients, and pH (Azad et al., 2019). These microorganisms
break down carbohydrates, proteins, and fats, producing undesirable by-products such as acids,
alcohols, gases, and toxins (Talapko et al., 2022). This leads to souring of milk, mold growth on
bread, putrefaction in meat, and fermentation in juices. Some spoilage microbes may also pose
health risks by producing harmful toxins, making microbial control a central goal of preservation

(Sperber, 2009).
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Figure: 1 Diagrammatic representation of microbial spoilage in foods showing major spoilage
microorganisms (bacteria, yeasts, and molds), favourable growth conditions, metabolic by-

products, and resulting food deterioration.

Enzymatic Spoilage

Enzymatic spoilage occurs due to the action of naturally occurring enzymes present in plant and
animal tissues (Dave and Ghaly, 2011). After harvest or slaughter, these enzymes continue to
function and may cause undesirable changes such as browning in fruits and vegetables (enzymatic
browning), softening of tissues, and development of off-flavours (Bhowmik and Dris, 2004). For
example, polyphenol oxidase causes browning in cut apples, while proteolytic enzymes can alter
texture in fish and meat. Controlling enzyme activity through blanching, refrigeration, or chemical

inhibitors helps slow these deteriorative processes (Fan, 2023).
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Figure 2. Enzymatic spoilage in foods illustrating the role of endogenous enzymes in browning,

tissue softening, texture degradation, and control strategies for quality preservation.

1.1.2 Chemical Spoilage

Chemical spoilage involves non-microbial chemical reactions that degrade food quality over time.
One common example is lipid oxidation, which causes rancidity in fatty foods, leading to
unpleasant odors and flavours (Brown and Hall, 2008). Non-enzymatic browning reactions such
as the Maillard reaction can also alter colour and flavour, especially during storage of dried or
processed foods (Croguennec, 2016). Additionally, exposure to light, oxygen, or heat may lead to
the destruction of vitamins and pigments, reducing nutritional value and visual appeal (Singh et

al., 2022).
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Figure 3. Chemical spoilage in foods illustrating lipid oxidation, non-enzymatic browning

reactions, nutrient degradation, and environmental factors contributing to quality deterioration.
1.1.3 Physical Causes of Deterioration

Physical factors contribute to food spoilage through changes in the structure and environment of
food products (Singh et al., 2004). Moisture loss can cause wilting, shrinkage, and texture
hardening, while excessive moisture can promote microbial growth (Kumar et al., 2013).
Temperature abuse, such as fluctuations during storage or transport, accelerates spoilage reactions
and microbial activity. Mechanical damage during handling can bruise fruits and vegetables or
break packaging seals, creating entry points for microorganisms and leading to faster deterioration

(Liu et al., 2025).
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Figure 4. Physical causes of food deterioration illustrating the effects of moisture changes,

temperature abuse, and mechanical damage on food quality and shelf-life.
1.2 Microbial Growth in Foods and Control Strategies

Microorganisms require nutrients, moisture, suitable pH, temperature, and oxygen for growth.
Foods rich in proteins and carbohydrates are particularly vulnerable (Preetha and Narayanan,

2020).

Control strategies include:
e Heat treatment to destroy microbes
e Low temperatures to slow growth
e Drying to reduce water activity
e Acidification to lower pH

e Use of preservatives



o Hygienic handling and packaging
Role of Water Activity, pH, and Temperature in Food Stability

Water activity (aw) indicates the availability of water for microbial growth. Most bacteria grow
above aw 0.90, while molds can grow at lower levels.
pH influences microbial survival; acidic foods (pH < 4.6) are less prone to bacterial growth.
Temperature affects enzymatic and microbial activity. Low temperatures slow spoilage, while high

temperatures destroy microorganisms (Singh and Anderson, 2004).

Microbial Growth in Foods and Control Strategies

Requirements for Microbial Growth Control Strategies
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Figure 5. Chemical spoilage in foods illustrating lipid oxidation, non-enzymatic browning

reactions, nutrient degradation, and environmental factors contributing to quality deterioration.



1.3.Different Food Presentation Technologies

1.3.1. Low Temperature Preservation

Low Temperature Preservation is a widely used method that extends the shelf life of foods by
slowing down microbial growth, enzymatic reactions, and chemical deterioration (Sharif et al.,
2017). By reducing storage temperatures through refrigeration (generally 0-5 °C) or freezing (—18
°C or lower), the metabolic activities of spoilage microorganisms are significantly inhibited, and
biochemical processes that lead to quality loss are delayed. Refrigeration is suitable for short-term
preservation of perishable foods such as fruits, vegetables, dairy products, meat, and fish, while
freezing provides long-term storage by converting water into ice, thereby reducing its availability
for microbial activity (Dincer, 2010). However, improper temperature control can lead to texture
damage, drip loss, and nutrient changes, making proper cold chain management essential for

maintaining food quality and safety (van Holsteijn and Kemna, 2018).
1.3.2. Refrigeration: Principles, Equipment, and Food Applications

Refrigeration (0—5°C) slows microbial and enzymatic activity. It is widely used for fruits,
vegetables, dairy, meat, and beverages. Modern systems include cold storage rooms, blast chillers,

and refrigerated transport (Tongbram et al., 2022).

Principles of Refrigeration:

Refrigeration preserves food by maintaining low temperatures, typically between 0—5 °C, which
significantly slow down the growth of spoilage microorganisms and reduce the rate of enzymatic
and chemical reactions (Amit et al., 2017). At these temperatures, metabolic activities of bacteria,
yeasts, and molds are inhibited, though not completely stopped, making refrigeration a short-term
preservation method. It also helps retain moisture, texture, flavour, and nutritional quality when
proper humidity and air circulation are maintained. However, temperature fluctuations can
accelerate spoilage, so consistent cold storage conditions are essential for food safety and quality

(Dave and Ghaly, 2011).



Refrigeration Equipment

Modern refrigeration systems are designed to maintain controlled low-temperature environments
throughout the food supply chain (Kitinoja, 2013). Common equipment includes domestic and
commercial refrigerators, walk-in cold storage rooms, blast chillers for rapid cooling, refrigerated
display units, and reefer trucks or containers for transport. These systems use refrigerants and
compressors to remove heat efficiently, while advanced units incorporate humidity control and air
circulation to prevent dehydration and uneven cooling. Proper design, maintenance, and
monitoring of refrigeration equipment are crucial to ensure energy efficiency and prevent

microbial contamination (Chua et al., 2013).

Food Applications of Refrigeration

Refrigeration is widely applied to preserve perishable foods such as fruits, vegetables, dairy
products, meat, poultry, fish, and beverages (Tongbram et al., 2022). It helps maintain freshness,
delay ripening in produce, reduce microbial spoilage in animal products, and extend the shelf life
of processed foods. In the food industry, refrigeration supports storage, processing, retail display,
and transportation under the cold chain system. Although it does not eliminate microorganisms,
refrigeration significantly enhances food safety and quality when combined with hygienic handling

and proper packaging (De Corato, 2020).
1.3.3. Freezing Technology and Its Effect on Food Quality

Freezing is an effective preservation method in which foods are stored at —18 °C or lower
(Ishevskiy and Davydov, 2017), causing most of the water within the product to convert into ice
and thereby becoming unavailable for microbial growth and enzymatic activity. This significantly
extends shelf life while largely retaining nutritional value. However, the formation of ice crystals
during freezing can damage cell structures, leading to texture changes, drip loss during thawing,
and potential deterioration in sensory quality. The rate of freezing plays a critical role: slow
freezing forms large ice crystals that cause more tissue damage, whereas rapid or quick freezing
produces smaller crystals, better preserving the original texture, flavour, and overall quality of the

food (Zhang and Liu, 2018).



1.3.4. Cryogenic Freezing: Advances and Industrial Applications

Cryogenic freezing is an advanced preservation technique that employs extremely low
temperatures using liquid nitrogen (—196 °C) or carbon dioxide (—78 °C) to achieve ultra-rapid
freezing of food products (Zheng et al., 2026). This rapid heat removal results in the formation of
very small ice crystals, which minimize cellular damage and better preserve the original texture,
flavour, colour, and nutritional quality of foods (Petzold and Aguilera, 2009). Compared to
conventional freezing, cryogenic methods reduce drip loss during thawing and improve product
appearance and mouthfeel. The technology is particularly valuable in high-quality and high-value
products such as seafood, meat portions, ready-to-eat meals, fruits, and bakery items, where
maintaining structural integrity and sensory attributes is essential. Additionally, cryogenic systems
offer flexibility, faster processing times, and improved hygiene, making them increasingly popular

in modern food processing industries (Salifou et al., 2023).
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Figure 6. Low temperature preservation methods showing the principles and applications of

refrigeration and freezing for shelf-life extension and quality maintenance of foods.



1.4. High Temperature Preservation

High temperature preservation involves the use of heat to destroy or inactivate spoilage
microorganisms, pathogens, and enzymes that cause food deterioration, thereby extending shelf
life and ensuring safety (Amit et al., 2017). Depending on the temperature and duration applied,
methods range from mild treatments like pasteurization, which reduce microbial load while
retaining much of the food’s sensory and nutritional qualities, to more intense processes such as
sterilization, which achieve commercial sterility by eliminating heat-resistant spores. Heat
processing also inactivates enzymes that contribute to quality loss during storage. Although high
temperatures may cause some changes in texture, flavour, and heat-sensitive nutrients, carefully
controlled thermal treatments combined with proper packaging provide safe, stable, and widely
accepted preserved foods such as canned products, milk, juices, and ready-to-eat meals (Makinde

et al., 2020).
1.4.1. Thermal Processing of Foods: Pasteurization and Sterilization

Thermal processing is a fundamental preservation method that uses controlled heat treatments to
ensure food safety and extend shelf life. Pasteurization involves the application of relatively mild
temperatures for a specific time to destroy pathogenic microorganisms and significantly reduce
spoilage organisms, while maintaining much of the food’s nutritional and sensory qualities; it is
widely used for products such as milk, fruit juices, and liquid eggs (Salehi, 2021). In contrast,
sterilization employs much higher temperatures, often under pressure, to achieve commercial
sterility by inactivating both vegetative cells and heat-resistant spores, allowing foods like canned
vegetables, meats, and ready-to-eat meals to be stored safely at room temperature for long periods

(Zhang et al., 2025).
1.4.2. Canning Technology: Principles, Processing, and Safety

Principles of Canning Technology

Canning technology is based on the principle of preserving food by sealing it in hermetically

airtight containers and applying heat to destroy spoilage microorganisms and enzymes (Owusu-
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Apenten and Vieira, 2022). The airtight seal prevents recontamination after processing, while the
thermal treatment ensures the destruction of pathogens and spoilage organisms that may be present
in the food. This method creates a stable product that can be stored safely at ambient temperatures

for extended periods without significant quality deterioration (Waterman, 2011).

Processing in Canning

The canning process involves several critical steps including preparation of raw materials,
blanching (for some foods), filling into containers, exhausting to remove trapped air, sealing, and
thermal processing in retorts at controlled temperatures and pressures. The time—temperature
combination used depends on the acidity and composition of the food. Low-acid foods require
more severe heat treatments than acidic foods. Proper cooling after heating is also essential to

prevent overcooking and maintain product quality (Singh and Ramaswamy, 2023).

Safety Aspects of Canning

Safety in canning is primarily focused on preventing the growth of dangerous microorganisms,
particularly Clostridium botulinum, which produces a potent toxin under anaerobic conditions.
Adequate thermal processing, strict hygiene, proper sealing, and regular monitoring of processing
parameters are essential to ensure commercial sterility. Swollen cans, leaks, or damaged seals
indicate potential spoilage and must be discarded. Regulatory standards and process validation

play a vital role in ensuring the microbiological safety of canned foods (Jarosz et al., 2022).
1.4.3 Ultra-High Temperature (UHT) Processing and Aseptic Packaging

Ultra-High Temperature (UHT) processing is a thermal preservation method in which liquid foods
are heated to very high temperatures (Rasane et al., 2020), typically between 135-150 °C, for only
a few seconds to destroy microorganisms and spores while minimizing damage to nutritional and
sensory qualities. Immediately after heating, the product is rapidly cooled and filled into pre-
sterilized containers under aseptic conditions to prevent recontamination (Ramesh, 2020). This
combination of UHT treatment and aseptic packaging results in commercially sterile products that

can be stored safely at room temperature for several months without the need for refrigeration. The

12



technology is widely used for milk, flavoured milk drinks, fruit juices, soups, and other liquid

beverages, offering convenience, extended shelf life, and reduced distribution costs (D'Incecco et

al., 2021).
High Temperature Preservation

Pasteurization Sterilization

High Temperature

Preservation

High Heat Processing 80-100°C (176-212°F)

Figure 7. High temperature preservation techniques illustrating pasteurization, sterilization,

canning, and blanching used for microbial destruction and shelf-life extension of foods.

1.4.4. Moisture Control Techniques

Moisture control is a key strategy in food preservation that works by reducing the amount of
available water needed for microbial growth, enzymatic reactions, and chemical spoilage (Dave
and Ghaly, 2011). By lowering water activity through methods such as drying, dehydration,
concentration, and the addition of humectants like sugar or salt, the growth of bacteria, yeasts, and
molds can be effectively inhibited. Moisture removal also decreases the rate of deteriorative
reactions, thereby improving shelf stability and reducing storage and transportation costs due to

lower product weight and volume. However, excessive moisture loss can affect texture, flavour,

13



and nutrient retention, so modern moisture control techniques aim to balance shelf-life extension

with the maintenance of food quality (Lohita and Srijaya, 2024).
1.4.5. Drying and Dehydration Technologies in Food Preservation

Drying and dehydration are among the oldest and most effective methods of food preservation,
based on the removal of moisture to levels that inhibit microbial growth and slow enzymatic and
chemical reactions (Rahman and Perera, 2007). By reducing water activity, these processes make
the environment unsuitable for spoilage organisms, thereby extending shelf life and improving
storage stability. Traditional methods such as sun drying are still used for grains, fruits, and fish,
while modern techniques like hot air drying, tray drying, tunnel drying, and other mechanical
dehydration systems offer better control over temperature, humidity, and drying rate. Properly
dried foods are lighter, easier to transport, and can retain much of their nutritional value, though
careful control is needed to prevent quality losses such as shrinkage, discolouration, and flavour

changes (Amit et al., 2017).
1.4.6. Spray Drying, Drum Drying, and Freeze Drying of Foods

Spray drying, drum drying, and freeze drying are important industrial dehydration methods used
for different types of food products (Kandasamy and Naveen, 2022). Spray drying converts liquid
foods into fine powders by spraying them into a stream of hot air, allowing rapid moisture
evaporation; it is widely used for products such as milk powder, coffee, egg powder, and
flavourings (Bhandari et al., 2008). Drum drying involves spreading food purees or pastes as a thin
film over the surface of heated rotating drums, where moisture quickly evaporates, making it
suitable for mashed potatoes, fruit pulps, and baby foods. Freeze drying, or lyophilization, removes
moisture by sublimation under low temperature and vacuum conditions, preserving the food’s
original structure, colour, flavour, and nutrients, and is mainly used for high-value products like

instant coffee, fruits, vegetables, and space or specialty foods (Kandasamy and Naveen, 2022).
1.4.7. Intermediate Moisture Foods and Hurdle Technology

Intermediate moisture foods (IMF) are products with a water activity typically between 0.60 and
0.85, a range low enough to inhibit the growth of most bacteria but still high enough to maintain a

soft, palatable texture (Taoukis and Richardson, 2020). Examples include jams, jellies, dried fruits,

14



cakes, and certain meat products. Their stability is achieved through a combination of preservation
factors such as partial drying, addition of humectants like sugar or salt, use of chemical
preservatives, and protective packaging. This multi-factor approach aligns with the concept of
hurdle technology, where several mild preservation methods are applied together to create
conditions that microorganisms cannot overcome, thereby ensuring safety, extending shelf life,

and maintaining desirable sensory qualities (Taoukis, P. S., & Richardson, 2020).

Moisture Control Techniques in Food Preservation

Moisture control methods such as drying, dehydration, and humectant addition play a key role in
inhibiting microbial growth, enzymatic reactions, and chemical spoilage to extend shelf-life and maintain food
quality.

Drymg and Dehydratlon Methods Advanced Drying Technlques

Traditional Method Controlled Hot Air Dr).'ing Lyophilization at Milk Powder, Mashed Potatoes, Instant Coffee,
Coffee Fruit Pulps Fruit Snacks

« Water Removal « Shelf-Life Extension « Cost Reduction
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Hurdle Technology SN 4
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Figure 8. Moisture control techniques in food preservation illustrating drying, dehydration
technologies, intermediate moisture foods, and hurdle technology for shelf-life extension and

microbial stability.
1.5. Chemical and Natural Preservation

Chemical and natural preservation methods extend the shelf life of foods by inhibiting the growth
of microorganisms, slowing enzymatic activity, and reducing chemical deterioration. Chemical
preservatives such as benzoates, sorbates, nitrites, sulfites, and propionates are commonly used in

regulated amounts to control bacteria, yeasts, and molds in products like beverages, baked goods,

15



meats, and dried fruits. In contrast, natural preservation relies on substances derived from plants,
animals, or microorganisms, including salt, sugar, organic acids, essential oils, spices, and
bacteriocins, which possess antimicrobial and antioxidant properties (Teshome et al., 2022).
Growing consumer demand for clean-label foods has increased interest in natural preservatives,
though both chemical and natural methods must be carefully applied to ensure safety,

effectiveness, and minimal impact on sensory and nutritional quality (Sharif et al., 2017).
1.6. Emerging and Non-Thermal Technologies

Emerging and non-thermal food preservation technologies are modern approaches designed to
enhance food safety and extend shelf life without the extensive use of heat, thereby minimizing
nutrient loss and preserving fresh-like sensory qualities (Morris et al., 2007). Unlike conventional
thermal processing, these technologies focus on microbial inactivation through physical forces
such as pressure, electrical energy, radiation, or plasma treatment. Non-thermal methods help
maintain natural flavour, colour, texture, and nutritional value while meeting consumer demand
for minimally processed and clean-label foods. These advanced techniques are increasingly
adopted in the food industry to improve product quality, reduce energy consumption, and support

sustainable food processing systems (Van Impe et al., 2018).
1.7. High Pressure Processing (HPP) in Food Preservation

High Pressure Processing (HPP) is a non-thermal preservation method that subjects packaged
foods to extremely high hydrostatic pressure, typically between 300—-600 MPa, to inactivate
spoilage microorganisms and pathogens without significant heat application (Chiozzi et al., 2022).
The pressure disrupts microbial cell membranes, denatures proteins, and interferes with essential
cellular functions, leading to microbial death while preserving vitamins, natural flavours, textures,
and bioactive compounds (Ogwu and Ogunsola, 2024). HPP is widely used for fruit juices, ready-
to-eat meats, seafood, dairy products, and sauces, offering extended shelf life with minimal impact
on nutritional and sensory quality. Additionally, because foods are processed after packaging, the

risk of post-processing contamination is greatly reduced (Tong et al., 2025).
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1.8. Pulsed Electric Field Technology for Microbial Inactivation

Pulsed Electric Field (PEF) technology is an emerging non-thermal food preservation method that
uses short bursts of high-voltage electrical pulses to inactivate microorganisms while maintaining
the fresh characteristics of foods. During PEF treatment, food—primarily liquid or semi-liquid
products—is placed between electrodes where rapid electric pulses create an intense electric field
that disrupts microbial cell membranes through a process known as electroporation (Ucak et al.,
2022). This damage leads to loss of cellular integrity and microbial death without significant
heating, thereby preserving nutrients, flavour, colour, and sensory quality. PEF is particularly
suitable for liquid foods such as fruit juices, milk, liquid eggs, soups, and beverages, offering
extended shelf life, improved energy efficiency, and minimal thermal damage compared to

conventional heat processing methods (Lohita and Srijaya , 2024; Reddy et al., 2024).
1.9. Cold Plasma Technology in Food Safety

Cold plasma technology is an innovative non-thermal preservation method that enhances food
safety by generating reactive species such as ions, free radicals, electrons, and ultraviolet photons
capable of inactivating microorganisms (Nwabor et al., 2022). Produced at near-room temperature,
cold plasma effectively destroys bacteria, viruses, molds, and spores present on food surfaces,
packaging materials, and processing equipment without causing significant heat damage
(Sasikumar et al., 2025). The reactive oxygen and nitrogen species disrupt microbial cell
membranes, proteins, and genetic material, leading to rapid microbial inactivation while
preserving the nutritional and sensory qualities of foods. This technology is increasingly applied
to fresh produce, meat products, grains, and ready-to-eat foods, offering a promising, energy-
efficient, and environmentally friendly approach to improving food hygiene and extending shelf

life.
1.10. Irradiation Technology: Principles, Safety, and Applications

Food irradiation is a non-thermal preservation technique that uses controlled doses of ionizing
radiation, such as gamma rays, electron beams, or X-rays, to eliminate pathogenic microorganisms,
insects, and parasites while reducing spoilage and extending shelf life (Buvaneswaran et al., 2024).
The radiation penetrates food and damages the DNA of microorganisms and pests, preventing their

growth and reproduction without significantly increasing food temperature (Danyo et al., 2024).
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Irradiation helps maintain nutritional quality, sensory characteristics, and freshness when applied
at approved doses. It is widely used for spices, grains, fruits, vegetables, meat, and poultry to
improve safety and reduce post-harvest losses (Kiaya, 2014). International organizations including
the World Health Organization (WHO), Food and Agriculture Organization (FAO), and regulatory
authorities such as FSSAI and FDA have confirmed that properly irradiated foods are safe for

consumption and must be appropriately labeled to inform consumers.
1.11.Packaging and Preservation

Packaging plays a vital role in food preservation by protecting products from physical damage,
microbial contamination, moisture loss, oxygen exposure, and environmental factors that
accelerate spoilage (Gaikwad, 2025). Modern food packaging not only serves as a barrier but also
actively contributes to extending shelf life and maintaining food safety and quality throughout
storage, transportation, and retail distribution. Advances in packaging technologies integrate
preservation methods such as modified atmospheres, antimicrobial materials, and intelligent
monitoring systems, ensuring that foods remain fresh while reducing food waste and improving

consumer convenience (Mkhari et al., 2025).

1.11.1 Modified Atmosphere Packaging (MAP) and Controlled Atmosphere Storage
Modified Atmosphere Packaging (MAP) and Controlled Atmosphere (CA) storage are
preservation techniques that extend shelf life by altering the composition of gases surrounding the
food product. In MAP, the natural air inside the package is replaced with specific concentrations
of gases such as carbon dioxide, nitrogen, and oxygen to slow microbial growth, respiration, and
oxidation reactions. Controlled Atmosphere storage maintains these gas levels continuously in
large storage environments, particularly for fruits and vegetables. These methods are widely used
for fresh produce, meat, poultry, seafood, bakery products, and ready-to-eat foods, helping to retain
freshness, colour, texture, and nutritional quality while reducing spoilage during storage and

distribution (Czerwinski et al., 2021).
1.11.2 Active and Intelligent Packaging for Shelf-Life Extension

Active and intelligent packaging systems represent advanced innovations in food preservation
designed to enhance product safety, quality, and shelf life beyond the traditional protective role of

packaging. Active packaging interacts directly with the food or its surrounding environment by
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releasing or absorbing substances such as antimicrobial agents, oxygen scavengers, moisture
absorbers, carbon dioxide emitters, or antioxidants to slow microbial growth and oxidative
deterioration. In contrast, intelligent packaging monitors the condition of packaged foods by using
indicators, sensors, or smart labels that provide real-time information about freshness, temperature
history, gas composition, or microbial activity. These technologies help maintain product quality,
reduce food waste, improve supply chain management, and provide consumers with reliable

information about food safety and storage conditions (Ghoshal, 2018).

1.11.4 Edible Coatings and Films in Food Preservation

Edible coatings and films are biodegradable layers made from natural biopolymers such as
polysaccharides, proteins, and lipids that are applied directly to food surfaces to enhance
preservation and extend shelf life (Wu et al., 2024). These coatings act as semi-permeable barriers
that reduce moisture loss, control gas exchange, delay oxidation, and inhibit microbial growth,
thereby maintaining freshness, texture, and nutritional quality. Edible films can also serve as
carriers for antimicrobial agents, antioxidants, flavours, or nutrients, further improving food safety
and functionality. Widely used for fruits, vegetables, meat products, dairy items, and
confectionery, edible coatings provide an environmentally friendly alternative to synthetic
packaging materials, supporting sustainable food preservation practices and reducing plastic waste

(Ganiari et al., 2017).
1.12.Food Preservatives: Types, Mechanisms, and Regulations

Food preservatives are chemical substances added to foods to inhibit microbial growth, delay
spoilage, and extend shelf life while maintaining safety and quality (Teshome et al., 2022).
Common preservatives include benzoates and sorbates, which are effective against yeasts and
molds in acidic foods; nitrites and nitrates, widely used in processed meats to prevent the growth
of Clostridium botulinum and maintain colour stability; and sulfites (D'Amore et al., 2020), which
act as antimicrobial and antioxidant agents in dried fruits, beverages, and wines. These
preservatives function through mechanisms such as disrupting microbial cell membranes,
inhibiting enzyme systems, reducing oxidation reactions, and lowering microbial metabolism. To
ensure consumer safety, the use of food preservatives is strictly regulated by national and

international authorities such as FSSAI Codex Alimentarius, FDA, and EFSA, which establish
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permissible limits, approved food categories, and labeling requirements based on toxicological

evaluation and acceptable daily intake levels (Silva and Lidon, 2016; Bensid et al., 2022).

Food Preservatives: Types, Mechanisms, and Regulations
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Figure 9. Food preservatives: types, mechanisms of action, and regulatory frameworks for

ensuring food safety and shelf-life extension.

Table: 1 Overview of Food Preservation Technology — Principles, Methods, and Emerging

Innovations
Category | Preservation Principle of | Major Advantages | Limitatio | Key

Method/Techn | Preservatio | Applicati ns Referen
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Conclusion:

Food preservation technology represents a vital component of modern food systems, integrating
scientific principles, traditional practices, and advanced technological innovations to ensure food
safety, quality, and availability. By controlling the major causes of food deterioration—microbial
activity, enzymatic reactions, chemical changes, and physical damage—various preservation
methods such as low and high temperature treatments, moisture control techniques, chemical and
natural preservation, non-thermal technologies, and advanced packaging systems effectively
extend shelf life while maintaining nutritional and sensory attributes. Emerging technologies
including high pressure processing, pulsed electric fields, cold plasma, and irradiation have further
transformed preservation strategies by enabling minimal processing with enhanced product quality
and sustainability. Additionally, strict regulatory frameworks governing preservatives and
processing methods ensure consumer protection and food safety. Collectively, food preservation
technologies contribute significantly to reducing post-harvest losses, supporting long-distance
food distribution, enhancing global food security, and promoting sustainable food production

systems in response to growing population demands and changing consumer preferences.
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2.1 Introduction

Drying in both industrial and laboratory contexts refers to the process of moisture removal from
materials to achieve a desired final moisture content. The primary objective of drying is to reduce
water content to inhibit microbial growth, prevent deterioration, extend shelf life, reduce
packaging weight, and improve storage and transportation efficiency. In industrial settings, it also
aims at optimizing process efficiency, product quality, and cost-effectiveness, while laboratories
focus on controlled drying to study moisture behavior and kinetics for process design or research

purposes (Inyang et al., 2018).

Thermodynamically, drying involves simultaneous heat and mass transfer mechanisms. Heat is
supplied to the material to facilitate moisture evaporation, while mass transfer entails moisture
migration from the interior to the surface and ultimately to the drying air. Heat transfer often occurs
via conduction, convection, or radiation, while mass transfer involves diffusion of moisture vapor
and liquid through porous media and boundary layer transfer to the surrounding air (Turner &
Jolly, 1991; Xu et al., 2024).

Moisture migration within materials occurs through various mechanisms: diffusion (movement of
moisture due to concentration gradients), capillary flow (movement of liquid water through the
pore network), and vaporization (phase change from liquid to vapor). These mechanisms depend
on material structure and drying conditions. For instance, magnetic resonance imaging of eggplant
drying revealed that moisture migration occurs predominantly transversally in the sample volume,

highlighting anisotropic moisture movement in porous matrices (Adiletta et al., 2014). Studies on

wheat drying show water migration involving both bound and free water fractions, with internal

30



migration rates initially higher than external evaporation, shifting the drying rate control from

external evaporation to internal diffusion as drying progresses (Jiang et al., 2020).

Drying kinetics typically exhibit characteristic rate periods. In the constant rate period, moisture
removal proceeds at a steady rate controlled by surface evaporation with the material surface
remaining saturated. Here, heat and mass transfer rates are stable. Following this, the falling rate
period begins as surface moisture depletes and internal moisture diffusion becomes rate limiting.
The critical moisture content marks the transition point between these two periods, indicating when
drying rate starts to decline. Mathematical drying models, such as thin-layer drying models and
the Page model, are commonly used to describe these kinetics and are essential for drying process

design and optimization (Batu & Kadakal, 2021; Inyang et al., 2018 Zbicinski et al., 2002).

Material properties such as porosity, particle size, and hygroscopicity significantly influence
drying behavior. Higher porosity increases internal moisture pathways aiding faster drying;
smaller particle size increases surface area for evaporation enhancing drying rates. Hygroscopic
materials attract and hold moisture, affecting equilibrium moisture content and drying times. For
example, apples exhibit varying drying kinetics dependent on particle size and drying conditions,
while osmotic pretreatments alter porosity and sorption characteristics, impacting moisture
removal rates and quality attributes like color and texture. Freeze-dried apples develop higher

porosity and elasticity, illustrating the role of drying method and material structure interplay

(Krokida et al., 2000; Xu et al., 2024). In summary, drying is a complex thermally driven process
governed by coupled heat and mass transfer involving moisture migration by diffusion, capillary
flow, and vaporization. Its kinetics are characterized by distinct rate periods defined by critical
moisture content. Material structural properties strongly modulate drying effectiveness,
influencing final product quality and process efficiency. Mathematical modeling integrated with
experimental data is paramount for predicting and optimizing drying performance in industrial and

laboratory applications.

2.2 Types and Classifications of Drying Technologies
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Conventional drying methods include sun drying, hot air drying, and freeze drying. Sun drying is
the oldest and most economical technique relying on natural solar heat and airflow but is weather-
dependent and slower. Hot air drying is widely used industrially due to its relative simplicity and
cost-effectiveness, employing heated air to evaporate moisture but can cause quality degradation
through thermal effects. Freeze drying, a more sophisticated method, removes moisture by
sublimation under low temperature and vacuum, preserving product structure and quality but

involves high operational cost and longer processing time (Mujumdar & Huang, 2007).

Advanced drying techniques comprise spray drying, vacuum drying, microwave drying, infrared
drying, and freeze drying. Spray drying transforms liquid feed into powder rapidly using hot air,
ideal for heat-sensitive products, particularly pharmaceuticals and foods, but requires high capital
investment. Vacuum drying lowers the boiling point of water, enabling drying at lower
temperatures which protect sensitive materials though it has higher equipment complexity.
Microwave drying uses volumetric heating for rapid moisture removal with energy efficiency and
quality advantages but faces challenges in uniform heating and high equipment costs. Infrared
drying provides direct energy transfer, reducing drying time and improving quality. Freeze drying
remains a premium technique for thermal-sensitive products combining advantages of drying

speed and quality retention though expensive (An et al., 2022; loannou Sartzi et al., 2024).

Emerging technologies include supercritical drying, pulse combustion drying, and osmotic drying.
Supercritical drying uses supercritical fluids (commonly CO2) to avoid surface tension effects and
minimize structural damage, valuable for delicate materials but costly and less established
industrially. Pulse combustion drying introduces pulsating combustion to enhance heat transfer
and drying rates with potential energy savings. Osmotic drying involves moisture removal through
osmotic pressure gradients by soaking products in concentrated solutions, often used as a
pretreatment to reduce drying time and preserve quality, sometimes combined with other drying

methods (Jangam, 2011: Mujumdar & Huang, 2007).
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Comparative analysis shows that conventional methods like sun drying and hot air drying are low-
cost and widely applicable but less efficient and slower, often impacting product quality. Advanced
methods such as microwave and vacuum drying offer faster drying rates, better quality retention,
and improved energy efficiency though with higher capital and operational costs. Spray drying
excels in producing fine powders with good uniformity but demands significant investment. Freeze
drying offers superior product quality but at high cost and low throughput. Emerging methods
promise enhanced efficiency, product quality, and energy savings but remain to be scaled
industrially and economically optimized. For instance, electrohydrodynamic drying (a novel low-
temperature technology) demonstrated energy efficiencies multiple times higher than conventional
methods and produced dried products superior in quality, being cost-effective after solar drying

(Iranshahi et al., 2023).

In summary, selection among drying techniques depends on a trade-off between drying efficiency,
cost, and material suitability. Low-cost conventional methods suit bulk products with lower quality

demands, while high-value, heat-sensitive products benefit from advanced or

2.3 Applications Across Industries

In terms of efficiency, conventional sun drying is the least efficient due to slow moisture removal
and dependency on environmental conditions, while hot air drying is moderate in efficiency but
energy-intensive. Advanced methods like microwave and infrared drying offer higher drying rates
and energy efficiency, with microwave drying benefiting from volumetric heating. Vacuum and
spray drying enhance drying quality and efficiency for specific materials but at increased
operational complexity. Emerging methods like pulse combustion and osmotic drying have shown
potential for energy-efficient and quality-preserving drying but require further development for

industrial scalability (Iranshahi et al., 2023; Jangam, 2011; Mujumdar & Huang, 2007).
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Cost-wise, sun drying is the cheapest but limited by environmental factors. Hot air drying incurs
low to moderate equipment and operational costs but can degrade product quality. Freeze drying
is the most expensive due to long processing times and energy demands. Spray drying and vacuum
drying require substantial capital investments. Microwave and infrared drying sit between
conventional and advanced costs, with infrared generally being more cost-effective. Emerging
technologies presently have high costs and uncertain economic feasibility, necessitating

technological improvements and scale-up (Iranshahi et al., 2023; Mujumdar & Huang, 2007).

Regarding material suitability, conventional methods suit robust, less heat-sensitive materials. Hot
air drying is widely applicable but less favorable for thermo-sensitive and nutritional quality-
sensitive products. Freeze drying excels for highly sensitive products needing structural and
nutritional preservation. Spray drying is best for liquids and powders requiring quick drying and
good stability. Vacuum drying favors heat-sensitive and high-value materials. Microwave and
infrared drying suit a broad range of materials including agricultural and food products, especially
where rapid drying and quality retention are priorities. Emerging methods like osmotic drying and
supercritical drying suit delicate products where quality preservation is critical (Cui et al., 2022;

Mujumdar & Huang, 2007: Rahaman et al., 2024).

In summary, drying method selection balances efficiency, cost, and product characteristics.
Conventional drying is cost-effective but less efficient and quality-preserving. Advanced
techniques enhance drying speed and quality at higher costs. Emerging technologies offer potential
improvements in energy efficiency and product quality but require further R&D to become

economically viable and scalable for diverse material applications.

2.4 Energy and Environmental Considerations
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Energy and Environmental Consideration: Drying processes consume significant energy, with key
considerations including energy sources, recovery techniques, environmental impacts, life cycle

assessments, and sustainable practices.

Energy sources for drying range from fossil fuels (coal, natural gas) and electricity to increasing
integration of renewable energies such as solar, wind, biomass, and geothermal. Fossil fuels remain
predominant but contribute to greenhouse gas emissions and environmental degradation.
Renewable energy integration in drying can improve sustainability by reducing carbon footprint
and dependency on non-renewables. For example, solar drying or solar-assisted heat pumps
combined with thermal storage improve energy efficiency in food drying, especially valuable in

developing regions (Qu et al., 2021; Yi & Jang, 2016).

Energy recovery and conservation techniques in drying include capturing and reusing waste heat
generated during drying processes, optimizing heat transfer systems, and employing advanced
control strategies. Heat recovery can be applied in flue gases or exhaust air streams to preheat
incoming air, reducing net energy demand. The use of heat pumps, hybrid drying systems (e.g.,
solar combined with microwave drying), and intelligent process control also enhances energy
efficiency. These approaches reduce operational costs and environmental impact by decreasing

fossil fuel consumption (Jangam, 2011).

Environmental impacts of drying encompass emissions of greenhouse gases, particulate matter,
and volatile organic compounds, waste heat discharge, and water usage. Fossil-fuel-based drying
contributes notably to CO2 emissions and global warming potential. Waste heat release contributes
to thermal pollution and energy inefficiency without proper recovery. Water used in some drying
processes and associated cooling can stress resources if unmanaged. Life cycle assessments (LCA)
of drying technologies reveal that energy-consuming drying phases often dominate the overall
environmental footprint. For instance, municipal solid waste drying and energy recovery scenarios
demonstrate that optimizing drying technology and energy sources can substantially mitigate

environmental burdens (Luo et al.. 2024: Yi & Jang, 2016; Zaman, 2010).
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Life cycle assessment is a comprehensive tool evaluating environmental impact over all stages—
from raw material extraction, manufacturing, operation, to disposal. LCA studies of energy-
intensive processes, including drying and related power generation, highlight the significance of
energy consumption patterns and the choice of energy source on environmental sustainability.
Integrating renewable energy and implementing energy recovery improve LCA results by lowering
greenhouse gas emissions and resource depletion. Advanced LCA approaches combine with
dynamic manufacturing system simulations to identify hotspots and optimize eco-efficiency in

production and drying processes (Rodger et al., 2020; Yi & Jang, 2016).

Sustainable drying practices and green technology trends focus on minimizing energy
consumption, reducing environmental emissions, and improving product quality. Approaches
include adoption of renewable energy-powered drying systems (solar dryers, bioenergy
integration), hybrid drying technologies combining multiple energy sources (solar-microwave,
heat pump-microwave), and use of energy-efficient equipment with advanced controls. Novel
pretreatments (e.g., pulsed electric fields, ultrasound) enhance mass transfer, reducing drying time
and energy consumption. Development of adsorptive dehumidification materials aids in efficient
moisture removal at lower energy costs. Increasing research advocates for circular economy

concepts where waste heat and by-products are recovered and reused within drying operations to

lessen environmental footprint and improve economic viability (Jangam, 2011; Qu et al., 2021).

In summary, energy and environmental considerations in drying revolve around transitioning from
fossil fuels to renewables, maximizing energy recovery, minimizing emissions and resource use,
comprehensively assessing impacts via LCA, and innovating sustainable drying methods. These
efforts collectively aim to achieve efficient, green, and economically viable drying technologies

that align with global sustainability goals.
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2.5 Quality Control and Product Safety

Drying plays a critical role in enhancing microbial stability and product safety by reducing
moisture content, which inhibits microbial growth and extends shelf life. However, drying alone
may not guarantee complete microbial inactivation, especially for heat-resistant spores or
pathogens. Some conventional drying methods require supplemental sterilization steps. Novel
drying technologies like supercritical CO2 drying and microwave drying have shown enhanced
microbial inactivation by integrating drying and decontamination in a single step, effectively
reducing populations of yeasts, molds, and mesophilic bacteria, thereby improving product safety

(Wang et al.., 2022: Wu et al., 2024; Zambon et al., 2018).

Standards and regulatory compliance play a pivotal role in drying processes to ensure product
safety and quality. Regulations typically specify allowable moisture content, microbial limits, and
processing conditions to prevent contamination and spoilage. Compliance with food safety
standards such as HACCP, FDA, and international bodies dictates critical control points during
drying and storage. Process validation, documentation, and adherence to good manufacturing
practices (GMP) are integral for certification and market acceptance. Monitoring variables like
temperature, humidity, and drying time according to prescribed standards help maintain

consistency and safety (Villalobos et al., 2018).

Analytical methods for moisture content determination are essential for quality control.
Gravimetric loss-on-drying is a commonly used standard method, but its accuracy can vary with
drying temperature and time due to volatile compound losses. More precise techniques include
Karl Fischer titration, which chemically quantifies water content. Advanced non-destructive
methods, such as computer vision combined with machine learning models, are emerging to enable
real-time moisture prediction during drying with high accuracy and reproducibility. Halogen
moisture analyzers and thermogravimetric analyzers are also widely employed for rapid moisture

measurement (Ileleji et al.. 2010: Jindal & Siebenmorgen, 1987: You et al., 2024).
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Quality assurance protocols encompass continuous monitoring during drying to ensure moisture
levels and microbial safety targets are met. Intelligent control approaches, such as reinforcement
learning developed for precise moisture content regulation in industrial drying, optimize
temperature and drying time while maintaining product attributes. Post-drying, routine sampling,
moisture analysis, and microbial testing confirm product compliance. Maintaining stable storage
conditions prevents moisture reabsorption and microbial growth, while sensory and chemical
analyses preserve product quality. These comprehensive controls ensure consistent, safe, and high-

quality dried products meeting regulatory and consumer expectations (Bi et al., 2020; Villalobos

et al., 2018).

2.6 Future Trends and Concluding Remark

Future trends and innovations in drying technology indicate a strong convergence with
digitalization, advanced materials, and hybrid processes to improve efficiency, product quality,

and versatility.

Integration of Internet of Things (IoT) and Industry 4.0 is transforming drying technologies by
enabling real-time monitoring, control, and automation. Sensors coupled with cloud computing
and machine learning allow precise control of drying parameters (temperature, humidity, airflow)
based on continuous data streams. This facilitates predictive maintenance, energy optimization,
and quality assurance in smart drying systems. The Industrial Internet of Things (IloT) further
supports integration with enterprise systems to streamline production and resource planning (Batth

et al., 2018: Meyer et al., 2013).

Development of hybrid drying systems blends multiple heat and mass transfer mechanisms to
exploit their synergies. Combinations such as solar-assisted infrared, microwave-assisted
convective, or heat pump-microwave drying enhance drying rate, energy efficiency, and product
quality. These hybrid methods reduce total drying time and energy consumption compared to

single-mode dryers, while preserving sensitive product attributes. Future research focuses on
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optimizing process parameters, energy use, and scaling up hybrid technologies for commercial

applications (Khaing Hnin et al., 2018).

Nanotechnology advances impact drying processes primarily through engineered nanomaterials
and sensors. Nanocomposites with tailored thermal conductivity and hydrophobicity can be used
in dryer coatings and insulations to improve heat transfer efficiency and reduce energy losses.
Nano-enabled sensors enable enhanced detection of moisture content, temperature, and
environmental conditions with high sensitivity, facilitating precise drying control. Nano-
encapsulation and nanoemulsions are also being explored for controlled release and enhanced
quality in dried food and pharmaceutical products. Challenges include materials safety, scalability,
and integration within existing drying infrastructure (Gidiagba et al., 2023; Godja & Munteanu,

2024: Thiruvengadam et al., 2018).

Advances in dryer materials and coatings aim to reduce energy consumption and improve
durability. Novel materials with high thermal conductivity, corrosion resistance, and self-cleaning
or anti-fouling properties contribute to enhanced heat exchange efficiency and reduced
maintenance downtime. Coatings that reduce friction and material adhesion also improve drying
uniformity and product throughput. Additionally, flexible hybrid chips and multifunctional

materials are being explored to incorporate sensing and heating functions within dryer

components, aligning with smart, energy-efficient drying solutions (Gidiagba et al., 2023;

Rogdakis et al.., 2024).

Potential for drying extends to novel fields including 3D printing materials and
biopharmaceuticals. Drying techniques adapted for precise moisture control and delicate material
handling are critical in producing bio-inks, functional polymers, and active pharmaceutical
ingredients with controlled morphology and stability. Enhanced drying technologies support faster
production cycles and improved functional properties in these emerging sectors. The integration

of digital monitoring, nanomaterials, and hybrid drying systems in these contexts is expected to
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drive innovation in personalized medicine, advanced manufacturing, and biomaterials

development (Gidiagba et al., 2023; Khaing Hnin et al., 2018).

Drying significantly contributes to microbial stability and safety though advanced drying methods
offer improved microbial inactivation. Rigorous adherence to standards and comprehensive
quality assurance—including accurate moisture determination and process control—are
indispensable to ensure safe, high-quality dried products. In summary, future drying technology
trends emphasize smart, data-driven systems via [oT, synergistic hybrid drying, nanotechnology-
enabled functional improvements, advanced materials for efficiency, and new applications in
cutting-edge fields like 3D printing and biopharmaceutical manufacturing. These innovations help

achieve energy-efficient, high-quality drying tailored to specific industrial demands.
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3.1. Introduction and Definition of Food Extrusion

Food extrusion technology is a method of high-temperature, short-time (HTST) processing
technology that integrates several steps like, mixing, cooking, kneading, shearing, and shaping into
a continuous operation. Over the past century, extrusion has evolved from simple mechanical
forming devices to fully automated systems capable of producing a wide range of products,
including expanded snacks, breakfast cereals, pasta, texturised vegetable proteins, pet foods, and
confectionery items (Riaz, 2019). This chapter focuses on a comprehensive academic review of
food extrusion technology, covering definitions and classifications, historical development,
principles of extrusion cooking, equipment components, raw material functionality, process
parameters and optimisation, food applications, recent innovations such as supercritical fluid-
assisted extrusion and 3D food printing, and post-processing and quality control considerations

(Rokey et al., 2010).

The discussion emphasises physicochemical transformations, rheological behaviour, nutritional
implications, and technological advances that position extrusion as a versatile and sustainable food

processing platform.
3.1.1 Definition of Food Extrusion

Food extrusion is a continuous thermo-mechanical process in which raw food materials are forced
through a die under controlled conditions of temperature, pressure, and shear to produce products
of defined shape, structure, and functionality (Dendagh et al.,2022). The process integrates

multiple unit operations—mixing, cooking, texturizing, and shaping—within a single piece of
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equipment called an extruder (Cotovanu et al., 2023). Extrusion systems can be broadly

categorised based on temperature, moisture content, and mechanical energy input.
3.1.2 High-Temperature Short-Time (HTST) Extrusion

High-Temperature Short-Time (HTST) extrusion, commonly referred to as extrusion cooking,
operates at elevated temperatures (100-200°C) with short residence times (typically less than 2
minutes). The combination of mechanical shear and thermal energy induces rapid starch
gelatinisation, protein denaturation, and inactivation of microorganisms and enzymes. The short
processing time minimises nutrient degradation relative to conventional thermal processing

(Bhandari et a., 2001).

HTST extrusion is widely used in the production of expanded snacks, breakfast cereals, and

texturized vegetable proteins.
3.1.3 Cold Extrusion

Cold extrusion is performed at lower temperatures (usually below 60°C), with minimal or no
cooking occurring within the extruder. The process mainly shapes and compresses materials
without significant thermal transformation. It is typically applied in pasta, noodle, and certain
confectionery production, where structural integrity is achieved through dough formation rather

than expansion.
3.1.4 Low-Moisture vs. High-Moisture Extrusion

e Low-Moisture Extrusion (LME): Moisture content typically ranges from 10-30%. It is
associated with high expansion, porous structures, and crispy textures. Sudden pressure

drop at the die causes water flash evaporation, creating cellular structures.

o High-Moisture Extrusion (HME): Moisture levels range from 40-80%. This process
produces dense, fibrous, and meat-like textures, commonly used in high-moisture
texturized vegetable protein production. The absence of rapid water vapor expansion leads

to anisotropic, layered structures.

e Low-moisture and high-moisture extrusion are two core processing technologies used in

the production of plant-based proteins and texturized ingredients, and while both rely on
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thermomechanical energy to transform raw materials into structured products, they differ
significantly in moisture content, equipment configuration, and final product
characteristics. Low-moisture extrusion (typically 15-35% moisture) is the more
traditional method and is widely used to produce texturized vegetable protein (TVP) from
sources such as soy, pea, or wheat gluten; in this process, ingredients are mixed, heated,
sheared, and forced through a die, where rapid pressure drop and steam flash-off create an
expanded, porous structure that is later dried for shelf stability. The result is a lightweight,
shelf-stable product that must be rehydrated before use and is commonly found in dry meat
analogs, snacks, and cereal inclusions. In contrast, high-moisture extrusion (typically 40—
80% moisture) operates with significantly more water and incorporates a cooling die that
aligns and stabilizes proteins under controlled temperature and shear conditions, producing
dense, fibrous structures that closely mimic the texture of whole-muscle meat. Unlike low-
moisture products, high-moisture extrudates are not expanded or dried; instead, they
emerge with a layered, anisotropic structure and are often used directly in refrigerated or
frozen plant-based meat applications. Technologically, high-moisture extrusion requires
more precise control of temperature gradients, shear forces, and die design, often utilizing
twin-screw extruders for better mixing and protein alignment, whereas low-moisture
extrusion can be performed with either single- or twin-screw systems (Dendegh et
al.,2022). Functionally, the key distinction lies in texture formation: low-moisture
extrusion relies on expansion and porosity, while high-moisture extrusion relies on phase
separation, protein denaturation, and alignment under laminar flow to create fibrous

networks.

3.2. History and Evolution of Extrusion Technology

Extrusion technology originated in the 18th and 19th centuries within the metallurgical and
ceramics industries, where screw mechanisms were used to shape clay and metals. The technology

was later adapted for thermoplastics in the early 20th century.

The application of extrusion to food processing began in the 1930s with pasta manufacturing and

expanded significantly during and after World War II. The development of twin-screw extruders
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in the 1950s and 1960s enabled better mixing and control, facilitating the production of ready-to-
eat cereals and snack foods (Welch and Mitchell, 2002).

By the late 20th century, computerized control systems allowed precise regulation of temperature,
pressure, screw speed, and feed rate. Modern extruders are fully automated, energy-efficient

systems capable of processing diverse raw materials with consistent product quality.

In a nutshell, he history of food extrusion technology began with the broader concept of extrusion,
which was first developed in the late 18th and 19th centuries for shaping materials such as metals,
clay, and rubber by forcing them through a die to create specific shapes. The technique was later
adapted for food processing in the early 20th century, particularly in the 1930s when single-screw
extruders were introduced for the production of pasta and macaroni in Italy. These early systems
mainly served as mechanical shaping devices with little heating or cooking involved. During the
1940s, especially around the time of World War II, extrusion technology gained greater attention
as researchers explored methods to process cereal flours and starches into shelf-stable foods
suitable for military rations and mass feeding. In the 1950s and 1960s, significant advances led to
the development of extrusion cooking, where food ingredients are mixed, cooked, and shaped
simultaneously under conditions of high temperature, pressure, and mechanical shear within the
extruder barrel. This innovation allowed the production of expanded products such as puffed
snacks and breakfast cereals. Further technological improvements occurred in the 1970s and 1980s
with the introduction of twin-screw extruders and better process control systems, which improved
mixing efficiency, ingredient flexibility, and product consistency. Since the 1990s, extrusion
technology has continued to evolve and has become a key method in food processing, used to
manufacture a wide range of products including snack foods, breakfast cereals, pet foods,
texturized vegetable proteins, and plant-based meat alternatives. Today, modern food extrusion
incorporates advanced automation, precise control of temperature and pressure, and innovations
aimed at improving nutrition, texture, and sustainability, making it one of the most versatile

technologies in the food industry (Dendegh et al.,2022).
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3.3. Principles of Extrusion Cooking

Extrusion cooking involves several interrelated physicochemical and mechanical phenomena

(Moscicki and van Zuilichem, 2011).

3.3.1 Feeding and Conveying

Raw materials are introduced through a feeding system and conveyed along the barrel by rotating

screws. The screw configuration determines material transport efficiency and residence time.
3.3.2 Mixing and Kneading

Kneading blocks and mixing elements promote homogenization of ingredients. Uniform

distribution of moisture, heat, and additives is essential for consistent product properties.
3.3.3 Shearing

Mechanical shear arises from screw rotation and material compression. Shear contributes to starch

gelatinisation, protein denaturation, and structural transformation. (Fangmeier et al., 2019).
3.3.4 Cooking

Thermal energy is supplied via barrel heaters and mechanical dissipation. Combined thermal and

mechanical energy induces:

o Starch gelatinization
e Protein denaturation
e Lipid melting

e Enzyme inactivation
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3.3.5 Shaping and Expansion

At the die exit, a sudden pressure drop causes flash evaporation of water in low-moisture systems,
producing expanded structures. Die geometry determines the final product shape (Moscicki, L., &

van Zuilichem, 2011).

3.4. Advantages of Extrusion
Food extrusion offers several technological and economic benefits:

1. Continuous Production: Unlike batch processing, extrusion is continuous and efficient.
2. High Productivity: High throughput rates reduce production costs.

3. Nutrient Retention: Short processing times reduce vitamin and amino acid losses.

4. Flexibility: A wide range of raw materials and product types can be processed.

5. Minimal Waste Effluents: The process generates little or no liquid waste.

6. Microbial Safety: High temperature and pressure reduce microbial load.

7. Energy Efficiency: Integrated cooking and shaping reduce overall energy requirements

(Choton et al., 2020).

3.5. Extrusion Equipment and Components
3.5.1 Major Components of an Extruder

An extruder machine is widely used to process raw ingredients into shaped and cooked products
such as snacks, breakfast cereals, pasta, and pet foods. It consists of several important components,

each performing a specific function in the extrusion process.

The hopper is the feeding unit of the extruder machine. It is mounted at the top of the barrel and
is usually funnel-shaped. A hopper where raw materials such as flour, starch, protein, additives,

and water are introduced into the machine. In many systems, a metering device or pre-conditioner
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is attached to regulate moisture and temperature before the material enters the main extrusion
chamber. Proper feeding is essential for maintaining uniform product quality and preventing

blockages.

The barrel is a strong cylindrical chamber that houses the screw. It is typically made of hardened
steel to withstand high temperature and pressure. As the material moves through the barrel, it is
subjected to mixing, compression, and thermal energy. The internal surface of the barrel may have

grooves to enhance mixing and shearing action.

The screw is one of the most important components of the extruder. It rotates inside the barrel and
conveys the material forward. The screw can be a single screw or twin screw configuration,
depending on the design and application. Its primary functions are conveying, mixing,
compressing, shearing, and cooking the material. The screw design, including its pitch and
compression ratio, significantly influences the texture, expansion, and overall quality of the final

product.

The drive system provides the mechanical power required to rotate the screw. It includes an electric
motor, gearbox, and coupling system. The motor supplies the energy needed to overcome
resistance inside the barrel, while the gearbox adjusts the speed and torque. A reliable drive system

ensures consistent screw rotation and stable processing conditions.

The heating and cooling system controls the temperature inside the barrel. This system may include
electric heaters, steam jackets, or water circulation channels. Temperature control is critical
because it affects cooking, starch gelatinization, protein denaturation, and product expansion. In

some extruders, cooling zones are used to prevent overheating and maintain product quality.

The die assembly is located at the end of the barrel and shapes the extruded material. It consists of
a metal plate with specially designed openings that determine the shape and size of the final
product. As the material exits through the die, it experiences a sudden drop in pressure, which
causes expansion in puffed products. The design of the die greatly influences product appearance

and texture.

The cutting system is positioned at the die exit and is responsible for cutting the extruded product

into desired lengths. Rotating knives are commonly used to cut expanded snacks and other
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products. The cutting speed can be adjusted to control the size and shape of the final pieces. This

component ensures uniformity and improves handling during further processing or packaging

(Riaz, 2019).

3.5.2. Diagram of Extruder

/ \
/ HOPPER \
/ \

I I
Motor->| SCREW / AUGER (rotating) |-—--> DIE PLATE

| BARREL |

EXTRUDED
PRODUCT
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3.6. Raw Materials and Ingredient Functionality
3.6.1 Starch-Based Materials

Starch is the primary component in many extruded foods. It consists of amylose and amylopectin.

Gelatinisation and molecular breakdown under shear determine the expansion behaviour.

Common sources:

o Com

e Rice

e Wheat

o C(Cassava

High amylopectin content generally enhances expansion.
3.6.2 Protein-Based Materials
Proteins contribute to structure and texturization.
Examples:

e Soy protein

e Whey protein

e Wheat gluten

e Meat and fish mince
Protein denaturation and alignment are critical in high-moisture extrusion.
3.6.3 Functional Ingredients

o Fiber: modifies expansion and texture

o Fats and oils: lubricate and affect cell structure

o Salts: influence ionic interactions
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e Flavourings: added pre- or post-extrusion

¢ Vitamins and minerals: often added after extrusion to reduce losses

3.6.4 Raw Material Preparation

Proper particle size, moisture conditioning, and ingredient blending are essential for consistent

processing (Thomas et al., 2001).
3.7. Process Parameters and Optimisation
3.7.1 Operating Variables

e Screw speed

o Barrel temperature

e Feed rate

e Moisture content
Optimisation balances expansion, texture, and nutritional retention
3.7.2 Rheological Properties

Change in Viscosity

o Viscosity decreases with increasing temperature and shear rate.

o Inside the extruder barrel, high shear stress and heat cause the melt to become shear-

thinning.
o This behavior is related to the Non-Newtonian Fluid behavior of food melts.

Example:

Starch melts become less viscous as they are heated and sheared.
Starch Gelatinization

One of the most important rheological transformations is Starch Gelatinization.
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Effects:

o Starch granules absorb water and swell.

e Crystalline regions break down.

e Viscosity initially increases due to swelling.

o Later decreases if molecular breakdown occurs.
Molecular Degradation (Shear Thinning)
High shear inside the screw can break starch and protein chains.
Effects:

e Reduction in molecular weight

o Lower viscosity

e More fluid melt
This behavior contributes to shear-thinning, a typical property of extruded dough.
Protein Denaturation and Texturization
Proteins undergo Protein Denaturation due to heat and shear.
Changes:

e Loss of native structure

e Formation of new protein networks

e Development of viscoelastic properties
This is crucial in making textured vegetable proteins and meat analogs.
Melt Elasticity
Extruded food melts develop elastic properties.

Consequences:
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e Ability to expand at the die exit
o Formation of porous snack structures

This is linked to the material's viscoelasticity.

During extrusion, food materials change from a granular solid — viscous melt — viscoelastic
foam, and these rheological transformations determine the texture, expansion, and structure of

extruded foods (Riaz, 2019).
3.7.3 Physical Changes

e Gelatinization

o Expansion

e Protein denaturation

e Texturization (Alam et al.,2016).

3.7.4 Nutritional Changes
Changes in Carbohydrates

o Starch gelatinisation: Native starch granules absorb water and swell, becoming more

digestible.
e Dextrinization: Large starch molecules break into smaller dextrins due to heat and shear.
o Increased digestibility: Improves energy availability.

o Formation of resistant starch (sometimes): In certain conditions, extrusion can produce

starch that behaves like dietary fibre.
Changes in Proteins
e Protein denaturation: Heat and mechanical shear unfold protein structures.
o Improved digestibility: Denatured proteins are easier for enzymes to digest.
e Texturization: In products such as textured vegetable protein (TVP), extrusion forms

meat-like structures.
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Possible loss of amino acids: Heat-sensitive amino acids like lysine may decrease due to

the Maillard reaction.

Changes in Lipids (Fats)

Lipids are relatively stable during extrusion.

Some lipid oxidation can occur due to high temperature and oxygen exposure.
Fat may reduce expansion of extruded snacks.

Reduction of Antinutritional Factors

Extrusion can destroy or reduce compounds that interfere with nutrient absorption:
Examples:

Trypsin inhibitors (in soybeans)

Phytates

Lectins

(Singh et al., 2007).

Formation of New Compounds

Some reactions occur during extrusion:

Maillard reaction: improves flavor and color but may reduce lysine.
Starch-lipid complexes: can influence digestibility.

Possible formation of acrylamide in very high-temperature processes

(Shelar and Gaikwad, 2019).
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3.8. Food Applications of Extrusion Technology

e Expanded Snacks

Examples include corn curls and puffed snacks produced via low-moisture HTST extrusion.

e Breakfast Cereals

Puffed, flaked, and toasted cereals rely on extrusion for structure development.

e Pasta and Noodles

Cold extrusion shapes semolina dough without expansion.

e Texturized Vegetable Protein (TVP)

High-moisture extrusion produces meat analogues and soy chunks with fibrous texture.

e Pet Food and Aqua Feed

Floating or sinking feed is controlled by expansion and density manipulation.

e Confectionery

Applications include liquorice, soft candies, and chocolate pre-processing (Adekola, 2016).

3.9. Innovations and Advanced Techniques

3.9.1 Supercritical Fluid-Assisted Extrusion (SC-CO2)

Supercritical Fluid—Assisted Extrusion (SC-CO:) is an advanced polymer processing

technology in which supercritical carbon dioxide (CO:) is used as a temporary plasticizer and/or

physical blowing agent during extrusion. When CO: is brought above its critical temperature

(31.1 °C) and critical pressure (7.38 MPa), it enters a supercritical state—exhibiting both gas-

like diffusivity and liquid-like solvating power. In this state, CO: can penetrate polymer melts

efficiently and modify their rheological and structural behaviour (Shelar & Gaikwad, 2019).
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Working Principle

In SC-CO: extrusion, compressed CO: is injected into a conventional extruder barrel containing

molten polymer. The process generally follows these steps:

Polymer Melting: Solid polymer pellets are fed into a single- or twin-screw extruder and heated

above their melting temperature.
CO: Injection: Supercritical CO:s is injected into the melt under high pressure.

Mixing & Plasticization: CO: dissolves into the polymer, reducing melt viscosity and glass

transition temperature (Tg).

Pressure Drop at Die: Upon exiting the die, rapid pressure drop causes CO: to nucleate and

expand.

Foam Formation (if desired): Controlled cell nucleation and growth create microcellular or

nanocellular foam structures.

Cooling & Solidification: The polymer solidifies, trapping the foam structure or forming a

modified solid product.
3.9.2 Extrusion-Based 3D and 4D Food Printing

Extrusion-based food printing is the most widely used additive manufacturing method in the food
sector. It builds edible structures layer-by-layer by depositing semi-solid food materials through a
nozzle using controlled pressure. When extended to 4D food printing, the printed structure is
designed to transform over time in response to stimuli such as temperature, moisture, pH, or light

(Agunbiade et al.,2022).

This technology merges food engineering, material science, digital fabrication, and culinary design

to create customised, functional, and interactive foods.
Common printable food materials include:

e Chocolate

e Dough and batter

59



e Mashed potatoes

o Cheese

e Pureed vegetables and fruits

o Protein pastes (plant- or animal-based)

e Hydrocolloid gels (alginate, gelatin, carrageenan)

3.9.3 Reactive Extrusion

Chemical modification of biopolymers occurs during extrusion, enabling new functional

properties.
3.9.4 Biodegradable Packaging

Extrusion is used to produce packaging materials from food-based polymers such as starch and

polylactic acid (Lazou, 2016).
3.10. Post-Processing and Quality Control
Post-extrusion operations include drying, coating, flavor application, cooling, and packaging.

Quality parameters include:

Expansion ratio

o Bulk density

e Texture analysis

o Water activity

e Color measurement
e Nutritional retention
e Microbial safety

Shelf-life stability depends on moisture control and packaging integrity (Rokey et al., 2010).
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3.11. Conclusion

Food extrusion technology is a versatile and innovative food processing method that has
significantly transformed modern food production. It involves forcing food materials through a
specially designed barrel and die under controlled conditions of temperature, pressure, and shear.
This process allows for the continuous production of a wide range of food products with uniform

shape, texture, and quality.

One of the major advantages of extrusion technology is its efficiency. It combines multiple unit
operations—such as mixing, cooking, kneading, shaping, and forming—into a single, continuous
process. This reduces processing time, energy consumption, and labor costs while improving
productivity. Additionally, extrusion enhances product consistency and minimizes waste, making

it economically beneficial for large-scale food manufacturing.

Extrusion technology has wide applications in the production of breakfast cereals, snack foods,
pasta, pet foods, textured vegetable proteins, and fortified foods. It also plays a crucial role in
developing value-added products by incorporating nutrients, flavors, colors, and functional
ingredients. The process can improve digestibility, inactivate anti-nutritional factors, and ensure

food safety through high-temperature short-time (HTST) treatment.

Moreover, food extrusion supports innovation in the food industry. It enables the development of
gluten-free, high-protein, high-fiber, and plant-based products to meet changing consumer
demands and dietary preferences. With growing interest in sustainable and alternative protein
sources, extrusion technology is increasingly used in processing plant-based meat analogues and

fortified staple foods.

In conclusion, food extrusion technology is a highly efficient, flexible, and sustainable processing
technique that contributes significantly to food quality, safety, and innovation. Its ability to
produce diverse products with enhanced nutritional and functional properties ensures its continued
importance in the global food industry. As research and technological advancements continue,
extrusion technology is expected to play an even greater role in addressing future food security

and nutrition challenges.
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4.1. Introduction

The processing of herbs is critical to ensuring their effective and safe use. Herbs can legally be
deemed processed if their physical dimensions and shape have been altered without changing their
constitution or if they have undergone moderate sorption or desorption of iron oxide, moisture,
volatile oil, or resin. Various processing techniques including drying, thermal processing,
fermentation, extraction, and graining are employed to inhibit enzymatic degradation and to extend
shelf life by several years. Drying is essential if herbs cannot be used immediately, occurring either
outdoors under direct sunlight or artificially within temperature-regulated environments. Drying
operations can further encourage the extraction of essential oils, the subtle releasing of flavors,

and the conservation of organoleptic characteristics (Njeri Chege et al., 2015).

4.2. Principles of Herbs Processing

Preserving and enhancing the quality of herbs and their products requires proper selection,
processing, and storage. The various methods used in processing can also aid in enhancing the
antimicrobial activity and medicinal properties of specific herbs. Herbs are adapted to growth in
specific climatic conditions, which may not be conducive for their growth in other sections. Proper
storage of herbs prevents spoilage due to microbial action, rancidity, and infestation by
insects/worms, making the herbs suitable for transportation and making them available in markets.
Factors contributing to the quality of herbs, operational variables affecting the quality of processed

products, and the methods used for drying are discussed.

Phytochemicals present in the herbs are highly sensitive to environmental conditions; therefore,

methods and techniques used in processing activities must be chosen carefully for maintained
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quality. The techniques can be useful in the elimination of undesirable components, pathogens,
spoilage organisms, and insects. They can also help in reducing the concentration of
phytochemicals responsible for flavor, fragrance, and influence aroma and taste in food dishes.
Aseptic techniques during harvesting/sampling combined with chemical preservatives such as
citric acid, sodium benzoate, potassium sorbate, and other natural anti-oxidants can help in
extending the microbial shelf life of fresh green herbs (Wang et al.2023; Dhulipalla et al.2023;
Rao et al.2022).

4.3. Drying Techniques in Herbal Processing

Herbs are delicate and highly perishable materials that require drying to guarantee their safety and
stability (De Martino et al., 2022). Drying is a traditional yet effective process for reducing
moisture content in herbs, which is crucial for preventing fermentation, mold development, and
substantial quality loss. Several techniques are available for drying, including simple convective
air drying, well known for its ease of operation. This technique, however, requires large surface
areas, results in considerable moisture loss, entails lengthy drying times, and leads to non-uniform
processes that increase contamination risks (Topar, 1994). Hot-air drying, a slightly more
sophisticated method, offers better temperature control, improved oversight of process parameters,
and enhanced repeatability but demands a significant energy input and often causes the
deterioration of volatile aroma compounds, thereby diminishing quality. Novel methodologies,
such as freeze-drying, produce high-quality products and are compatible with heat-sensitive
materials, yet their high cost limits their use to high-value goods (Collet et al., 2020). Microwave

drying provides a sustainable, potentially cost-reducing alternative that also lessens quality loss.

4.3.1. Solar Drying

The drying of agricultural products appears to be the best option for reducing high post-harvest
losses. Herbal crops experience a very high rate of post-harvest losses, primarily because of their
perishability due to their high moisture content. Hence, drying of herbs is the most important
processing method (Akter et al., 2024). Moreover, because of high sensitivity and volatility of
active phytoconstituents stabilisation of herbs against degradation is extremely important. Herbal
crops deterioration occurs due to moisture and is significantly prevented by drying. Different
methods of drying such as solar drying, tray drying, freeze drying, oven drying, and greenhouse
drying are applicable in the drying of herbs (De Martino et al., 2022).
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4.3.2. Tray Drying

Fresh herbs are highly perishable products that should be dehydrated immediately after harvesting
in order to retain their nutrients and chemical properties. Tray drying is an effective method for
processing herbs such as thyme, basil, tarragon, mint, and marjoram. In a study on thyme, five
tray-drying treatments were assessed at temperatures between 35 and 80°C; drying time ranged
from 5 to 36 hours, and better results were obtained at 45°C (Rodriguez Cortina et al., 2014). In a
similar study, time- and energy-efficient operations were achieved during the tray drying of
legumes by preheating to 70 or 80°C, spreading the product thinly, and monitoring moisture loss
every 10 minutes (Jangabelli) (Mounika et al., 2017). Drying thyme at 75 and 80°C allowed
accelerated experimental studies of the temperature and moisture ratio influence, but led to reduced
antioxidant capacity. An acoustic drying technology was also developed to complement flat-

surface drying operations.

4.3.3. Freeze Drying

Freeze drying, or lyophilization, is a sophisticated and sophisticated technique, often employed as
a secondary step following pre-drying processes. The method conveniently circumvents the
drawbacks of hot air drying, thus preserving the quality of delicate materials that would otherwise
be damaged during conventional drying. During freeze drying, the water molecules contained in a
substance are removed by sublimation of ice under vacuum, instead of liquid water evaporation.
Both colour and nutritional value are preserved remarkably well, making freeze-drying an

attractive option for processing high-quality herbs for food and pharmaceutical applications.

The freeze-drying procedure essentially consists of four stages: 1) freezing, 2) sublimation or
primary drying, 3) desorption or secondary drying, and 4) condensation. Pre-freezing consists in
cooling the fresh herbs until all their free water transforms into ice, a stage that is crucial since the
quality of the final product greatly depends on the freezing rate. Freezing speed should be high to
ensure small ice crystals formation, which are responsible for maintaining the initial structure of
the herbs. Since the specific surface area of a solid remains intact throughout secondary drying,
the heat to vapourise the bound water absorbed during drying must be transmitted on steam
diffusion through the dried framework (Jovanovic et al., 2021). Therefore, moisture content drops
rapidly until almost final stage, and an unbearable energy demand is needed to remove the

remaining water. The freeze-drying process combines a primary drying under a very low pressure
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with a secondary one at ambient pressure that requires a much smaller energy demand. The demand
becomes less excessive due to the fact that only the energy to evaporate the remaining water is

considered at this stage.

4.3.4. Oven and Greenhouse Drying

Hubal et al. suggested that using hybrid drying ovens composed of an electrical heating system
and a thermal solar heating system helps to save energy and to dry various agricultural goods. The
use of ceramic materials for solar-assisted discharge of hot air or steam is investigated by
Matzkanin et al. Since the energy obtainable from agricultural waste can be utilized in toasting
and drying, dried rock powders with satisfactory efficiency by using a furnace invented with the
help of cinder-like clay via the moist air vaporizing method and then cleansing air-exchange
technology plus partial heat-recovery method. Chou et al. studied a technique for employing the
steam and energy produced in the processing of fermented dried lily flower. Concerning the
function of radiant energy readvanced by reflected concave solid surfaces, Tajeddin et al.
developed a small centric receive and a furnace able to facilitate the observed phenomena in solar-
power designs. Sahu and freebase mineral explored an innovative concept in solar-assisted wood
drying. Comparison between the performance of solar driers with and without auxiliary heating
has been made by Mathur and Dasgupta. The use of energy-efficient vapour-dependent solar direct
dryers fitted with a wet thermo-state and an auxiliary heating system to improve the drying

efficiency of vegetables, fish and beetroot is advocated by Mohanraj et al.

Thermal processing methods, including blanching, heating, pasteurization, sterilization,
autoclaving and dehydration under controlled temperatures, constitute an essential subset of the
herbs-processing arena. The processing aims primarily to improve safety by reducing or
eliminating pathogenic microflora, possibly maximizing quality by inactivating endogenous
spoilage enzymes without undesired alteration of sensory characteristics and prolonging shelf life.

(Pravallika et al.2025; Dhulipalla et al.2023)

4.3.5. Thermal Processing Methods

Thermal processing of many herbs, especially for preparation of any food or beverage. In addition
to flavour activity, some herbs if included in the food preparation contribute with colour, and

chemical variants, apart from the special health promotion activities in food. Despite this important
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contribution of herbs, attention has not been given to special processing methods to retain all these
qualities during storage. Various workers have studied the blanching and dehydration of herbs.
Blanching process has not been carried out under controlled temperatures. Studies combining
heating with dehydration (at controlled temperature) have not been attempted so far. Blanching is
used in food processing for removal of undesirable factors and also to retain the desirable factors.
It involves short duration cooking of the raw material prior to final processing either by freezing

or dehydration. Quality of the final food or beverage material is increased by blanching.

Blanching at 80-850C for 2-3 minutes retains the colour, reduces the drying time and is reported
to be the best pretreatment for the preparation of herbs drink. Heating of herb solution for
preparation of instant drink or infusion improves the flavour and colour of the beverage, as thermal
process enhances the essential oil content during preparation. This statement is specifically true in
case of herbs with high essential oil content such as mint. Pasteurization and sterilization reactions
or autoclaving used in food technology for ensuring microbiological safety and extending the
shelf-life is not popular among herbalists. However it has been studied and found to increase the
quality of herb pressings by reducing spoilage and off-flavour development. It is also useful in
enhancing the quality of instant herbal drinks by reducing bacterial count. Dehydration of herbs is
normally carried out in the sun. Dehydration of herbs at ambient temperature under controlled hot-

air has not been worked out. (Abdulstar et al., 2023; Sosa-Morales et al., 2022)

4.3.5.1. Blanching

Blanching consists of heating plant materials briefly to deactivate their enzymes and to preserve
their desirable constituents (An et al., 2022). Blanching prevents undesirable discoloration, flavor
deterioration, and physical and nutritional property changes .Consequently, the process often
improves the drying rate, reduces overall energy consumption, and yields a higher-quality final
product. Conventional hot-water and steam treatments can lead to nutrient loss and create disposal
issues through contamination of large wastewater volumes. Microwave blanching offers rapid,
direct heating without heating-transfer limitations, resulting in reduced nutrient damage and highly

efficient processing.
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4.3.5.2. Heating and Pasteurization

Heating and pasteurization are widely employed in the herbal processing industry for the
destruction of all spoilage microbes and causes of deterioration during storage. The temperatures
used for these treatments are always lower than sterilization temperatures. Pasteurization refers to
heating to temperatures below 100°C for a predetermined time. It is a mild heat treatment
developed originally for the preservation of milk and later adapted for fruit, vegetable, and herb
processing. Pasteurization substantially reduces microbial loads and destroys pathogens while

improving the functional quality of the product.

Specific temperature—time combinations for pasteurizing herbs, herbal formulations, and freatur
juices were established by Kaur (1993). Kaur and Bhatia (1990) recommended a treatment of 60
to 65°C for 30 to 60 minutes or 80°C for 2 to 6 minutes for curry powder/flour. Papaya ferment
juice was successfully pasteurized at 68°C for 10 minutes with no loss in color and aroma.
Rajagopal et al. (1990) found that good-quality curry paste could be produced by either holding it
at 60°C for 45 minutes or at 70°C for 15 minutes. Non-alcoholic ginger beer was pasteurized at 85
to 90°C for 10 to 15 minutes. These investigations indicate that, in general, the pasteurization of
herbs not only extends their keeping quality but also improves their sensory properties. (Silva,

2023; Qiu et al., 2022)

4.3.5.3. Sterilization and Autoclaving

Conventional food safety and shelf-life standards require commercial herbal products to be free
from microorganisms throughout their useful life. Consequently, formulations that prove
unacceptable to the consumer, commercial producer, or any concerned body, due to sensory
aberrations or spoilage microorganism presence, cannot ensure bio-safety. For all these reasons,
these products, receive special attention during the processing stage to eliminate microorganism-
causing spoilage during their storage. Generally, thermal processing methods such as heating,
pasteurization, sterilization, and decontamination are employed to destroy spoilage-causing
microorganisms by heat treatments. These techniques are capable of producing hemp-based herbal
products containing specific desirable sensory attributes, comprising fleshy texture and mild
aroma, and free from spoilage-causing yeast and molds. These methods can be used to assure shelf
stability of such products. Nevertheless, the explorer with greater taste acceptance maintained

defect-free sensory quality for three weeks of refrigerated storage and two weeks at room
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temperature. Due to non-availability of dehumidified air, dehydrated hemp rasam and puree have
shorter shelf life when stored at room temperature than at refrigeration. Non-deposit of
hydrocolloids and their proportions within the food substrate play a vital role by maintaining

longer shelf life when stored matched against fermented-prepared herbal substrates.

Thermal processing by blanching or by dehydration followed by pasteurization/sterilization for the
removal of spoilage-causing microflora has been extensively studied. Different levels of black
pepper have also been incorporated to impart hot and pungent sensation sweetness within the
processed herbal product. However, the cooking add of the individual bio-senses is masked, and
for matured and bad-smelly substrate, was prepared in combination with other suitable edible-
spice substrates. These methods could also be successfully employed to project ginger-barley malt
composite substrates under lactic fermentation to yield fermented hemp-based herbal products
proving organoleptically satisfactory and enjoying stability during refrigerated storage period of

four and four weeks respectively. (Wang et al., 2023; Ashrafudoulla et al., 2023; Awuchi, 2023)

4.3.5.4. Dehydration under Controlled Temperatures

Drying is a procedure employed to remove moisture from plant material, thereby reducing its water
activity and preventing microbial growth and spoilage (Ma et al., 2024). In the laboratory context,
drying is usually undertaken through the application of an externally supplied source of heat. The
air temperature during herb processing is frequently limited to around 40°C in order to prevent

excessive volatilisation of essential oils.

4.4. Extraction and Concentration Techniques

Extraction is commonly employed for herbs such as basil, lemongrass, and ginger, seeking
bioactive compounds known for health benefits and medicinal properties. This process aims to
extract hydrophilic compounds—including polyphenols, phenolic acids, flavonoids, and
vitamins—from aqueous solvents, as well as lipophilic compounds—including terpenes and fatty
acids—from organic solvents. Because flavor, fragrance, and other qualities can degrade, and
because regulation plays a critical role, a timely and efficient extraction technique is essential. The
choice of extraction method depends on several factors, including extraction efficiency and
selectivity of the desired components, extraction time, temperature, environmental impact

(risk/benefit ratio), and economic considerations: raw materials, equipment, and consumables.
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Rapid Solid-Liquid Dynamic Extraction (RSLDE), a solid-liquid extraction system, has been
developed to address many of these parameters, combining microwave and ultrasonic action to
minimize extraction time and solvent consumption; this process also reduces exposure to oxidation

and degradation.

4.4.1. Solvent Extraction

The versatility of herbs is matched by the variety of extraction techniques capable of releasing
their flavour, aroma, pigments, vitamins, and other bioactive components. Price lists of extracts
produced indicate the use of absolute, distilled, and essential oil extractions in addition to the
aqueous products. Low-boiling solvents like ethanol, methanol, and acetone yield flavonoids and
polyphenols. Organic solvents are used because of their selectivity for extracting specific

compounds from a complex mixture.

Concentration of the extract is one of the important steps in extraction processing. Methods
employed for concentration of herbal extracts are solvent evaporation, solvent regeneration,
membrane separation, vacuum concentration, and freeze concentration. A comparative study on
concentration of herbal extracts using accelerators of various heat capacities indicated the

feasibility of using palm oil for extract concentration.

4.4.2. Steam Distillation

One of the most traditional extraction methods, steam distillation is applied to separate volatile
components, such as essential oils, from non-volatile fractions of a plant matrix. Steam passes
through the raw material and carries the target compound through a cooling condenser system. The
cooled steam then condenses into water and dissolved the targeted compounds. The (non-miscible)

oil is then collected separately.

The process is rapid and, depending on plant material characteristics, can last from several minutes
to an hour. The method is often used to dries plant material by first letting it steam for about 5-30
minutes, followed by using heaters too the dry input. When applied for a competitive sterilization
processing of plant materials, a heating period of no more than 20 sec at 125 °C would ensures

less compound losses.
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4.4.3. Cold Pressing

Cold pressing is a major method used for extracting herbal oil. It is performed at low temperatures,
generally below 50 °C. Cold pressing preserves bioactive compounds in the extracted oil and limits
their transformation and degradation during extraction.The extraction mechanism involves feeding
seeds or nuts into a hopper and applying high pressure to the feedstock through a screw conveyor
inside a barrel (Yuenyong et al., 2021). Cold pressing is considered to be an environmental friendly

extraction technique and is carried out without organic solvents.

4.4.4. Supercritical Fluid Extraction

Supercritical or near supercritical fluid extraction offers a means of extracting high-value natural
products. The elevated temperature and pressure of supercritical fluids increase their density while
reducing viscosity, allowing enhanced penetration into the matrix and increased solubility for
many substances. Forcing a supercritical fluid with low solubility power to mix with a co-solvent
having a higher solubility at lower temperatures provides a means to utilize the properties of two
different solvents in the same extraction process. The large solvent volume ratio is a major
disadvantage of this method, although huge amounts of volatile compounds present in the system

are removed by the supercritical solvent during extraction.

Supercritical COz is used in the extraction of natural products from spices, fruits, and other sources.
Supercritical CO» extracts of rosemary, thyme, spearmint, peppermint, oregano, coriander, black
pepper, safflower, and cardamom have shown good antifungal activity. Supercritical CO:
extraction of dry peppermint leaves also yielded peppermint and peppermint camphor, which are
of great importance to the food and pharmaceutical industries. Dried ginger products can be
effectively prepared from ginger in a supercritical carbon dioxide extraction process. Ginger
essential oil can be extracted with high yield and low geosmin content using supercritical CO»
extraction without a co-solvent. The green synthesis of silver and platinum nanoparticles using
extracts of guava leaves and the antibacterial effectiveness of these applications have been

confirmed (Luca et al., 2023; Khalati et al., 2023; Zhang et al.2023).

4.5. Fermentation and Microbial Processing

Fermentation is an alternative herbal-processing technique that employs the activities of numerous

microbes. Initial microbial activity takes place in a culture medium by introducing the desired
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microorganisms directly. Subsequently, these microorganisms either ferment the substrate or
provide enzymes for the breakdown of the herbal material into simpler sources that encourage the
development of other microorganisms present in the culture medium. Fermentation alters the taste,
color, aroma, and flavor of the raw materials; reduces toxicity, impact on gut flora, and isoflavone
content; and increases the stability of bioactive compounds. The presence of rice peel along with
lactic acid bacteria also improves the content of flavor compounds, phenolic compounds, and

antioxidant activity in the fermented product.

Alcoholic fermentation enriches the raw materials with ethanol and sometimes provides the natural
aroma that aids in the infusion process, which often aids in the preparation of herbal liqueurs and
beverages. The fermentation of herbal products not only provides flavor and aroma but can also
improve biological activity, enhance the bioavailability of active ingredients, reduce toxicity, and
stabilize some compounds. An alcoholic or glycerine extract can be vaporized to give a rich, dried,
concentrated product containing adjuncts alcohol or glycerin. Alcoholic extracts made from the
herb Aylanthus, especially with malt liquor, are recommended as rich aphrodisiac and tonic drinks

(An et al., 2023; Liu et al., 2022; Fan et al.2025).

4.5.1. Lactic Fermentation of Herbal Substrates

Lactic fermentation of herbs is an ancient technique which transforms the titular substrates into
probiotic products rich in bioactive components. Such transformations enhance the attributes
associated with herbs like mint, elevating their health-promoting effects above the level provided
by direct consumption of fresh or dried materials .Herbs, frequently mixed with vegetables, already

feature a high level of lactic-acid-bacteria activity, indicating the potential for their fermentation.

Studies on the fermentation of various substrates have concluded that adding autolysate derived
from brewer’s yeast to vegetable juices stimulates lactic-acid production. When Lactobacillus
plantarum functions as the fermenting agent, its significant growth and acid-generation activity
outperform that of other bacterial strains. It has been demonstrated that combining both beetroot
and carrot juices with the aforementioned autolysate delivers nutritive and protective qualities to
the end product, thereby enhancing its stability and overall quality. The inclusion of yeast extract
positively impacts both the rate of fermentation and the activity of the lactic-acid-producing

bacteria involved, consequently determining the speed at which the substrates are converted.
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4.5.2. Alcoholic Fermentation and Infusion Methods

Fermentation is a complex process through which yeast and/or bacteria metabolize carbohydrates
in the presence or absence of oxygen. Many sub-processes can take place according to raw
materials, nutrients, operational conditions, etc. Fermented beverages can be classified as alcoholic
(wine, beer, cider, etc.) or non-alcoholic (kvass, probiotic beverages, kombucha, etc.) and can have
enormous economic benefits for the farmer, can lead to partial or total alteration of the original
herbal substrate or to only a very low level of transformation. Alcoholic fermentation of fruits,
herbs, and flowers can lead to the production of new beverages with a wide variety of flavour and
aroma profiles.Alcoholic infusion techniques are low-cost, easy-to-control, and can imitate the
natural process found in alcoholic beverages. Even though universal protocols can not be defined,
infusion techniques are known to alter colour and fermentable soluble solid concentrations and to
modify taste. Infusion techniques assist and accelerate the flux of solute from intact herbal to

liquid, with the effect increasing in particle size reduction and raw material/solvent ratio.

4.6. Grinding, Sizing, and Particle Manipulation

Milling, grinding, sizing, and particle size reduction techniques receive relatively little attention in
discussions of herbal product processing, perhaps because many herbal preparations are consumed
without initial mechanical treatment. Nevertheless, much scientific research and development have
focused on particle size reduction, defines a critical aspect of maceration, the common method for
preparing herb materials for extraction and infusion. Milling converts large particles into smaller
fragments, and the term generally connotes bulk processing of naturally dried plants, though not
always without initial separation of larger components. Grinding reduces bulk herb materials into
smaller powdery forms. Coarse grinding produces a large fraction of particles at the lower end of
the size spectrum, while fine grinding delivers smaller fragments, with a significant fraction near
the size of powder. (Senawong et al., 2023).Moreover, milling and grinding operations on herbs,
spices, and other plant materials in the food industry have been developed to optimize certain
essential quality attributes, such as aroma, color, and flavor. Changes in aroma and flavor
associated with hot and cold grinding have been portrayed. Sieving operations separate coarse
bolters from finer sieves and grains. Attention is also drawn to the fact that the term “sizing”

describes standard industrial procedures for evaluating the normal distribution of grain size in a
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bulk sample. Similarly, “sizing” pertains to incense shredding for aesthetic presentation as well as

smell.

4.6.1. Milling Techniques

Grinding employs mechanical means to break material into smaller sizes and is usually the first
unit operation after drying. It can be accomplished by a variety of machines classified by their
mode of operation (i.e., continuous or batch), based on type of feed and output shape, by the
relative motion of the stationary surfaces separating between which the material is
COMMINUTED. Crushers may be used to prepare the sample for the mills, Schutte-Buffalo and

Fitzmill machines producing coarse to medium coarseness in the particle size.

Fine grinding requires humid conditions to minimize the also graph chord length of fibre. Heat in
fine grinding is retained longer and at the finish of grinding causes loss of volatiles. The size of
powder particles influences the rate and extent of extraction of undesirable colour and flavour
constituents. Where the powder is to be used as a source of taste or flavour it should be coarse
when used in water extraction (tea brewing) in order to put into the least surface contact with the
medium of extraction. The bitter and tannin content is also less in coarser powder. When the
powder is to be used in soup or curry it should be fine to release flavour rapidly during cooking.
Neither too fine nor too coarse is desirable in culinary use. The required particle size distribution
of spices is generally described by a curve with two peaks in the very fine and coarse particle size

ranges (Guo et al., 2026; Kishore et al., 2022; Sun et al., 2023).

4.6.2. Coarse and Fine Grinding

The grinding of herbal material aims to produce a finer powder in a uniform size to maximize the
surface area available for extraction and, consequently, to improve the efficiency of the subsequent
extraction method. Coarse grinding is usually carried out before drying, while fine grinding is
typically carried out after drying. In the absence of a suitable grinding device, cutters, mortars, and
pestles can be used to disintegrate the material into smaller pieces; after that, it can be either coarse-

ground prior to drying or packed whole and finely ground after drying.

4.6.3. Sieving and Particle Size Control

Particle size and distribution effects on herbal bioactivity have been demonstrated. Powdered herbs

with particle sizes from 45 to 320 micrometers were tested for the antioxidant activity using four
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different assays. Powdered herbs exhibited different antioxidant activity values depending on the
assay used and the powder size used as an independent variable. Radical scavenging activity
(DPPH and ABTS assays) increased at smaller particle sizes (less than 210 micrometers), whereas
for the reducing power assay, larger powders (greater than 210 micrometers) had better activity.
Antimicrobial activity against Bacillus cereus, Escherichia coli, Saccharomyces cerevisiae,
Pseudomonas aeruginosa, and Aspergillus niger was less evident than the antioxidant activity, but

it also revealed dependency on the powder size.

Particle size affects the release of essential oil, the oil yield, and the concentration of some aromatic
components in the oil during the steam distillation of dried sage leaves. The explanation is that the
use of powders allowed the essential oil in some areas to diffuse freely during the distillation,
resulting in a smaller amount being occluded in the powdered leaves and thus released in the oil.
Grinding and sieving fennel into a coarse powder (2 mm) yielded a Volatile Oil content (OVL) of
6.1%. OVL content and chemical composition were also affected by the mill screen size used when
applying a fine grinding process. The optimum mesh size for fine grinding was 44 for the best

OVL yield (5.8% = 0.6%). (Fakhariha et al., 2025; Naziruddin et al., 2023; Purovi¢ et al., 2022)

4.7. Preservation, Stabilization, and Packaging

Maximizing the shelf-life of dehydrated herbs is crucial. Existing techniques include aseptic
processing, the addition of synthetic or natural preservatives, interaction with food packaging
materials, and the use of antioxidants and antimicrobial agents. The packaging must protect against
moisture, light, oxygen, and also temperature fluctuations, while is easy to handle and economical.
Any microbial contamination must be avoided, and the products should be analyzed at regular

intervals for detection of any spoilage.

Dried herbs are mixed with oliw or ethanol and packed in bottles sealed with plastic caps or wads.
Aseptic processing ensures sterility, and minimizes both chemical and microbial spoilage. Jin and
others tested the preservation of dried coriander leaves in a controlled atmosphere of nitrogen or
carbon dioxide. A bacterial count of dried mint leaves was markedly reduced by the use of plastic
containers compared to glass or metal. The bioactive compounds in green mint leaves were

established with respect to antioxidant activity, total phenols, and antibacterial action against the
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tested pathogens, Klebsiella pneumoniae, Salmonella typhi, and Staphylococcus aureus

Cheruthazhekatt.

Packaged spray-dried mint powder was made with combinations of milk powder and skim milk
powder. Antioxidant activity increased during storage, particularly in packets containing higher
concentrations of skim milk powder. Herbal powders mixed with mustards were packaged in
flexible laminated foils, and their shelf-life compared with those of plain powders. The release of
volatile constituents in dried herbal powders during storage was studied, with sage inducing the
highest loss. Prepared powders were packaged in waxed laminated pouches and storage studies
showed low moisture uptake and acceptable sensory quality for up to 90 days, especially coriander.
The effect of wax-coated cardboard packaging on the quality of dried moringa leaves was

investigated. (Nanjegowda et al., 2022; David et al., 2022; Boom and Beaney, 2023)

4.7.1. Aseptic Techniques

Microbial contamination of herbal products affects their quality, safety, and acceptability. The
principles of Good Manufacturing Practice—preservation of the microbiological quality of raw
materials and finished products, including herbs, herbal drugs, and herbal medicinal products—
are recognized by various organizations. Among the principles of gastronomy, aseptic techniques
are crucial for maintaining the microbiological quality of food. A variety of methods, including
mechanical decontamination, heat treatments, and preservation by components, can protect foods

from microbial hazard.

Aseptic techniques are essential to prolong the shelf life of pre-processed herbal products. Such
products are at risk of recontamination after harvest, drying, or other treatments. Aseptic
techniques are necessary to preserve the microbiological quality of raw materials, herbal drugs,
and finished products. Aseptic processing and irradiance are also effective for herbal powder at
room temperature. Proper sterilizing treatment must be adapted to avoid unacceptable changes in
certain parameters. Combinations of different techniques can produce herbal powders with longer
shelflife. Shelf life may depend on water activity, pigment, odour, particle size, colour, saccharide,
anti-nutrient, nutrient retention, and phytochemical compounds. Decontamination of herbal
materials and control of humidity are important practical approaches to preserving the quality and

safety of herbal medicines (Njeri Chege et al., 2015).
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4.7.2. Antioxidant and Antimicrobial Strategies

Medicinal herbs and their extracts have traditionally provided protection against food spoilage and
botulism through the action of naturally occurring antimicrobial and antioxidant phytochemicals.
Numerous studies have highlighted the antioxidant and antimicrobial potential of plant-based
natural compounds with specific plant extracts showing activity against foodborne pathogens and
appropriate antioxidant properties (Nunes Silva et al., 2021). Extracts with effective antioxidant
and antimicrobial properties can therefore help protect food against deterioration caused by
oxidation and microbial contamination. The extraction of such phyto-chemicals from a wide

variety of plant sources has therefore been extensively studied (Ahmad et al., 2020).

4.7.3. Packaging Materials and Shelf-Life Considerations

The complete package of a herb product should be able to minimize its deterioration during the
storage period. Packaging materials should be selected to prevent moisture uptake, exposure to
bright light, insect and microbial attack, absorption of odour, and accumulation of volatile gases.
Aromatic herbs can lose their flavor rapidly when packed in materials that are permeable to vapour
or gas. Internal and external packaging materials should therefore be combined to form a complete
package that exhibits the desired barrier properties during the estimated shelf-life of the product.
Sufficient oxygen scavengers should thus be incorporated into light, permeable packages, such as
polystyrene containers. In contrast, dried herb products that contain a high proportion of oils may

require the use of a low-permeability outer wrap such as metallised film.

The shelf-life of herbs products may be reduced because of the pro-oxidant and pro-microbial
activity of water. Shelf-life could also be determined by measurement of the total volatile nitrogen
content, volatile acidity, growth of micro-organisms, and loss of sensory quality. Measurement of
these parameters in dehydrated and refrigerated samples of fermented garlic ginger paste indicated
that the product had an estimated shelf-life of 54 days at room temperature but was stable at 5 °C
(39 °F) for at least 9 months without the use of any preservatives. Alternately, microbial stability
could be prolonged by adding proven antifungal agents, such as and preservatives, at the points in

processing where their inhibitory action would not be compromised.
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4.8. Quality Assurance and Analytical Evaluation

Processing of herbs enhanced their quality and expanded their applications in food and medicinal
domains. Quality assurance and analytical evaluation are crucial for assessing the desired contents,
safeness from contamination and spoilage, and genuineness of the product (Bansal et al., 2014).
Methods like phytochemical profiling of the quality marker compounds provide a comprehensive
check of the bioactive content as well as safety. Sensory evaluation using organoleptic standard
techniques lends direction in ensuring the quality therein (Woodley et al., 2021). Microbial
analyses for microbes like Salmonella, Escherichia coli and Staphylococcus, heavy metals like
Lead, Arsenic, Cadmium and Mercury find applicability too. Determination of pesticide residues

of Organochlorines, Organophosphates and Fungicide residues also serves like a must analysis.

4.8.1. Phytochemical Profiling

Phytochemical profiling is the procedure of extracting and analyzing bioactive compound classes
such as polyphenols, flavonoids, alkaloids, and terpenoid classes from plant-based raw materials
to achieve product quality assurance (Tzima et al., 2018). Several methods are available for the
solvent extraction and concentration of analytically interesting compounds: solid-liquid, liquid—
liquid, soxhlet, membrane-based processes, microwave-assisted extraction, water-ethanol co-
solvent, sub- and supercritical fluid extraction. Analysis may proceed through various techniques,
including resonance magnetic spectrometry, chromatographic techniques (high performance liquid
chromatography, gas chromatography, capillary electrophoresis), and sulphur analysis (Bansal et

al., 2014).

Profiling plays an essential role in the regulation and standardization of herbal, therapeutic, and
nutraceutical products. It is a universal practice for raw plant materials, extracts, and biological
activity, especially in herbal medicines, to ensure safety, efficacy, and quality. In addition to its
central importance to pharmacological research, phenolic-complex profiling for the assessment of
nutraceutical and physiological activity, including the study of antioxidant, anti-cancer, and
lipidemic properties, has gained strong interest in food science and technology. The quality
assurance representation of herbal products, which include paste, powder, and infusion as mat and
sanguine textures, is realized through an assessment of oleoresin, total sugar, moisture, anti-

oxidant capacity, and chromatographic profile (HPLC, light, and thin-layer techniques).
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4.8.2. Sensory Evaluation and Organoleptic Standards

Affecting the quality of the final product, organoleptic quality often serves as a main determinant
of market acceptance. Fulfilling organoleptic expectations is therefore essential for sustaining
goodwill and for pursuing demanding markets. Accordingly, sweetness, sourness, bitterness, and
other organoleptic features can be estimated with reference to a rating scale. In the case of herbal
products, taste, colour, and flavour intensity can generally be rated by trained panel members on
an acceptable range from 1 (very low intensity) to 5 (very high intensity). The total quality rating
has also been established for many other fruits, vegetables, and herbs. This provides a basis for

evaluation of product quality relative to variety, harvest date, storage conditions, or other factors.

Many herbal products are characterized by special secondary metabolites, which make them
pleasant for consumption and can also be responsible for their medicinal properties. To ensure
desired organoleptic quality, the production area should not be affected by photochemical
pollution. Recent investigations found that an increase in pollen pollution improves the aroma
concentration of curry leaf (Murraya koenigii). Banyan-tree pollen was ranked first in aroma
enhancement, followed by eucalyptus, acacia, and china rose.18 Additionally, it has been reported
that certain essential oils from H. sabdariffa have antidiarrheal properties, and flowers of this
species are used in perfumes and drinks due to their tart-sweet taste, which has been attributed to

the high concentration of organic acids (Cammareri et al., 2023; Khanal et al., 2026).

4.8.3. Microbiological safety and Compliance

Quality assurance and analytical evaluation culminate in microbiological safety and conforming
to standards. Herbs possess both health benefits and pharmaceutical uses. To guarantee safety and
medicinal effectiveness, microbiological quality determines compliance with established
standards, such as national quality assurance bodies, the Food Safety and Standards Authority of
India, or the American Herbal Pharamacopeia. Dried herbal preparations require specific total
bacterial counts and yeast and mold levels, while tinctures and lime-based products have additional

limits.

Methods for adhering to microbiological quality include rapid enzyme immunoassays or molecular
methods like Polyermase Chain Reaction (PCR) to detect taxonomically specific groups.

Alternatively, products can be cross-examined, with herbs sourced from different regions.
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Products made by family, friends, or through an apprenticeship face no testing, but results may
influence placement in local stores. Herbal concoctions incorporating alcoholic spirit also do not

require testing.

4.9. Environmental and Economic Considerations

Processing of herbs plays an important role in retaining their quality. Preservation techniques need
to be adopted in order to avoid deterioration of flavor, color and nutrition. Herbs must be treated
and dried quickly so as to reduce the risk of flavor loss.Energy is consumed in large amounts for
drying herbs. Energy-efficient drying systems with lower costs and pollution, such as solar drying,
require attention. Green processing, including production of antioxidant and antimicrobial
compounds and the use of green solvents and extraction techniques not harmful to the
environment, should be addressed. Use of alternative essential-oil/native extracts-containing
packaging to extend shelf-life of products without synthetic preservatives is important.Cost-
benefit analysis plays an important role in deciding whether a technology is suitable for producing
any product on a small, medium or large scale. Cost and return analyses can also be performed
considering the investment on and operating management of facilities operating specialized

activities.

4.9.1. Green Processing and Energy Efficiency

A key objective of green chemistry is to minimize waste while conserving energy and resources
at each stage of production (Paulitsch Trindade et al., 2020). Herbs are highly hygroscopic and
exhibit chemophysical changes during postharvest handling. Stabilization operations such as
drying, extraction, and preservation, intended to intensify concentration and enhance storage
quality, must employ techniques that align with the principles of green chemistry, employing mild
conditions that minimize energy and resource consumption (De Martino et al., 2022).
Drying is an essential operation for postharvest stabilization of herbs, but conventional methods
are convective, relying on high temperature and low relative humidity. Herbs display drying
vulnerabilities, including photodegradation, oxidation, and losses of volatile compounds. Selecting
appropriate techniques that optimize flavor and bioactive retention remains a challenge, and

reducing drying time can mitigate these losses.
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4.9.2. Cost-Benefit Analysis and Scaling

A simple cost analysis can determine whether the process is economically feasible at the intended
scale. A cost-floor calculation is a useful first step, considering only unavoidable minimum costs
that are incurred regardless of the level of production. The cost floor is set equal to the sum of
these cost elements at the desired scale and divided by production volume. If the cost floor is less
than the expected market price, the process is potentially profitable. Profitability is more fully
assessed by comparing product price not only to cost floor but also to processing cost for various
production levels. As a rule of thumb, processing can be considered viable if production cost is

less than about two thirds of product price.

The greater the scaled production, the smaller the unit cost. It is extremely common for industries
to begin producing small quantities of product, so small that the unit cost may appear unreasonably
high. This is acceptable only if losses at that stage are small and acceptable. As scaled production
begins, unit cost will decline. If it subsequently becomes established that the scaled cost is above
the product price (less profit margin), the question of whether to continue may arise. With clever
techniques, scaling economy can be achieved even in relatively low-value products, but never
without attention to cost at this stage and through time. The production of valuable high-value
substances from plant raw materials is one way to minimize production cost by optimizing enabled
scaling factors.Scaling is not simply a question of quantity. It makes sense to speak of up-scaling
processing techniques. Up-scaling may arise from others' research leading to larger plant models
or to industry moving upscale, techno-economically and in response to market opportunity.
Greener processes usually favor down-scaling wherever technological competence allows. Only
at an appropriate smaller scale can such methods reduce energy consumption and capital

investment without incurring excessive relative operational cost.

4.10. Conclusions

Processing of herbs making use of differing methods and techniques has received little attention
compared to understanding chemical constituents. Nevertheless, processing is an established and
traditional practice and is important in the preparation of herbal medicines and extracts. A clear
understanding of various processing methods such as drying, grinding, extraction and
concentration, fermentation, thermal treatments and preservation and stabilization is required. In

addition, analysis of the energy costs, consumption and needs connected with herbs processing is
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also relevant. Herbs processing has been subject to a lengthy investigation which has revealed the
range of processing techniques applicable to herbs, together with their significance and relevance
to both quality and constituents. The substantial potential for establishing an appropriate degree of
processing in harmony with consumer demands, plus the commercial advantages which such
methods might confer, has yet to be translated into systematic, detailed or quantifiable observance
on the ground. More innovative approaches, forms of processing better suited to preserving the
components of biological interest, and, above all, a further understanding of how processing

modifies the constituents of interest, appear to be indicated.
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5.1. INTRODUCTION

A balanced diet must include fruits and vegetables because they are a great source of vitamins,
minerals, dietary fibre, and antioxidants. According to Slavin and Lloyd (2012), eating them has
been linked to a lower chance of developing chronic illnesses like diabetes, heart disease, and
several types of cancer. Apart from their
nutritional advantages, fruits and vegetables
enhance the visual attractiveness of meals
because of their diverse range of colours,

flavours, and textures (Slavin & Lloyd, 2012).

Fig 5.1: Fruits and Vegetables

5.1.1 Importance of fruits and vegetables in daily life

Vegetables and fruits have health advantages and are crucial for preventing disease. Vitamins,
minerals, and antioxidants are among the many nutrients found in fruits and vegetables.
Consuming the daily required number of fruits and vegetables helps lower the chance of
developing chronic illnesses (Rana et al, 2019; Yahia et al, 2019; Mozafar, 1994; Goddard and
Matthews, 1979).
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Nutrients in fruits and vegetables

* Fruit is naturally high in potassium, fibre, vitamin C, and folate and low in fat, salt, and calories

(Cho et al., 2004; Seddon et al., 1994; Tucker et al., 2005).

* Peaches, cantaloupe, honeydew, oranges, and bananas are a few fruits that are high in potassium.
* Fruit fibre lowers cholesterol and  protects against heart  disease.
* Vitamin C, found in foods like citrus and strawberries, promotes the health of teeth and gums

and aids in the healing of wounds (Southon, 2000; Seifried et al., 2003).
Prevention of Disease

» Consuming produce can lower your risk of heart disease, stroke, type 2 diabetes, and certain
types of cancer (Block et al., 1992; Terry et al., 2001; Ford and Mokdad, 2001; Temple and
Gladwin, 2003; Daucher et al., 2005).

* Consuming fruits and vegetables that are high in fibre can lower the risk of coronary heart disease.

* Consuming foods high in potassium, such potatoes and bananas, helps lower blood pressure, stop
bone loss, and stop kidney stones from forming. Produce also contains several phytochemicals,
which are naturally occurring chemical compounds found in plants that support healthy cell

function (Mares-Perlman et al., 2002; Vinson et al., 2001).

Weight Management

= According to the Centres for Disease Control and Prevention, eating fruits and vegetables can
help with weight management in addition to its health benefits.

= Consuming a lot of produce can help with weight loss or maintenance because it is generally
low in calories when compared to other foods.

= In avariety of recipes, fruits and vegetables make great replacements. For instance, in muffins
or cookies, fresh applesauce can be used in place of oil.

= An omelette can be made more substantial without adding a lot of calories by adding sautéed

vegetables (Alonso et al., 2004; Ness and Powles, 1997).
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Nevertheless, these goods quickly deteriorate after harvest because of their high moisture
content and biological activity, making them extremely perishable. Post-harvest losses of fruits
and vegetables are a serious problem, especially in poorer nations where poor infrastructure for
transportation and storage makes spoiling much worse (Kader, 2005). A variety of preservation
techniques are used to reduce these losses and guarantee year-round availability. By delaying
enzymatic action and preventing microbial growth, these techniques seek to preserve the

nutritional value and sensory appeal of vegetables.
5.1.2. Food spoilage

Food begins to deteriorate immediately after harvesting due to the following factors:

e Temperature

e Intrinsic enzyme I Insects 1

Humans

e Moisture PN Feces

|
e Insects and vermin I Sewage

One of the primary reasons

why so much food is treated il .

to make it more readily | Sall

available is the possibility of ‘W"f

spoiling. A food is deemed Flasits

preserved as soon as its S:lage ‘ \ o
safety and quality have been 1 Eggs
established (Desai, 2000). | Avmas

Figure 5.2: Factors Responsible for Spoilage of Fruits and Vegetables

A number of groups of alterations in food lead to its degradation, including:
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» Enzymatic Processes: In postmortem animals, enzymatic processes such as proteolysis take
place in the flesh. On the other hand, distinct alterations occur in plants. For instance,
sugars quickly turn into starch in harvested maize.

» Chemical Reactions with the Environment: Oxidation by air is a common abiotic chemical
reaction. Lipid autoxidation, which results in rancid odours, is one example.

» Microbiological Processes: A range of chemical compounds are produced when bacteria

contaminate food.

Thus, microbial alterations that render a foodstuff unfit or disagreeable for ingestion are

n

particularly referred to as "food spoilage." Most foods are home to a wide variety of
microorganisms. The growth of these microbes causes changes in the food's flavour, appearance,
odour, and other characteristics (Steele, 2004).

5.2. Concept of Food Preservation

Food preservation describes the methods and procedures used to keep food from spoiling, increase
its shelf life, and preserve its safety, flavour, and nutritional content. It is essential for maintaining
food security, reducing losses after harvest, and making seasonal items available all year round.
Preservation methods reduce oxidation or moisture loss, delay enzymatic activity, and stop the

growth of spoiling bacteria (Rahman, 2007; Jay et al., 2005).

Many new preservation techniques are being developed to satisfy consumer demands for
economical preservation as well as nutritional and sensory aspects, affordability, safety, absence
of chemical preservatives, price, and environmental safety. Understanding the effects of each food

preservation method in every aspect has become crucial (Prokopov & Tanchev, 2007).
5.3. Principles of food preservation

> Prevention or Delay of Microbial Decomposition (Potter & Hotchkiss, 1999).
> Prevention or Delay of Self-Decomposition of the Food:

» Enzyme Control:

5.4. Food Preservation Methods
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Chemical preservatives, drying, canning, freezing, pickling, and other preservation
methods have been created and refined over time. To ensure the safety, quality, and acceptance of
preserved products, it is crucial to comprehend the fundamental qualities of fruits and vegetables

in order to select the best preservation technique.
5.4.1. Preservation by Heating

In order to improve food safety and longevity, heat treatment is an essential step in food

preservation. Its main goal is to inactivate

microorganisms and enzymes. By denaturing

Blanching

Cooking

their proteins and rupturing their cell

Use of
Steam or
Hot Water

Pasteurization

Sterilization

Evaporation

Distilation

Dehydration

Baking and
Roasting

y

membranes, high temperatures effectively kill

microorganisms, stopping bacterial growth and

spoiling. Furthermore, heat preserves product

-
Use of Hot-
air or
Heated

Surface

quality by deactivating the enzymes that cause

Heat
Treatment

unwanted food changes like browning, texture

Extrusion
Cooking

Using Hot Oil

Dielectric
Heating
Ohomic

deterioration, and off tastes. Heat treatment

greatly increases the shelf life of food goods by

Other Thermal
Treatment

regulating microbial and enzymatic activity,

Heating
Infrered
Heatin

guaranteeing that they are safe and palatable for

longer. This procedure is frequently used in
) ] ) Figure 5.3: Various kinds of Heating
food processing methods like blanching, Methods

pasteurisation, and sterilisation to improve the
stability and safety of perishable foods. One of the most basic techniques for food preservation,
safety, shelf-life extension, and quality maintenance is heating treatment (Bhargava et al., 2021;

Wu et al., 2024; Tagne et al., 2024).
Types of Heat Treatment and Factors Affecting Heat Treatment in Food Processing

A key step in food preservation is heating treatment, which is intended to deactivate enzymes and
microbes while preserving the quality of food items. The type of food, the intended shelf life, and
the necessary degree of microbiological control all influence the heat treatment method selection.

Depending on their intensity and use, the three main forms of heat treatment pasteurization,
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sterilisation, and blanching serve distinct functions. Temperature, time, food composition,
microbial resistance, and packing materials are some of the variables that affect how successful
heat treatment is. These elements are thoroughly examined in this section (IFT Nonthermal
Processing Division, 2020; Van Loey & Hendrickx, 2019; Barbosa-Canovas & Zhang, 2016;
Heinz, & Knorr, 2015; Datta & Davidson, 2018; Simpson et al., 2017).

Types of Heat Treatment

A. Pasteurization

Pasteurisation is a gentle heat treatment method that prolongs food products' shelf life and
eliminates harmful microorganisms without substantially changing their nutritional value or
sensory appeal. Depending on the food type and the microorganisms being targeted, the procedure
usually entails heating foods to a temperature below 100°C for a predetermined amount of time.
Many liquid foods, including milk, fruit juices, and even alcoholic beverages, undergo

pasteurisation.

The two main techniques for pasteurisation are High-Temperature Short-Time (HTST)
pasteurisation, which includes raising the temperature to about 72°C for 15 seconds, and Low-
Temperature Long-Time (LTLT) pasteurisation, which entails heating the product to around 63°C
for 30 minutes. A more drastic method called ultra-high temperature (UHT) pasteurisation raises
food to roughly 135°C for a few seconds, extending its shelf life (Heinz, & Knorr, 2015; Datta &
Davidson, 2018; Simpson et al., 2017; Lewis & Heppell, 2020; Sadler & Murphy, 2020; Silva,
2018).

B. Sterilization

Contrarily, in order to attain commercial sterility, food is heated to temperatures higher than 100°C
(usually by pressure cooking or retorting). This works well for low-acid items like canned

vegetables, where total microbial destruction is essential to avoiding botulism and spoiling.
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The kind of food, the pH, the kind of microorganisms present, and the heating technique all affect
how well thermal preservation works. Although efficient, heat processing can change the texture

and colour of some fruits and vegetables and result in some nutrient losses, particularly for heat-

sensitive vitamins like vitamin C (Ohlsson & Bengtsson,

(& W

2018; Ramaswamy & Marcotte, 2021; Jaeger & Janositz, (,c Q

Y
2016). s& }

Examples of heat-based preservation techniques

include:

b. Product in colander is completely
immersed in water

* Canning: putting food in airtight containers and heating

to kill spoilage organisms;

* Hot-fill packaging: putting hot processed liquids, such as

sauces and syrups, into sterile containers;

* Blanching: briefly submerging vegetables in boiling

. . . Rinsir I d. D
water or steam to deactivate enzymes before freezing or |* jug s« undermng by

drying.
Figure 5.4: Blanching

C. Fermenting

The ancient, natural process of fermentation is used to preserve fruits and vegetables. It works
by converting sugars and other carbohydrates into organic acids, alcohol, or gases through the
action of helpful microbes, primarily lactic acid bacteria (LAB), yeasts, or moulds. This
biochemical change prolongs the product's shelf life by preventing the growth of harmful and

spoiling microorganisms.
Mechanism of Fermentation in Preservation:

Lactobacillus plantarum, Leuconostoc mesenteroides, and Pediococcus species are examples
of naturally occurring or introduced lactic acid bacteria that break down carbohydrates into
lactic acid during vegetable and fruit fermentation, particularly lactic acid fermentation. Lactic
acid buildup lowers the food's pH, resulting in an acidic environment that improves preservation

by inhibiting the growth of organisms that cause spoiling.
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Common Products Made from Fermented Fruits and Vegetables:

o Sauerkraut: is lactic acid-rich fermented cabbage.

o Kimchi: spiced fermented vegetables from Korea, usually radish and cabbage.

o Pickles: Brine-fermented cucumbers and other vegetables.

o Fermented fruit drinks: These include fruit juices and cider.

5.4.2. Drying

Drying is one of the oldest and most effective methods
of preserving fruits and vegetables. It involves the
removal of moisture to inhibit the growth of spoilage-
causing microorganisms and enzymes. Since
microorganisms need water to grow and enzymes
require moisture to function, drying significantly

extends the shelf life of perishable produce.
Methods of Drying

1. Sun Drying: Traditional method where fruits
and vegetables are spread under direct
sunlight. It is low-cost but depends on weather

and hygiene.

Types of
Drying Method
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Method [N Solar Drying |
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Continious
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\
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Through Hot Gas |

P
Microwave
Drying

Novel Drying
Method High electric Field

Cabinet Dryer

Tunnel Dryer

Kiln Dryer

Spray Dryer
Air-lift Dryer I

f-rccze f?mng —
. | Radiation

Foam-mat Dryer

2. Solar Drying: Uses solar dryers to enhance

Figure 5.5: Drying Types

drying speed and hygiene while still being energy-efficient.

3. Air/Tray Drying: Hot air is circulated over the product in mechanical dryers, offering

better control of temperature and humidity.

4. Freeze Drying (Lyophilization): Involves freezing the food and then reducing the

surrounding pressure to allow the frozen water to sublimate. Retains maximum nutrients

and quality but is expensive.

5. Vacuum Drying: Conducted under reduced pressure, allowing drying at lower

temperatures, suitable for heat-sensitive fruits and vegetables.
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6. Microwave and Infrared Drying: Emerging technologies offering faster drying rates and

energy efficiency.
Examples of Dried Fruits and Vegetables:
e Fruits: Apples, bananas, mangoes, apricots, grapes (raisins).
e Vegetables: Tomatoes, carrots, green beans, peas, onions.

5.4.3. Salt curing

Ancient times saw the discovery of the straightforward yet effective technique of preserving meat
or fish using a lot of salt. By using salt to draw water out of microbial cells, this osmosis-based
method eliminates bacteria and stops food from rotting. At the same time, the flesh gets less moist,
which  reduces  the  environment's ability to  support  bacterial  growth.
The ancient preservation process required simply time, salt, and favourable storage conditions.
Lactobacilli were aided in their development by sugar, and because they consume sugar, the meat
was further changed. In contemporary curing, nitrates are frequently utilised to maintain the pink

colour of preserved meat (Arora & Kaur, 2022).
5.4.4. Refrigeration

Fruits and vegetables are preserved by refrigeration, which slows down the chemical and
biological processes that lead to spoiling. Refrigeration prolongs the shelf life and preserves the
quality of products by lowering the temperature, which also lowers the rate of respiration,

transpiration, ethylene generation, and microbiological development (Lal Basediya et al., 2013).

5.4.5. Sugaring
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Osmosis, a process where water flows from a region of high concentration (within the food)

to an area of lower concentration (the sugar
solution), is how sugaring preserves fruits o '
and vegetables by lowering their water Cut the Fruits in — Wash and Rinse
8 Y s to Pieces the Fruits
content. By inhibiting microbial growth,
this dehydration prolongs shelf life and y
avoids spoiling (Nummer, 2002). \A
5.4.6. Pickling . i Soak the Fruit
Mix the Fruit into ;
Sl —>| into Concentrated
Fruits and vegetables are preserved alt Sugar Solution
through pickling, which creates an
environment that prevents microbial i l
growth. This is accomplished using a
variety of techniques, mostly by lowering Kl some | o Seal the Bottle
the pH (making it more acidic) and Vinegar Tightly
decreasing water activity using vinegar

and/or salt, and occasionally by fermenting

(Sharif et al, 2017).
5.4.7. Canning

Many different foods can be preserved via
canning, which involves putting them in jars or
cans and heating them to a certain temperature.
To maintain the food's safety and quality, the
high heat kills germs and deactivates enzymes

(Nummer, 2002).

Figure 5. 6: Pickling Process
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5.4.8 New technological approach in preservation of fruits and vegetables
|

Fruit and vegetable preservation is
seeing the emergence of several
cutting-edge technologies, such as
smart packaging, pulsed -electric
fields, and high-pressure processing.
These techniques seek to increase the
overall quality of produce, preserve
its nutritional value, and prolong its
shelflife. Furthermore, improvements

in preservation methods are being

aided by developments in Al and

nanotechnology (Pace & Cefola, 2021).

5.5. Benefits of Food Preservation
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Figure 5. 8: Emerging and safe technologies to preserve fresh
fruits and vegetables

There are many advantages to preserving fruits and vegetables, such as lowering food waste,

improving food safety, expanding food availability, and boosting nutrition. Canning, drying, and

freezing are examples of preservation techniques that prolong the shelf life of perishable goods,

reducing spoilage, guaranteeing a steady supply of food, and enabling year-round access to

seasonal produce.

Here's a more detailed look at the benefits:

Reducing Food Waste.

Extending The Local Produce's Shelf Life.

Increasing Food Safety.

Enhancing Flavors.
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Supporting Local Economies.

Reducing Packaging Waste.

Increasing Resiliency (Loaharanu and Ahmed, 1991).
5.5. Challenges of food preservation

Fruits and vegetables are extremely perishable, and maintaining quality while prolonging shelf life
is one of the fundamental issues in their preservation. These difficulties include minimising water
loss, preventing microbial spoiling, controlling physiological processes including respiration and
ripening, and managing the consequences of postharvest handling. Furthermore, there are constant
worries about maintaining food safety, reducing waste, and resolving environmental issues related

to preservation techniques (Kourkoutas and Proestos, 2020).
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6.1 Introduction

Milk has long been recognized as one of the most nutritionally complete foods available for human
consumption. It contains proteins of high biological value, essential fatty acids, lactose, vitamins,
and minerals that contribute significantly to human health and development. Because of its
balanced nutrient composition and high digestibility, milk plays a vital role in diets across all age

groups, particularly for children, pregnant women, and the elderly (Walstra et al., 2006).

Despite its nutritional value, milk is highly susceptible to microbial contamination and spoilage.
Freshly secreted milk from healthy animals contains relatively few microorganisms, but
contamination can occur during milking, handling, transportation, and storage. Microbial activity
can lead to spoilage, off-flavours, and the potential transmission of pathogens. Consequently, milk
must be processed using appropriate technologies to ensure safety and extend shelf life (Fox et al.,

2017).

Dairy processing involves the application of scientific and technological principles to convert raw

milk into safe, stable, and value-added dairy products. The objectives of dairy processing include:

e Preservation of milk quality

e Prevention of microbial spoilage

o Improvement of shelf life

e Development of diverse dairy products

o Enhancement of nutritional and sensory characteristics

The dairy industry is an important sector in the global food economy. India is currently the largest

producer of milk worldwide, contributing significantly to global dairy supply. The rapid growth
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of the dairy sector in developing countries has increased the demand for advanced processing

technologies and quality control systems (FAO, 2022).

Technological developments such as pasteurisation, homogenization, membrane filtration, and
spray drying have revolutionised dairy processing. These technologies allow the production of a
wide range of products, including butter, cheese, yogurt, ice cream, milk powder, and traditional

dairy foods (Tamime, 2009).

6.2. Composition of Milk

The composition of milk varies depending on species, breed, stage of lactation, and feeding
conditions. However, cow milk typically contains approximately 87% water and 13% total

solids, which include fat, proteins, lactose, and minerals [ Walstra et al., 2006].

Table 1: Typical Composition of Cow Milk

Component Percentage(%)
Water 85-87
Fat 3-5
Protein 34
Lactose 4.5-5
Minerals 0.7

Understanding milk composition is essential because each component influences processing

behaviour and product characteristics.

6.2.1 Milk Proteins

Milk proteins are nutritionally valuable because they contain all essential amino acids required for

human health. They are mainly classified into casein proteins and whey proteins.

Casein accounts for approximately 80% of total milk protein and exists in the form of micelles
containing calcium phosphate. Casein coagulates during cheese and paneer production, making it

a critical component in dairy processing (Fox et al., 2017).
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Whey proteins constitute about 20% of total milk protein and include B-lactoglobulin, o-
lactalbumin, and immunoglobulins. These proteins are highly digestible and possess functional

properties such as emulsification and foaming (Sodini et al., 2016).

6.2.2 Milk Fat

Milk fat exists as microscopic globules surrounded by a phospholipid membrane known as the
milk fat globule membrane. Milk fat contributes to the flavour, texture, and energy value of dairy
products. It is also a major source of fat-soluble vitamins like vitamins A, D, E, and K (McSweeney

and Fox, 2013).

6.2.3 Lactose

Lactose is the primary carbohydrate present in milk and plays an important role in dairy
fermentation processes. During yogurt production, lactic acid bacteria convert lactose into lactic

acid, which lowers the pH and causes protein coagulation (Tamime and Robinson, 2007).

6.2.4 Minerals and Vitamins

Milk contains several essential minerals like calcium, phosphorus, potassium, and magnesium.
Calcium and phosphorus are particularly important for bone development and maintenance. Milk

also provides vitamins such as riboflavin, vitamin B12, and vitamin A (Walstra et al., 2006).
6.3 Principles of Dairy Processing
Dairy processing is based on several scientific principles that ensure product quality and safety.

Major principles include:

1. Heat treatment

Separation

2

3. Homogenization
4. Fermentation

5

Dehydration

Each principle contributes to improving the safety, stability, and functionality of dairy products.
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6.4 Milk Processing Operations

Milk processing involves several unit operations that prepare milk for consumption or further

processing.

6.4.1 Milk Collection and Transportation

Milk is collected from dairy farms and transported to processing plants using refrigerated tankers.
Maintaining low temperatures during transportation helps prevent bacterial growth and ensures

milk quality (FAO, 2022).

6.4.2 Filtration and Clarification

Filtration removes visible impurities such as dirt and hair, while clarification uses centrifugal force

to remove suspended particles and somatic cells from milk.

6.4.3 Standardization

Standardisation adjusts the fat and solids-not-fat content of milk to meet regulatory requirements

and product specifications.

Examples include:
e Whole milk — 3.5% fat
e Toned milk — 3% fat
e Skim milk — less than 0.5% fat

6.4.4 Pasteurization

Pasteurization is a heat treatment process designed to destroy pathogenic microorganisms without
significantly affecting nutritional quality.
Common pasteurisation methods include:

e Low Temperature Long Time (LTLT) - 63°C/145°F for 30 minutes

e High Temperature Short Time (HTST) - 72°C/161°F for 15 seconds

e Ultra High Temperature / Flash Method — 135°C/150°F for 1-2 seconds

Pasteurization significantly reduces microbial load and improves milk safety [Fox, 2017].
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Milk Collection
!

Filtration and Clarification

l

Standardization

l

Pasteurization

l

Homogenization

l
Cooling

l
Packaging

\
Cold Storage

Figure 1: Flowchart of Fluid Milk Processing

6.5 Processing of Major Dairy Products

6.5.1 Butter Processing

Butter is produced by churning cream until fat globules aggregate and separate from the liquid
portion known as buttermilk.

Raw Milk
l

Cream Separation

l

Pasteurisation of Cream

!
Aging
\
Churning

l
Washing and Kneading

!
Salting

l
Packaging

Figure 2: Flowchart of Butter Production
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Butter typically contains 80—82% milk fat and is widely used as a spread and cooking ingredient

(McSweeney and Fox, 2013).
6.5.2 Cheese Processing

Cheese is produced through coagulation of milk proteins using enzymes or acids. Ripening

develops the flavour and texture of cheese through enzymatic and microbial activity (Fox, 2017).

Milk standardization
!

Pasteurization

l

Starter culture addition

l

Coagulation using rennet

!
Cutting the curd

l

Cooking and stirring

!
Whey drainage and Salting

l
Molding and Pressing

l
Ripening

Figure 3: Flowchart of Cheese Production

6.5.3 Yogurt Processing

Yogurt is produced through fermentation using lactic acid bacteria such as Lactobacillus
bulgaricus and Streptococcus thermophilus. Fermentation improves digestibility and enhances

the probiotic value of yogurt (Tamime and Robinson, 2007).

109



Milk Standardization
!

Heat Treatment

!

Homogenization

!
Starter Culture Addition

1
Incubation (42—45°C)

!
Cooling

!
Packaging

Figure 4: Flowchart of Yogurt Processing

6.6 Traditional Indian Dairy Products

India has a rich heritage of traditional dairy products that play an important role in regional cuisines

and cultural practices.

6.6.1 Ghee

Ghee is clarified butter produced by heating butter or cream to remove moisture and milk solids.

Ghee has a long shelf life and is widely used in Indian cooking and sweets.

Cream Separation

l

Butter preparation

l

Heating to remove moisture

l

Filtration

l
Packaging

Figure 5: Flowchart of Ghee Processing
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6.6.2 Paneer

Paneer is a fresh, non-fermented cheese produced by acid coagulation of milk. Paneer is widely

used in Indian dishes such as curries and snacks.

Milk Heating
l
Acid Addition (Lemon juice /
Citric acid)
l

Curd Formation

!
Whey Separation

!

Pressing

!

Paneer Blocks

Figure 6: Flowchart of Paneer Processing

6.6.3 Khoa

Khoa is a partially dehydrated milk product produced by continuous heating and evaporation of

milk.It is commonly used in Indian sweets such as gulab jamun, peda, and barfi.

6.6.4 Lassi

Lassi is a traditional fermented milk beverage prepared by blending yogurt with water, sugar, or

salt.It is widely consumed in northern India and provides probiotic benefits.

6.7 Advanced Dairy Processing Technologies

Modern dairy processing technologies are designed to improve food safety, extend shelf life, and
preserve the nutritional and sensory qualities of milk and milk products. Technologies such as

Ultra-High Temperature (UHT) processing, membrane filtration, lactose-free milk production, and
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high-pressure processing have significantly enhanced the efficiency of dairy manufacturing

systems (Walstra et al., 2006; Fox et al., 2015; Singh and Heldman, 2014).

e Enhancement of microbial safety and shelf life

e Improvement of product stability during storage and distribution
e Retention of nutritional and sensory characteristics

e Reduction of energy consumption through efficient technologies

e Production of specialized dairy products such as lactose-free milk

6.7.1 Ultra-High Temperature (UHT) Processing

Ultra-high temperature (UHT) processing is one of the most widely used advanced dairy
technologies. It involves heating milk to extremely high temperatures (typically 135-150°C for
2-5 seconds) followed by rapid cooling and aseptic packaging.

This process destroys virtually all microorganisms and spores present in milk, resulting in a
product that can be stored at room temperature for several months without refrigeration [Tamime

et al., 2009].

Advantages of UHT Processing
o Extended shelf life (3—6 months)

e Destruction of pathogenic microorganisms
e Reduced need for refrigeration during storage and transportation

e Convenience for consumers

Limitations

o Slight cooked flavour due to high heat treatment

e Possible reduction in certain heat-sensitive vitamins
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Raw Milk Reception
!

Filtration and Clarification

l

Standardization

|
Preheating

!
UHT Treatment (135-150°C, 2-5

sec)

l
Rapid Cooling

l
Aseptic Packaging

|

Storage at Room Temperature

Figure 7: Flowchart of UHT Milk Processing

UHT milk is particularly important in countries where cold-chain infrastructure is limited.

6.7.2 Membrane Filtration Technologies

Membrane filtration is a modern separation technology widely used in dairy processing. It involves
the use of semi-permeable membranes that allow certain components of milk to pass through while

retaining others.

The major membrane filtration processes include:
e Microfiltration
o Ultrafiltration
e Nanofiltration
e Reverse osmosis

These technologies are widely used for milk concentration, protein fractionation, and lactose

reduction (Sodini et al., 2016).

113



Table 2: Membrane Filtration Technologies in Dairy Processing

Process Approximate Pore Size Major Application
Microfiltration 0.1-10 pm Removal of bacteria from milk
Ultrafiltration 0.01-0.1 ym Concentration of milk proteins
Nanofiltration 0.001-0.01 um Partial demineralization

Reverse Osmosis <0.001 pum Water removal and concentration

6.7.3 Lactose-Free Milk Processing

Lactose intolerance is a common condition affecting a significant proportion of the global
population. Individuals with lactose intolerance lack sufficient levels of the enzyme lactase, which
is required to digest lactose.

To address this issue, dairy industries produce lactose-free milk by enzymatic hydrolysis of lactose
into glucose and galactose (Hui, 2012). The hydrolysis of lactose increases sweetness because

glucose and galactose are sweeter than lactose.

Raw Milk
!

Standardization

l

Addition of Lactase Enzyme

l

Incubation (Lactose Hydrolysis)

l

Pasteurization/UHT

l
Packaging

Figure 8: Flowchart of Lactose-Free Milk Processing

Lactose-free dairy products are increasingly popular due to rising awareness of digestive health.

6.7.4 High Pressure Processing (HPP)
High pressure processing is an emerging non-thermal technology used in food preservation. In this

process, milk or dairy products are subjected to extremely high pressures (300-600 MPa), which
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inactivate microorganisms while preserving nutritional and sensory qualities [Datta & Deeth,
2001].

Unlike heat treatment, HPP causes minimal changes in flavour and nutrient composition.

Benefits of High-Pressure Processing

e Retention of fresh flavour

e Minimal nutrient loss

o Effective microbial inactivation
e Improved shelf life

This technology is increasingly being explored for processing milk, yogurt, and cheese.

6.7.5 Automation and Smart Dairy Processing

Automation has transformed modern dairy plants by improving efficiency, precision, and safety.
Automated dairy systems include:

o Computerized milk reception systems

e Automated pasteurization control

e Robotic packaging lines

e Real-time quality monitoring systems
Automation reduces human error, improves productivity, and ensures consistent product quality

[Deeth & Fitz-Gerald, 2015].

6.8 Processing of Major Dairy Products

Milk is processed into a wide variety of products including butter, cheese, yogurt, and milk
powder. These products are obtained through physical, biochemical, and microbial

transformations that alter the composition and structure of milk components (Fox et al., 2015).

e Modification of fat through churning for butter production
e Protein coagulation for cheese manufacture
e Fermentation using lactic acid bacteria for yogurt

e Moisture removal for milk powder production
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6.9 Traditional Indian Dairy Products

India has a long tradition of producing dairy foods such as ghee, paneer, khoa, and lassi. These
products are prepared using relatively simple technologies but are nutritionally rich and culturally

significant (Aneja et al., 2002).

Table 3: Major Traditional Indian Dairy Products

Product Processing Method Key Characteristics
Ghee Clarification of butter by heating High milk fat (~99%)
Paneer Acid coagulation of milk Fresh soft cheese
Khoa Concentration of milk by heating Semi-solid base for sweets
Lassi Fermented curd beverage Probiotic refreshing drink

6.10 Quality Control and Safety in Dairy Processing

Milk is highly perishable and can easily support microbial growth; therefore, strict quality control

measures are essential during processing, storage, and distribution (Jay et al., 2005).

e Microbiological testing for pathogens such as Salmonella and E. coli
e Monitoring chemical parameters, including fat, protein, and acidity
e Implementation of HACCP systems

e Adherence to Good Manufacturing Practices (GMP)

e Use of sanitation and hygienic processing environment

6.11 Future Trends in Dairy Processing

The dairy industry is undergoing rapid transformation due to technological innovation, consumer

demand for functional foods, and sustainability considerations.

e Development of functional dairy products with probiotics and bioactive compounds

e Production of lactose-free and fortified milk products
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e Adoption of energy-efficient and environmentally sustainable processing technologies
e Automation and smart dairy plants using digital monitoring systems

e Growth of value-added dairy products in global markets

Important innovations include

e Membrane filtration (ultrafiltration, nanofiltration)
e High pressure processing
e Microfiltration

e Automated dairy processing plants

These technologies help improve product quality, increase yield, and reduce processing time

[Sodini et al., 2016].

6.12 Nutritional Importance of Dairy Products

Dairy products provide essential nutrients required for human health.

Major nutritional benefits include:
o High-quality proteins
e Calcium for bone health
e Vitamin B12 for nervous system function

e Riboflavin for energy metabolism

Regular consumption of dairy products contributes to improved nutritional status and overall

health.

Dairy processing plays a vital role in converting highly perishable raw milk into a wide range of
safe, nutritious, and value-added products. Through processes such as pasteurisation,
homogenisation, fermentation, and dehydration, milk can be preserved and transformed into
products like butter, cheese, yogurt, ice cream, and milk powder. Traditional Indian dairy products
such as ghee, paneer, khoa, and lassi also represent important components of the dairy sector.
Advances in dairy technology have significantly improved processing efficiency, product quality,

and food safety. As global demand for dairy products continues to grow, the adoption of innovative
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processing technologies and strict quality control measures will remain essential for ensuring

sustainable dairy production and meeting consumer expectations.

6.13 Environmental Sustainability in Dairy Processing

Environmental sustainability is becoming increasingly important in dairy processing. Dairy
industries consume significant amounts of water and energy, and they generate by-products such

as whey and wastewater.
Sustainable dairy practices include:

o Efficient water management
o Energy recovery systems
o Utilisation of whey by-products

o Wastewater treatment systems

For example, whey generated during cheese production can be processed into whey protein

concentrates, which are widely used in sports nutrition and functional foods [Fox et al., 2017].
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7.1. Introduction

Meat refers to the edible body tissues of animals, which typically consist of muscle tissues.
Muscle tissue is involved in the movement of animal body parts. These tissues are enriched in
essential proteins, amino acids, vitamins, as well as adipose tissues, which can be excellent
dietary sources of nutrients for humans. Meat also refers to the fleshy parts of poultry, which
are equally rich in proteins, vitamins and minerals. Poultry is one of the leanest meats available
after fish. The shape, size and age of animals/ poultry affect the taste of meat. Commonly used

species are- cow, sheep, goat, lamb, pork, chicken, fowl, duck, quail etc.

7.2. Structural proteins of meat

There are three types of proteins found in meat. These are described below:

= Mpyofibrillar (Contractile units) proteins- Myofibrillar proteins are long fibril
proteins and the main components of muscle tissue, comprised of myosin, actin, and
regulatory proteins such as tropomyosin and troponin, which are crucial for muscle
contraction. They account for 60%—70% of total muscle proteins. Myosin (thick fibers)
is the primary component of myofibrillar proteins, which imparts the three-dimensional
structure and gelation of meat proteins. The next major component is actin (thin fibers),
which reinforces the gel structure of myosin (Dara et al., 2021). Apart from muscle
contraction, these proteins contribute to the flavour of meat products by adsorbing the
volatile compounds. During processing and storage, varying degrees of protein

oxidation occur, related to folding, stretching, and aggregation of myofibrillar proteins,
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resulting in sensory attributes in meat (Zhang et al., 2024).

= Connective tissue (Stromal) proteins- Collagen and elastin are known as the major
connective tissue proteins, which account for 10-20% of total meat protein. These are
fibrous proteins. Connective tissue plays a crucial role in preserving the structural
integrity of skeletal muscles. Collagen forms the cross-links and is quite tough in its
raw form. However, upon heating (60-70°C), collagen shrinks, melts, and is converted
into gelatin, increasing the tenderness of meat. Elastin is a yellow-coloured protein with
an elastic-like structure. Elastin does not break down or melt during cooking (Dara et

al., 2021).

= Sarcoplasmic (Cytoskeletal) proteins- These proteins constitute 30-34% of total meat
protein and mainly consist of glycolytic enzymes and myoglobin. Myoglobin is a

globular protein that gives meat its characteristic red colour (Dara et al., 2021).

The types of proteins are shown in figure 1.

Stromal Sarcoplasmic

v l l
v :
= o ) Myoglo Glycolytic

Figure 1: Different types of structural proteins in meat

7.3. Post-mortem changes in meat

Postmortem changes in meat refer to the biochemical and physical transformations that occur
in living muscle after slaughter, affecting its quality, texture, color, flavor, and meat quality. It

consists of a series of changes mediated by glycogen depletion, the accumulation of lactic acid,
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reduction in pH and enzymatic breakdown of the structural proteins, leading to tenderization.

The changes are described below:

7.3.1. Rigor mortis- The fat deposited within the steak creates a ‘marbled’ appearance, which
is often regarded as tenderness. When an animal is alive, its muscles are soft and pliable, as
muscles undergo the phases of contraction and relaxation, which require ATP. However, once
the animal is slaughtered, ATP production ceases, certain waste products accumulate, and

muscles undergo a series of changes, known as ‘rigor mortis’ or ‘stiffening of death’.

In live animals, glycolysis occurs in muscles to provide energy. The end product of
glycolysis i.e., pyruvate, is reduced into lactate. In the presence of oxygen, lactate is converted
into glucose in the liver, from where it goes back to the muscle to resynthesize glycogen. This
process provides ATP for muscle action. However, when the animals die, the lactate cannot be
converted into glucose; rather, it is accumulated as a waste product, lactic acid, which decreases
the pH of muscles. The muscular movements cease due to the permanent formation of cross-
bridges between actin and myosin filaments. This is an irreversible process and the muscle
passes into a state of stiffening. Rigor mortis typically begins 2-6 hours after death and can last

12-48 hours. It occurs in three consecutive phases. These are-

Delay phase Fast phase Completion phase
Just after This ohase red
i is phase is marke :
i‘éiufg;ﬁ?&g% tff;°m by a sharp reduction In tl}ls phase, ATP
several hours. the in ATP levels, which levels are fully
muscle remains triggers the exhausted, causing
relatively soft and formation of cross- themuscletoattain
pliable as it bridges between maximum rigidity.
contains some ATP. actin and myosin This stage may
The duration of the filaments. As a persist fo.r several
phase depends on result, the muscle days. Several
factorssuch as the begins to stiffen. blIIOChmlctailh _
animal’s species, . ) Chzlslgzsﬁe‘lect tife
age, and the This phase typically P !
conditions under lasts from a few texture and overall
which it was hours to a day. quality of meat.
slaughtered.
- J
- J - J

Figure 2: Changes in muscle during rigor mortis
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Meat processors need to understand the timing of these phases to determine the optimal
time for meat processing and storage. E.g.- chilling immediately after slaughter prolongs the
delay phase, slows down post-mortem changes, thereby helping to maintain tenderness. On the
other hand, higher temperatures speed up these changes, allowing the meat to reach its best

condition more quickly and reducing the risk of spoilage (Dutra et al., 2024; Joo et al., 2023).

7.3.2. Ageing- After rigor mortis, if meat is kept at low temperature (in refrigerator at 1-4°C),
it enhances the tenderness, juiciness and flavour and the process is known as ‘ageing’ or
‘ripening’. Ageing takes 1 to 4 weeks, but the best flavour and tenderness develop after 2
weeks. Enzymatic changes bring about all these changes in sensory properties. At lower
temperatures, cytoskeletal myofibrillar protein degradation occurs through endogenous
proteolytic enzymes, which improve tenderness and palatability. At this stage, humidity must

be controlled and meats must be wrapped to prevent drying and weight loss (Joo et al., 2023).

7.3.3. Tenderization- Upon further preservation, proteolytic enzymes break down muscle
proteins and collagen, which results in tenderization of meat. Higher collagen content requires
more time for tenderization. Therefore, the amount and distribution of connective tissues and

the size of muscle fibres affect the tenderness of meat (Shrilaxmi, 2015; Joo et al., 2023).

Mechanical methods such as cutting, grinding, pounding, pinning of use of ultraviolet
vibrations cut or break the muscle fibres and connective tissues, thus, increasing the tenderness
of meat. Addition of proteolytic enzymes such as bromelain from pineapple, papain from
papaya, or wrapping meat with papaya leaves before cooking are older traditions to improve
tenderness. But one should be careful of using enzymes, as over-tenderization changes the
texture of meat and results in loss of flavor and juiciness. Tenderization can also be improved
by careful modification of pH or the use of low levels of salts that modify water-holding

capacity and tenderness (Shrilaxmi, 2015; Mohd et al., 2023).
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Figure 3: Post-mortem changes in meat

7.4. Meat Preservation

7.4.1. Preservation by lowering temperature: -
% Freezing:

Freezing refers to lowering the temperature to extend the shelf life. The process of temperature
reduction occurs in three distinct phases: a) pre-cooling or chilling stage, during which the
product is cooled from its initial temperature down to its freezing point, b) phase-change stage,
where the majority of the water within the product crystallizes and c) tempering stage, which
allows the product temperature to stabilize, typically around —18 °C. Low temperature and
unavailability of water cease the growth of pathogens and thus preserve the product for certain

times (Castro-Giraldez et al., 2014).

Freezing affects the nutritional quality of meat. The most common is protein denaturation at

—18 °C, affecting the functional properties. In addition, the formation of ice crystals during
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freezing causes mechanical damage to muscle cell membranes, resulting in cellular disruption,

which further accelerates protein degradation and oxidation (Lee et al., 2024).

% Chilling:

The concept of frozen meat transport was developed in Australasia and South America to
Europe in 19" century (James and James, 2024). Chilling is a cold preservation technique that
is done to the meat carcass immediately after slaughtering to prevent microbial spoilage.
Chilling refers to cooling meat above its freezing temperature and the temperature should not
exceed 7 °C. Chilling is done in a cold chamber with intensive air movement (0.25 to 3.0 m/s)
and fairly high relative humidity to prevent excessive weight loss. Generally, the temperature
is maintained at 0 - 4 °C, which retard microbial growth, enzymatic and chemical reactions. At
temperatures below 1.5 °C the growth of psychrotrophs can be retarded. The shelf life of chilled

meat is 72 hours in present market conditions (Savell et al., 2005).

Primary chilling refers to the immediate cooling of the meat carcass below 7 °C after
slaughtering. Before packaging, secondary chilling is practiced to eliminate the additional heat
introduced through handling operations such as cutting, dicing, mincing and wrapping (James

and James, 2024).

¢ Changes in meat quality due to cold preservation:

Cold preservation (temperature <10 °C) leads to muscle contraction which results in toughening
of meat. The cold contraction can be prevented by slow chilling process or rapid cooling if
muscle pH is below 6.0. However, ageing or holding the carcass at chilled temperature
tenderizes meat due to the activity of proteolytic enzymes. Although microbial activity at the
lower temperature is almost nil, some chemical deterioration, such as rancidity, can occur due
to oxidation of muscle fat. Quick freezing forms small ice crystals that help in preserving the
texture, flavor, and overall quality of the meat. The unfrozen water molecules increase solute
load, which can denature muscle protein, deteriorating the texture of meat. Improper storage
temperature or fluctuation can cause partial thawing and refreezing, leading to the formation
of ice crystals and a loss of quality. Another problem is ‘freeze-burn’ caused by subsequent

dehydration due to exposure to cold and dry air, resulting in discoloration (whitish or amber
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colored patches) and toughening of meat (Savell et al., 2005; Leygonie et al., 2012).

7.4.2. Thermal preservation

% Drying/ dehydration:

Drying or dehydration refers to the removal of moisture from meat to improve shelf life. Drying
also improves texture, tenderness, taste, produces aroma and changes color to brown/red/pink.
A severe drying process can eliminate the bound water. Dehydration occurs in two distinct
stages. In the first stage, the drying rate remains constant. In the next stage, the drying rate
suddenly drops due to moisture diffusion being reduced by physical or chemical interactions
within the food. Dehydration also triggers proteolysis and lipolysis that affect the texture, taste
and aroma. Oxidative reactions at the end of the drying process produce volatile compounds that
impart flavor to the product. High temperatures during drying degrade some vitamins. Some
modern drying methods, such as freeze-drying, do not cause protein denaturation or loss of

vitamins (Mediani et al., 2022).

% Canning:

Hot, high-pressure steam cooks, seals and sterilizes the meat in the canning jars. Cans, plastic
containers and glass jars are suitable for canning. The meat is kept in a container with hot water
for 10 minutes with the lids and cooled immediately to 38°C in the absence of oxygen. Some
preservatives such as sodium benzoate and benzoic acid; sodium sorbate, and sorbic
acid; butylated hydroxyanisole (BHA) and butylated hydroxytoluene (BHT); lecithin; sodium
and potassium sulphites; sulphur dioxide etc. is added to inhibit microbial growth. For poultry
products, hot or raw packs are suitable. In hot pack, the cut meat is processed by roasting or
stewing in little fat; while in raw pack, boiling meat broth is added to the top of the poultry
(Chellaiah et al., 2020).

% Smoking:
Smoking is one of the oldest methods of food preservation. The cured meat is exposed to smoke
(wood fire) that adds smoky flavor and a typical brown color to the meat, which increases

palatability. The purpose of smoking is to increase the shelf life. Smoking partially preserves

the meat by surface drying. However, the hardness and protein stability of the product are also
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affected by smoking. The shelf life is further extended by additional drying or salting before

smoking. Common smoking methods are hot smoking, smoke roasting and cold smoking.

The temperature of cold smoking ranges from 75°F to 120°F (23.8°C to 48.88°C) for
several days, which results in partial or full cooking of meat. The meat is usually hung
or placed on racks. If cold smoking is combined with salt curing, the product remains
edible for one year or longer without the need for refrigeration.

The temperatures in hot smoking range from 140°F to 200°F (60°C to 93.33°C) and
need some hours. This process does not usually require additional salting or curing.
However, mild salting is done to inhibit bacterial growth during smoking (Chellaiah et

al., 2012).

7.4.3. Curing

The actual curing process preserves the meat by salting without refrigeration. In present days,

several ingredients are used to cure meat and are also refrigerated. The commonly used curing

agents are salt, sugar, Sodium nitrate/ nitrite (NaNO3/NaNO2), phosphates, monosodium

glutamate and sodium ascorbate and erythorbate. The functions of the ingredients are as

follows-

Salt inhibits bacterial growth, helps in the extraction of salt-soluble proteins, promotes
the transport of nitrite and sugar into the muscle, improves water-holding capacity and
thus improves tenderness, juiciness and cooking yield, and enhances flavor. It acts
synergistically with sodium nitrite in preventing growth of Clostridium botulinum.
The main function of sugar is to provide energy to nitrate-reducing bacteria that convert
sodium nitrate to sodium nitrite and accelerate the curing process. It also acts as
an antibacterial agent by reducing the pH of meat. Sugar enhances water retention, improves
flavour and cooking yield.

Sodium nitrate is converted into nitrite by microbes or by reducing agents such as
ascorbate. Sodium nitrite is responsible for the characteristic pink colour and typical
flavour of cured meat. It also retards lipid oxidation and thereby prevents the
development of rancidity during storage, and improves shelf-life. The maximum

permitted level of nitrate or nitrite or combination of both for most of the meat products
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is 120 to 200 ppm. Nitrate or nitrite acts as a bacteriostatic agent in acid solution,

especially against anaerobes (Shrilaxmi, 2015).
There are four methods of curing such as:
a) Dry curing- salt, sugar, spices and other dry ingredients are rubbed into meat.
b) Pickle curing- meats are immersed in a solution of ingredients. It is faster than dry curing.

c) Injection curing- concentrated brine solution/ solution of ingredients is injected into
muscular tissues of various parts of meat. It ensures even distribution of curing agents. It is

commonly used in commercial processing.

d) Direct-addition method- the curing agents are added directly to finely ground meats such as
sausage, hams etc. Then the meats are held either at low temperature or allowed for other

preservation methods depending on the product (Pearson & Gillett, 1996; Aberle, 2001).

7.5. Meat Products

Due to the presence of high protein content with high biological value, healthy fats, B vitamins,
especially Bi2 and folic acid, and micronutrients, such as iron, zinc, phosphorus, and selenium,
meat products are a crucial part of the diet all over the world. Although excess consumption
can have detrimental effects on health, adequate consumption, including proper portion size,
can be a choice of a healthy diet (Campagnol et al., 2022). Some common meat products are given

in Figure 4.
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Types of meat

products
I
I I I I
Fresh processed Cooked and Cured Fermented Traditional
| | |
Sausage Ham Salami
Nuggets Bacon Pepperoni

Patties

Figure 4: Different types of meat products

% Sausage:

Sausages are among the earliest forms of processed foods, with origins dating back to well
before the Roman era. The word ‘sausage’ is derived from Latin salus, meaning “salted” or
“preserved”, reflecting its historical role as a preserved meat product. In the UK, sausages are
defined as cylindrical products with hemispherical ends. Sausages are chopped meat products,
seasoned with spices and processed by salting and drying. Modern sausage production relies on
meat proteins for binding. The meat is chopped and salt is added to extract the proteins that
hold the fatty tissues and form an emulsion-like product. Salt also adds flavor to the products.
Other ingredients (e.g., flour, starch, bread crumbs etc.) and additives (e.g.- polyphosphates)
can be added to improve texture, water-binding properties, shelf-life and cost-effectiveness,

which reduces cooking loss (Keenan, 2016). The procedure is shown in figure 5.
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Meat mixer Meat chopping

Sausage smoked Sausage vacuum packaging

Figure 5: Sausage making procedure

% Nuggets:

Among poultry meat products, chicken nuggets are a popular one, made from the breast meat
of broiler chickens. Now nuggets are made by utilizing beef, pork, mutton, and chevon. The raw
meat parts are chopped in a bowl chopper along with ice, salt, and other curing ingredients;
then fat is added to form an emulsion. Then binders, spices, and condiments are added in
sequence, and a dough is prepared which is molded and cooked in water at 80°C for 40 minutes.
After that, the molds are promptly cooled and chilled and stored. It is a ready-to-cook and ready-
to-eat emulsion-based food item. Various plant protein flours are added to improve texture and

reduce fat content, cost and preparation time (Abiala et al., 2016).

< Ham:

Ham is a dry-cured pork meat product, composed of thin bone, lean muscle, thin skin and a
few layers of white fat. It is popularly known as “Jinhua ham”. It has a historical origin in
China. It was produced with raw hind legs of the Chinese local pig breed Jinhua ‘Liangtouwu’,
in Jinhua District, Zhejiang Province of China. It was based on preserving meat with salt under
sunlight for at least 5 years. In ancient times, the ham processing required a wide range of
temperatures, such as 0-10° C, for triggering salting (curing) during winter, then 20 °C or
higher during spring to favor sun-drying. A higher temperature of 40 °C during summer enables
ripening that enhances texture and taste (Zhou and Zhao, 2012). In modern times, the pig legs

are trimmed and cured by injecting brine solution or pickle containing salt (2.5-3%), sugar,
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sodium nitrite (200 ppm) and phosphate (not exceeding 0.5%). In addition, sodium ascorbate
or sodium erythorbate are also used at 550 ppm. The brine/pickle is cooled, filtered using
muslin cloth and kept under refrigeration to achieve 65 - 70° salinometer before using in ham
processing. To obtain the highest quality hams, the pickled/ injected hams are cured in a cover
pickle for 3 to 7 days at 4 to 5°C. Hams are subjected to natural wood smoke at 60°C - 82°C
for 3 - 4 hours at 30 - 40% relative humidity (IGNOU, n.d.). The distinct color and flavor are
generated by protein oxidation, releasing diverse amino acids and peptide compounds which
is often accepted by consumers. The presence of nitrite contributes to an antioxidant effect to

prevent excessive protein degradation and undesirable flavor (Zhang et al., 2024).
% Salami:

Salamis are cured, fermented, and air-dried sausages, typically beef or pork, made with meat

and fat. For curing, sugar, nitrate or nitrite, and spices are added (Kreibi et al., 2014).

Some processed meat products are shown in figure 6.

Ham
Sausage Nuggets

(dry-cured pork)

Figure 6: Processed meat products

7.6. Meat Safety and Hygiene

7.6.1. Sources of contamination:

Poultry meat is susceptible to bacterial contamination. Though the muscles are sterile in
healthy living birds, other body parts such as the digestive tract, lungs, skin, feathers, etc., can

contain microbes. During and after slaughtering, bacterial contamination may occur from
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equipment surfaces, water, air, the environment, and animal microbiota. Even cross-
contamination can occur when carcass and meat cuts come into direct contact with one another
or surface materials that are already contaminated. Further bacterial growth may occur during
processing and storage. It is possible to reduce microbial load after cutting. However,
temperature fluctuations during processing and storage increase the risk of contamination.
During processing, bacteria can migrate from the surface to the muscle. The food handler is
another main source of contamination at these stages. Common bacterial species present in
poultry meat include Salmonella, Campylobacter, Pseudomonas and Aeromonas sp. Such
bacterial contamination may cause spoilage in addition to foodborne pathogens and is visible
by texture, colour, odor and taste defects. Some bacteria such as psychrotrophic and
psychrophilic bacteria, can grow at low storage temperatures, and some can survive throughout
the processing, such as Shewanella putrefaciens, frequently found on carcasses during the

slaughtering process and still present after 14 days of storage under air (Rouger et al., 2017).
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Figure 7: Sources of bacterial contamination in meat
¢ Factors affecting bacterial contamination:

1) Storage temperature- Temperature plays a critical role in bacterial growth and survival. Here,
two stages are especially important: (i) carcass handling, during which the ambient
temperature in processing plants is typically around 10 °C, and (ii) storage of meat products,
where breaking in the cold chain may occur, and household refrigerator temperatures often

exceeding 4 °C. Chilled-air refrigeration is particularly effective, as it promotes a rapid
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reduction in carcass temperature and limits the increase in total viable bacterial counts to
approximately 1 log unit. Studies indicate that shelf life can be nearly doubled when storage

temperature is reduced to around 3.4 °C (Rouger et al., 2017).

i1) Equipment surface- During the early stage of meat processing, bacterial contamination may
occur from the surfaces of equipment. However, at later stages of processing, contamination
can arise from workers, air, and equipment surfaces. Cross-contamination may also occur
through direct contact between carcasses or through contaminated surfaces (Rouger et al.,

2017; Diyantoro and Wardhana, 2019).

iil)) Handling and transportation- Improper storage, handling and transportation further
increase the risk of contamination. Cutting, grinding, packaging gas composition (like oxygen
availability), and improper time—temperature control during storage can affect the bacterial
load. As most of the bacteria survive in the intestine of animals, careless removal of internal
organs can spread the bacteria on a previously sterilized carcass (Zhou et al., 2010; Rouger et

al., 2017).

7.6.2. Regulatory standards

The Meat Food Products Order (MFPO) regulates meat processing and distribution in India by
requiring licenses for processing units, setting hygiene standards, and defining quality
requirements for meat products sold in the market. The Agricultural and Processed Food
Products Export Development Authority facilitates the export of meat products aligned with
both international best practices and domestic guidelines, which can compete in demanding

international markets (Kaur et al., 2021).

7.7. Packaging of Meat and Meat Products

Traditional packaging methods include air-permeable packaging, vacuum packaging, and
modified atmosphere packaging (MAP). Modern smart packaging involves active antioxidant
packaging, intelligent packaging, edible films and coatings (Cenci-Goga et al., 2020). The

packaging techniques are described below:
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Type of packaging

Technique

Effects on meat product

Traditional packaging

Air-permeable

packaging

Controls exchange of oxygen,
carbon dioxide (CO2), and
moisture between the inside
and outside of a package

through micro-perforated films.

Prevents the accumulation of excess CO2
and moisture and extends the shelf-life of

products.

Vacuum packaging

Removal of air from the interior
of package with vacuum pump

before sealing the package.

Inhibits lipid oxidation, and thus prevents
the development of unpleasant smells
and taste.

However, the color of the meat becomes
purple, which may not be acceptable to

consumers.

Modified
atmosphere

packaging (MAP)

Air  inside packaging s
modified with a gas mixture,
such as nitrogen (N2), carbon

dioxide (CO2), and lower levels

It improves the stability of meat colour
and preserves the freshness of meat
products as it slows down respiration and

reduces oxidation. However, high level

of oxygen (02). of O2 may cause premature browning
whereas, fluctuation in temperatures or
incorrect gas levels may develop bad
odors and tastes.
Modern Smart packaging

Active antioxidant

packaging (AAP)

1) Separate antioxidant devices-

independent antioxidants are

Antioxidants are released into the

package headspace or directly onto the
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placed inside a standard passive
package along with the product.
i1) Integrated
packaging materials-
antioxidants such as essential
oils, BHT, BHQ are used as
built-in materials of packaging,

as walls, coatings of films.

food surface. It slows down lipid

oxidation.

Antioxidants migrate from packaging
materials to the food surface. AAP
promotes controlled and continuous
release of active compounds in food and

increases shelf-life.

Intelligent
packaging (IP)

An advanced, sensor-based
packaging that detects analytic
components and temperature
fluctuations during storage and

handling.

Determines food quality and enhances

supply chain management

(Cenci-Goga et al., 2020; Gomez et al., 2020)

7.8. Conclusion

It can be concluded that meat is a nutritious product and modern technology of processing

increases storage facilities and marketing, which directly impacts on economic growth. Normal

cooking procedures have little impact on meat proteins and minerals, although cooking

increases calcium content by dissolving calcium from bone. Some B-vitamins are destroyed at

higher temperatures. Advanced technologies are being developed to improve nutritional value

and safety regulations.
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9. 1. Introduction

Artificial Intelligence (Al) has emerged as one of the most transformative technologies of the twenty-
first century, revolutionizing industries ranging from healthcare and finance to agriculture and
manufacturing. In the food sector, Al is increasingly being adopted to enhance productivity, ensure
quality and safety, optimize resource utilization, and meet the growing global demand for nutritious and
sustainable food products. Food processing, a critical component of the food supply chain, involves
converting raw agricultural commodities into value-added products through various physical, chemical,
and biological operations. Traditionally, food processing has relied heavily on human expertise, manual
inspection, and rule-based automation. However, the complexity of food matrices, variability in raw
materials, and increasing consumer expectations for quality and traceability have created a need for
more intelligent and adaptive systems. Artificial Intelligence offers powerful solutions to these
challenges by enabling machines to learn from data, recognize patterns, and make decisions with
minimal human intervention.

Food processing involves converting raw agricultural materials into safe, nutritious, and
marketable products through operations such as sorting, heating, drying, fermentation,
packaging, and storage. Traditionally, these processes have relied on manual inspection and
fixed automation systems. However, variations in raw materials, increasing quality standards,
and consumer demand for safe and sustainable foods have created a need for more advanced
technologies. Al provides effective solutions by improving efficiency, accuracy, and
consistency throughout food processing operations.

Al includes technologies such as machine learning, deep learning, computer vision, robotics,
and natural language processing. These tools can analyze large amounts of data generated from
sensors, cameras, and production equipment to optimize processing conditions and predict
product quality. One of the most important applications of Al is in quality control. Computer
vision systems combined with deep learning can rapidly detect defects, discoloration,
contamination, and adulteration in fruits, vegetables, meat, dairy, and packaged foods. This
enables non-destructive and real-time inspection, reducing human error and ensuring uniform
product quality (Kamilaris & Prenafeta-Boldu, 2018).



Al also plays a crucial role in food safety and process optimization. Machine learning models
can predict microbial growth, estimate shelf life, and identify potential hazards during
production and storage. In thermal processes such as pasteurization and drying, Al can optimize
temperature and time settings to preserve nutrients and sensory properties while minimizing
energy consumption. Predictive maintenance systems analyze equipment data to detect faults
before breakdowns occur, thereby reducing downtime and operational costs (Misra et al.,
2022). In product development, Al helps formulate healthier foods by analyzing ingredient
interactions and consumer preferences.

Overall, Al is revolutionizing food processing by enabling smarter manufacturing, improved
safety, reduced waste, and greater sustainability. As digital technologies continue to advance,
Al is expected to become an essential component of modern food industries, helping to produce
high-quality foods more efficiently and meeting the nutritional needs of a growing global
population.

By integrating machine learning, computer vision, robotics, and data analytics, Al enables
smarter decision-making across the entire food processing chain.

9.1.2 Application of Al in Quality Control and Inspection

Al-based computer vision systems are widely used to detect defects, contamination, color
variation, and size irregularities in food products. These systems ensure consistent quality and
reduce human error in sorting fruits, vegetables, grains, meat, and seafood.

Quality has become a critical factor in determining the success and sustainability of
organizations in today’s competitive global market. Customers increasingly demand products
and services that are reliable, safe, and consistent. To meet these expectations, organizations
implement systematic approaches known as Quality Control (QC) and Inspection. These
practices ensure that products conform to specified standards and that defects are identified and
corrected at the earliest possible stage.

9.1.2 Concept of Quality Control

Quality Control is a process through which an organization ensures that products or services
meet defined quality standards. It involves monitoring, testing, and reviewing production
processes to detect deviations from specifications. The primary objective of quality control is
defect prevention, rather than defect detection alone.

Quality control uses statistical and analytical tools such as control charts, process capability
analysis, and sampling techniques to maintain consistency in production. By identifying
variations in processes, corrective actions can be taken to minimize waste, reduce costs, and
improve customer satisfaction.

9.1.3 Role of Inspection in Quality Management

Inspection is a key component of quality control and refers to the systematic examination of
materials, components, or finished products to verify conformity with established standards.



Unlike quality control, which focuses on process improvement, inspection primarily
emphasizes product evaluation.

Why Inspect During Production?

Fig 1: Quality control process flow Fig 2: Inspection during production
Inspection can be carried out at various stages:

Incoming Inspection: Checking raw materials and components before production.
In-process Inspection: Monitoring products during manufacturing.

Final Inspection: Examining finished products before delivery.

Through inspection, defective items can be identified and segregated, preventing them from
reaching customers.

9.1.4 Difference Between Quality Control and Inspection

While quality control and inspection are closely related, they are not identical. Quality control
is process-oriented and aims at preventing defects, whereas inspection is product-oriented
and focuses on identifying defects after they occur. Quality control is proactive, while
inspection is largely reactive. Modern quality management systems emphasize quality control
over inspection to achieve continuous improvement.

9.1.5 Importance of Quality Control and Inspection

The significance of quality control and inspection includes:
Ensuring customer satisfaction and trust

Reducing production costs by minimizing rework and scrap
Improving operational efficiency

Complying with regulatory and safety standards

Enhancing organizational reputation and competitiveness

9.1.6 Modern Trends in Quality Control and Inspection



With technological advancements, quality control and inspection have evolved significantly.
Automation, artificial intelligence, and machine vision systems are increasingly used for real-
time monitoring and defect detection. Standards such as ISO 9001 provide a structured
framework for implementing effective quality management systems, integrating both quality
control and inspection.

9.2. Process Optimization

Machine learning algorithms analyze processing parameters such as temperature, pressure, and
time to optimize operations like baking, extrusion, drying, fermentation, and freezing. Al
improves energy efficiency, reduces waste, and enhances product consistency.

9.2.1 Application of Machine Learning Algorithms in Optimizing Processing Parameters

Industrial processing operations such as baking, extrusion, drying, fermentation, and freezing
are highly sensitive to processing parameters including temperature, pressure, and time. Small
deviations in these parameters can significantly affect product quality, energy consumption,
and process efficiency. With the advancement of computational technologies, machine
learning (ML) algorithms have emerged as powerful tools for analyzing complex, nonlinear
relationships among processing variables and optimizing industrial operations (Bishop, 2006;
Kotsiantis et al., 2007).
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9.2.2 Machine Learning in Process Analysis

Machine learning refers to a set of data-driven algorithms that enable systems to learn patterns
from historical data and make predictions or decisions without explicit programming. In
processing industries, ML algorithms analyze large datasets generated from sensors and control
systems to model process behavior. Commonly used algorithms include artificial neural
networks (ANNs), support vector machines (SVMs), decision trees, and ensemble methods
(Mitchell, 1997).

These algorithms can capture interactions between parameters such as temperature, pressure,
and processing time, which are often difficult to model using traditional mathematical
approaches.

9.2.3 Optimization of Baking and Extrusion Processes

In baking operations, parameters like oven temperature, baking time, and humidity determine
texture, color, and moisture content. Machine learning models, particularly ANNs, have been
successfully applied to predict product quality attributes and optimize baking conditions to
achieve consistent quality and reduced energy use (Zhang et al., 2018).

Similarly, extrusion processes involve complex interactions between temperature, pressure,
screw speed, and feed moisture. ML algorithms analyze these parameters to predict product
expansion, density, and texture. Support vector regression and neural networks have shown
high accuracy in optimizing extrusion conditions while minimizing trial-and-error
experimentation (Onwulata & Konstance, 2012).

9.2.4 Drying and Fermentation Process Optimization

Drying is an energy-intensive operation where temperature and time critically influence
moisture removal and product stability. Machine learning models help identify optimal drying
conditions that balance product quality and energy efficiency. Studies have demonstrated that
ML-based predictive models outperform conventional regression techniques in estimating
drying kinetics and quality parameters (Ertekin & Yaldiz, 2004).

In fermentation processes, time and temperature control microbial activity and product
characteristics such as flavour and acidity. Machine learning algorithms analyze fermentation
data to predict optimal endpoints and detect deviations, ensuring process consistency and
reducing spoilage risks (Cortez et al., 2009).

9.2.5 Freezing and Cold Processing Applications



Freezing processes require precise control of temperature and freezing rate to preserve texture
and nutritional quality. ML techniques analyze thermal profiles and time-dependent
temperature data to optimize freezing cycles and minimize cellular damage in food products.
Predictive ML models assist in designing efficient freezing protocols and improving cold chain
management (James et al., 2015).

9.3 Advantages of Machine Learning—Based Optimization
The integration of machine learning into process optimization offers several advantages:

e Ability to model nonlinear and multivariable systems
e Reduction in experimental costs and time
e Real-time process monitoring and control
o Improved product quality and consistency

By continuously learning from new data, ML systems support adaptive and intelligent
manufacturing environments aligned with Industry 4.0 concepts (Lee et al., 2018).

Machine learning algorithms play a transformative role in analyzing processing parameters
such as temperature, pressure, and time to optimize operations including baking, extrusion,
drying, fermentation, and freezing. Their ability to handle complex datasets and predict optimal
operating conditions makes them invaluable tools for modern processing industries. As data
availability and computational power continue to grow, ML-driven optimization is expected to
become a cornerstone of smart and sustainable industrial processing.

9.4. Predictive Maintenance

Al monitors equipment performance using sensor data to predict machinery failure before it
occurs. This reduces downtime, maintenance costs, and production losses in food processing
plants.

Unplanned machinery failures can disrupt food processing operations, leading to production
losses, increased maintenance costs, and compromised product quality. To address these
challenges, artificial intelligence (AI)-driven predictive maintenance systems have
emerged, leveraging real-time sensor data and machine learning algorithms to forecast
machinery failures before they occur. Proactive maintenance enabled by Al helps minimize
downtime, optimize costs, and enhance operational efficiency (Singh & Carbajo, 2025).
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Fig 4: Sensor data for prediction of machine failure
9.4.1 Sensor Data and Al in Predictive Maintenance

Predictive maintenance uses Al to analyze patterns in sensor data collected from industrial
machinery. Sensors embedded in equipment monitor variables such as temperature, pressure,
vibration, and energy consumption. Al models can detect anomalies and forecast potential
failures based on historical and real-time data (Singh & Carbajo, 2025). Unlike traditional
reactive or scheduled maintenance, Al-based approaches allow condition-based and
predictive interventions, improving maintenance accuracy and timeliness.

Machine Learning Algorithms for Failure Prediction

Machine learning algorithms commonly used in predictive maintenance include decision trees,
random forests, support vector machines, and neural networks. These models are trained
on historical datasets to recognize patterns that indicate impending failures (Preprints.org,
2026). Trained models can then continuously monitor sensor inputs, providing early warnings
and scheduling maintenance proactively.

9.4.2 Benefits in Food Processing Operations

Implementing Al-based predictive maintenance offers several advantages for food processing
plants:

1. Reduced Downtime: Early detection of failures allows maintenance to be scheduled
during planned breaks, avoiding unexpected shutdowns (Singh & Carbajo, 2025).

2. Lower Maintenance Costs: Al systems recommend maintenance only when needed,
minimizing unnecessary labor and part replacements (Augmentry Al n.d.).

3. Minimized Production Losses: Preventing unexpected breakdowns reduces spoilage
and ensures product integrity (Singh & Carbajo, 2025).



4. Enhanced Equipment Reliability: Continuous monitoring and early anomaly
detection extend the useful life of machinery (Augmentry Al n.d.).

9.4.3 Integration with Industry 4.0

Predictive maintenance aligns with Industry 4.0 principles, combining IoT, Al, cloud
computing, and smart sensors. Data-driven insights from Al models enable real-time decision-
making, improve resilience, and support sustainable food manufacturing operations (Singh &
Carbajo, 2025).

9.4.5 Challenges and Future Directions

Challenges include data quality, integration with legacy systems, model interpretability,
and skilled workforce requirements. Future developments in explainable Al, improved
sensors, and automated data pipelines are expected to enhance predictive maintenance accuracy
and adoption (MDPI Applied Sciences, 2025).

Al monitoring of equipment performance using sensor data is transforming predictive
maintenance in food processing plants. By identifying machinery failures before they occur,
Al reduces downtime, maintenance costs, and production losses while enhancing operational
efficiency. Continued advancements in Al and IoT technologies will further strengthen
predictive maintenance strategies and support smart, resilient food manufacturing.

9. 5. Food Safety and Hazard Detection

Al models identify potential microbial contamination, chemical hazards, and allergen risks
by analyzing historical and real-time data. Al is increasingly used in HACCP systems and
food safety management.

Application of Artificial Intelligence in Food Safety Management and HACCP Systems
9.5.1 Introduction

Ensuring food safety is a critical priority for the food industry, as contamination by
microorganisms, chemical hazards, and allergens poses significant risks to public health.
Traditional food safety management systems rely on manual inspections, periodic testing, and
predefined control limits. While effective, these approaches may not always detect emerging
risks in real time. Recent advances in artificial intelligence (AI) have enabled the analysis of
large volumes of historical and real-time data to proactively identify potential hazards. As a
result, Al is increasingly integrated into Hazard Analysis and Critical Control Point
(HACCP) systems and modern food safety management frameworks (Kotsiantis et al., 2007;
Marvin et al., 2017).

9.5.2 AI Models in Food Safety Risk Identification

Al models such as machine learning algorithms, deep learning networks, and data mining
techniques can identify complex patterns associated with food safety hazards. By analyzing



sensor data, laboratory test results, environmental conditions, and production records, Al
systems can predict the likelihood of microbial contamination, chemical residues, and
allergen cross-contact. These models learn from historical data and continuously update
predictions as new information becomes available (Bishop, 2006).

9.5.3 Detection of Microbial Contamination

Microbial contamination remains one of the leading causes of foodborne illnesses. Al-based
models analyze variables such as temperature, humidity, pH, processing time, and sanitation
records to predict microbial growth and survival. Machine learning techniques have been
successfully used to model the behavior of pathogens such as Salmonella, Listeria
monocytogenes, and Escherichia coli in food processing environments (Ross & McMeekin,
2003; Pérez-Rodriguez & Valero, 2013). Early detection through Al enables timely corrective
actions, reducing the risk of outbreaks.

Al Models Identify Potential Microbial Contamination,
Chemical Hazards, and Allergen Risks by Analyzing Historical and Data

Al is increasingly used in HACCP systems and food safety management.

Historical and Real-Time Data

Al-Powered
j O Analysis @3

e HS
Food Safety Inspection E? « [
Data Records

=|[EHoe Q¥ . :
External Data  Environmental - Al-Powered Analysis \%
* ‘ - =T o

Factors

=

~=p  HACCP & Food Safety Management

- * .
Identifies . Improves Enhances
» Hazards \ Food . Operational
e w. Early ’ Safety " Efficiency

Fig 5: Identification of microbial contamination
9.5.4 Identification of Chemical Hazards

Chemical hazards, including pesticide residues, cleaning agent contamination, and heavy
metals, can enter the food chain at various stages of production. AI models analyze historical
testing data, supplier information, and process deviations to identify potential chemical risks.
Predictive analytics allow food processors to focus monitoring efforts on high-risk raw
materials and processing steps, thereby enhancing chemical safety management (Marvin et al.,
2017).



9.5.6 Allergen Risk Management

Allergen cross-contamination is a major concern in food manufacturing facilities producing
multiple products. Al systems analyze production schedules, cleaning records, ingredient
usage, and equipment changeover data to predict allergen risks. By identifying patterns
associated with allergen incidents, Al supports preventive controls and improves allergen
management strategies within HACCP frameworks (Soon et al., 2013).

9.5.7 Integration of AI with HACCP Systems

HACCP systems are based on the identification and control of critical points in the food
production process. Al enhances HACCP by enabling real-time monitoring, dynamic risk
assessment, and predictive decision-making. Al-driven systems can automatically flag
deviations from critical limits and recommend corrective actions, making HACCP more
adaptive and responsive to changing conditions (Liu et al., 2021).

9.5.8 Benefits and Challenges

The adoption of Al in food safety management offers several benefits, including improved
hazard detection, reduced reliance on manual inspection, and enhanced regulatory compliance.
However, challenges such as data quality, model transparency, and integration with existing
systems remain. Addressing these challenges is essential for the widespread adoption of Al-
driven food safety solutions.

Al 'models play an increasingly important role in identifying potential microbial contamination,
chemical hazards, and allergen risks in food systems. By analyzing historical and real-time
data, Al enhances HACCP systems and strengthens food safety management practices. As Al
technologies continue to evolve, their integration into food safety frameworks is expected to
improve risk prevention, consumer protection, and overall food system resilience.

9.6. Shelf-Life Prediction

Al algorithms predict product shelf life by analysing factors such as packaging conditions,
storage temperature, moisture, and microbial growth patterns. This helps in better inventory
management and reduction of food waste.

The shelf life of food products is a critical factor in ensuring safety, quality, and minimizing
food waste. Traditionally, shelf-life estimation relied on laboratory testing, empirical
observations, and static models, which can be time-consuming and resource-intensive. With
the advent of artificial intelligence (Al), it is now possible to analyse complex interactions
among multiple factors—such as packaging conditions, storage temperature, moisture
content, and microbial growth patterns—to accurately predict product shelf life. Al-based
predictive models are transforming inventory management and enabling proactive strategies to
reduce food waste (Marvin et al., 2017; Pérez-Rodriguez & Valero, 2013).



Al Algorithms Predict Product Shelf Life

Al analyzes factors such as packaging conditions, storage temperature,
moisture, and microbial growth patterns.
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Fig 6: Prediction of product shelf life

9.6.1 AI Models for Shelf -Life Prediction

Machine learning algorithms—including artificial neural networks (ANNS), support vector
machines (SVM), and random forests—can model nonlinear and dynamic relationships
between environmental and product-specific parameters. Historical data from production
batches, storage trials, and sensor networks are used to train these models to forecast
degradation rates and product stability. Real-time data inputs such as temperature fluctuations
during transport and storage conditions further enhance the predictive capability of Al systems
(Ross & McMeekin, 2003).

9.6.2 Factors Affecting Shelf Life

1.

Packaging Conditions: Barrier properties, oxygen permeability, and sealing integrity
influence moisture retention and microbial proliferation. Al models can quantify the
impact of different packaging materials and techniques on product longevity (Pérez-
Rodriguez & Valero, 2013).

Storage Temperature: Variations in temperature accelerate chemical reactions and
microbial growth. Al systems can analyse historical temperature profiles to predict
potential shelf-life reductions under real-world conditions (Ross & McMeekin, 2003).

Moisture Content: Water activity is a key determinant of microbial activity and
product quality. Al models correlate moisture changes with spoilage rates to anticipate
product deterioration.

Microbial Growth Patterns: Predictive microbiology integrated with Al helps
anticipate the onset of microbial spoilage based on initial contamination levels and
environmental conditions (Cortez-et al., 2009).

9.6.3 Benefits of AI-Based Shelf-Life Prediction

Enhanced Inventory Management: Accurate shelf-life forecasts help retailers and
manufacturers optimize stock rotation, reducing losses from expired products.



e Reduction of Food Waste: Early predictions of potential spoilage allow timely
interventions, such as adjusting storage conditions or prioritizing distribution, thereby
minimizing food wastage.

e Improved Consumer Safety: Predicting microbial growth ensures that products
reaching consumers remain safe and of high quality.

e Cost Efficiency: Reducing unnecessary overproduction and waste lowers operational
costs and improves supply chain efficiency (Marvin et al., 2017).

9.6.4 Integration with Smart Food Systems

Al-driven shelf-life prediction is a core component of Industry 4.0-enabled food supply
chains, integrating IoT sensors, cloud analytics, and real-time monitoring. Such systems allow
dynamic shelf life assessment, adaptive logistics, and automated quality control, leading to
more sustainable and resilient food production practices (Liu et al., 2021).

Artificial intelligence offers a powerful approach to predicting food product shelf life by
analyzing multiple interacting factors, including packaging, storage conditions, moisture, and
microbial growth. These predictions improve inventory management, reduce food waste,
ensure consumer safety, and enhance operational efficiency. As Al technology continues to
evolve, it is expected to become an indispensable tool in sustainable food production and
supply chain management

9.7. Smart Packaging and Traceability

Al-enabled smart packaging systems monitor freshness, gas composition, and temperature.
Combined with blockchain, Al enhances traceability, transparency, and fraud detection in
food supply chains.

Ensuring food quality, safety, and authenticity throughout the supply chain is a growing
challenge in the modern food industry. Traditional monitoring methods are often reactive and
limited in scope, making it difficult to track product freshness and prevent fraud. Recent
advancements in Al-enabled smart packaging systems combined with blockchain
technology offer a proactive solution. These systems can monitor freshness, gas composition,
and temperature in real-time, while blockchain ensures traceability, transparency, and
fraud detection, enhancing consumer trust and supply chain efficiency (Marvin et al., 2017;
Liu et al., 2021).

9.7.1 Al in Smart Packaging

Smart packaging integrates sensors, indicators, or RFID tags to provide real-time data on
product conditions. Artificial intelligence algorithms analyze this sensor data to assess the
quality and freshness of food items. Key parameters monitored include:

o Freshness indicators: Al models can predict spoilage by analysing chemical markers
and visual or olfactory cues captured by sensors.



Gas composition: Monitoring gases like CO2, O2, and ethylene helps detect microbial
activity and product respiration rates. Al interprets these patterns to predict shelf life
and spoilage risk.

Temperature control: Al tracks deviations from recommended storage temperatures
and alerts stakeholders to potential quality degradation (Zhang et al., 2018).

By continuously learning from historical and real-time data, Al can provide predictive insights,
enable dynamic inventory management and reduce food waste.

Blockchain for Traceability and Fraud Prevention

Blockchain technology records every transaction in a decentralized, immutable ledger. When
integrated with Al-enabled smart packaging:

Traceability: Each product’s journey from farm to fork is recorded, including
production, storage, transport, and retail.

Transparency: Stakeholders, including consumers, can verify product origin, handling
conditions, and quality metrics.

Fraud detection: Tampering or mislabelling is easily detectable because blockchain
records cannot be altered without consensus, safeguarding brand reputation and
consumer safety (Tian, 2016).

This combination of Al and blockchain strengthens the overall integrity and efficiency of food
supply chains.

9.7.2 Benefits of AI-Enabled Smart Packaging

1.

Enhanced Food Safety: Real-time monitoring reduces the risk of spoilage reaching
consumers.

Reduced Waste: Accurate freshness prediction helps optimize inventory rotation and
distribution.

Improved Consumer Confidence: Transparent and traceable systems build trust in
product authenticity.

Operational Efficiency: Al insights allow better logistics planning and reduce losses
due to quality deterioration (Liu et al., 2021).
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9.7.3 Challenges and Future Perspectives

Implementation of Al-enabled smart packaging with blockchain faces challenges such as high
initial costs, sensor reliability, and data standardization. However, ongoing developments in
IoT sensors, edge computing, and Al algorithms are making these technologies increasingly
scalable and cost-effective. Future systems may incorporate real-time feedback loops,
allowing automatic adjustments to storage or transport conditions based on Al predictions,
further enhancing product safety and sustainability.

Al-enabled smart packaging combined with blockchain represents a transformative approach
for modern food supply chains. By monitoring freshness, gas composition, and temperature,
Al predicts spoilage and ensures quality, while blockchain guarantees traceability,
transparency, and fraud detection. These technologies together reduce food waste, improve
consumer safety, and strengthen trust in the food industry.

9.8. Product Development and Formulation

Al assists in developing new food products by analyzing consumer preferences, nutritional
profiles, and sensory attributes. It is widely applied in functional foods, alternative proteins,
and nutraceutical formulation.

Artificial Intelligence (Al) is increasingly reshaping industries by enabling automation,
predictive analytics, and smarter decision-making. Across sectors—from food and
pharmaceuticals to consumer goods—AI’s integration into product development and
formulation is accelerating innovation, reducing time-to-market, and improving product
quality. This article examines how Al influences these processes, the benefits realized, and the
challenges that remain.

9.8.1AI in Product Development



Product development covers ideation, design, prototyping, and market readiness of new
offerings. Traditionally, these stages depend on extensive manual experimentation, iterative
testing, and subjective analysis. Al transforms this paradigm by enabling data-driven decision-
making, predictive design, and rapid prototyping.

Al Assists in Developing New Food Products
Al analyzes consumer preferences, nutritional profiles, and sensory attributes.

Widely applied in functional foods, alternative proteins, and nutraceutical formulation.
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9.8.2 Faster Concept to Market

Al significantly shortens development timelines by automating design variant generation and
running simulations that otherwise require physical prototypes. For example, predictive
analytics and digital twin models can reduce validation time by up to 50%, accelerating
iterations without costly manual testing.

9.8.3 Enhanced Decision-Making and Innovation

Al systems analyze vast datasets—market trends, customer feedback, and historical
performance—to inform product attributes and features. This fosters customer-centric
development by aligning offerings with real-world preferences. Al also identifies novel
material combinations and functional possibilities that human designers might overlook,
expanding innovation capacity while reducing uncertainty.

9.8.4 Case Examples

Large corporations are applying Al tools to real product development challenges. For instance,
food companies use machine learning to identify ingredient interactions, reducing traditional
trial-and-error methods. Consumer goods firms have used Al to speed recipe formulation,
achieving multiple product iterations faster than legacy processes.

9.8.5 Al in Formulation



Formulation—the science of combining raw materials into stable, effective, and desirable
products—benefits enormously from AI’s predictive and optimization capabilities. This effect
is seen in sectors such as pharmaceuticals, food, cosmetics, and personal care.

9.8.6 Pharmaceutical Formulations

In drug development, Al helps predict molecular behaviour, stability, solubility, and
bioavailability, improving success rates of formulation design while reducing costly failures.
Tools like deep learning and neural networks expedite clinical trial design, patient
stratification, and dosing strategies, contributing to more targeted and efficient therapeutic
products.
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9.8.7 Food Product Innovation

In food R&D, Al-driven predictive models forecast sensory attributes (taste, texture) and shelf-
life properties more accurately than traditional methods. Digital simulations and sensory
prediction models reduce the number of physical prototypes needed, cutting development
cycles by 50-60% in some cases.

9.8.8 Cosmetics and Personal Care

Al and machine learning support optimization of functional ingredients (e.g., surfactants,
polymers, fragrances) by predicting performance outcomes across formulas. These approaches
enhance efficiency in selecting materials and achieving formulation targets without exhaustive
empirical testing.

9.10. Benefits of Al Integration
AT’s influence on product development and formulation yields measurable benefits:

Reduced Time and Costs: Automation, simulations, and data-driven models lower R&D
expense and shorten product cycles.

Improved Quality: Al detects potential defects early and predicts product performance under
varied conditions.



Enhanced Personalization: Businesses tailor products more closely to consumer preferences
using user-centric data analysis.

Greater Innovation Output: Al reveals previously unseen correlations and formulation
pathways, enabling breakthrough products.

9.10.1. Challenges and Limitations
Despite its potential, Al adoption faces hurdles:

o Data Dependency: High-quality, domain-specific data is essential for training reliable
models, yet such datasets often are scarce in niche formulation areas.

e Regulatory and Ethical Concerns: Al decisions in regulated fields like
pharmaceuticals require explainability and compliance with safety standards.

o Integration Barriers: Legacy systems and organizational resistance can impede
seamless Al deployment in traditional R&D workflows.

The incorporation of artificial intelligence into product development and formulation is
fundamentally reshaping how products are conceived, tested, and delivered to market. By
enabling predictive insights, accelerating experimentation, and optimizing formulations, Al
creates opportunities for significant competitive advantages. However, realizing its full
potential requires addressing data gaps, regulatory considerations, and infrastructure
challenges.

9.11. Robotics and Automation

Al-powered robots are used for sorting, cutting, packaging, and palletizing food products.
These systems improve speed, hygiene, and worker safety while reducing labor dependency.

The global food industry has rapidly adopted advanced automation, especially AI-powered
robotics, to handle tasks such as sorting, cutting, packaging, and palletizing. These
technologies not only improve operational efficiency but also enhance food safety and
workforce conditions. By integrating artificial intelligence and machine vision, robots can
perform complex, high-speed tasks previously done by human workers, enabling
manufacturers to meet increasing demand without compromising quality or safety.



Al-Powered Robots Improve Food Processing Efficiency
Al powered robots are used for sorting, cutting, packaging and palletizing

food products. These systems improve speed, hygiene, and worker safety while

reducing labor dependency.
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9.11.1. AI-Enabled Sorting and Cutting

Modern food processing facilities employ robotic systems equipped with AI and vision
systems to identify, sort, and cut food items. For example, advanced scanning robots can
analyse each piece of meat before precision cutting, optimizing yield and reducing waste —
outperforming manual methods in speed and accuracy. Robots equipped with 3D cameras and
deep learning models can recognize differences in size, shape, and quality, allowing for
accurate sorting and efficient portioning of products such as fruits and vegetables.

Sorting robots use machine vision to distinguish acceptable products from defective ones and
remove anomalies early in the line, which helps minimize contamination risks and improve
overall food quality.

9.11.2. Robotics in Packaging

Packaging is one of the most widespread roles of robotics in food production. Vision-guided
robotic arms and automated packaging lines can handle a range of tasks including filling,
sealing, labelling, and wrapping products with consistency and precision. These systems work
24/7 without fatigue, enabling higher throughput and lower cycle times compared to human
labour.

By minimizing human contact during packaging, these systems significantly reduce the risk of
contamination — a critical factor in meeting food safety standards and maintaining hygiene.

9.11. 3. Palletizing and End-of-Line Automation

After packaging, robots automate palletizing — stacking packaged food products onto pallets
ready for transport and distribution. Robotic palletizers organize products with precision,
reducing product damage and ensuring stable loads. These systems eliminate many of the
physically demanding tasks that can lead to worker injury.

The high speed and accuracy of robotic palletizing also reduce turnaround time for shipments,
resulting in improved supply chain efficiencies.



9.11. 4. Improved Speed and Operational Efficiency

Al-integrated robotic systems can process food items far faster than manual labour. Robots
perform repetitive tasks relentlessly and with minimal error, increasing production throughput.
The continuous operation results in faster time-to-market and supports higher production
volumes — essential in competitive food sectors.

Real-time Al decision-making allows robots to adapt to variations in product shapes and sizes
without slowing down, further enhancing line efficiency.

9.11. 5. Enhanced Hygiene and Safety

With robots handling food directly, human contact — a major source of contamination and
hygiene challenges — is greatly reduced. Al-driven inspection systems ensure consistent
monitoring and early detection of defects or contaminants.

Additionally, robots take on hazardous or physically exhausting tasks, such as repetitive cutting
or moving heavy crates, thereby lowering the risk of workplace injuries.

9.11. 6. Reduced Labor Dependency

Automation addresses labour shortages and high turnover prevalent in food processing
industries. While the initial investment in robotics is significant, long-term operational costs
drop due to reduced reliance on manual labour, fewer errors, and less waste.

Rather than replacing all human roles, robotic automation allows workers to shift toward
higher-value functions such as quality control, system monitoring, and maintenance —
emphasizing collaboration between humans and machines.

Al-powered robots are reshaping the food industry by automating key production tasks, from
sorting and cutting to packaging and palletizing. The integration of artificial intelligence and
robotics leads to faster, more accurate, and hygienic operations while improving worker
safety and reducing dependency on manual labour. As technology advances, these systems are
expected to become even more versatile, flexible, and integral to sustainable food processing.

9.12. Demand Forecasting and Production Planning

Al analyses market trends, seasonal variations, and consumer behaviour to optimize production
schedules and minimize overproduction or shortages.



Al Optimizes Production Schedules

and Minimizes Overproduction

Al analyzes market trends, seasonal variations, and consumer behavior to

optimize production schedules and mimimize overproduction or shortages.
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Fig 11: Al optimization of production schedules and reduction of overproduction

How AI analyses market trends, seasonal variations, and consumer behaviour to optimize
production schedules and reduce overproduction or shortages

Artificial intelligence (Al) is rapidly changing how manufacturers and retailers plan
production. By combining historical sales, point-of-sale (POS) data, weather, promotions, and
unstructured signals such as social media and search trends, Al systems produce far more
accurate short- and medium-term demand forecasts than traditional methods. Those forecasts
feed automated production-scheduling and replenishment engines that balance service levels
against inventory and production costs — reducing both stockouts and excess inventory.

9.12. 1. The problem: seasonality, promotions, and data complexity

Seasonal markets and promotional events make demand highly non-stationary: the same SKU
can see wildly different patterns across weeks, stores, or regions. Traditional time-series
methods (simple moving averages, basic ARIMA) struggle when demand drivers are many,
sparse, or non-linear — for example when weather, local events, or viral social posts suddenly
spike demand. These limitations cause two costly outcomes: overproduction (tying up working
capital and driving obsolescence) and stockouts (lost sales and customer dissatisfaction).

9.12. 2. How AI models ingest and interpret diverse signals

Modern Al demand-forecasting pipelines combine multiple model types and many data
sources:

e Feature enrichment: Ingest historical sales, promotions calendar, store attributes,
SKU hierarchy, weather, local events, and online signals (search, social). Enriching the
input data helps models separate genuine seasonal patterns from transient noise.

e Hybrid modeling: Ensemble and hybrid approaches (e.g., blending classical
decomposers like Prophet with neural architectures such as LSTM/GRU or 1-D CNNs)
capture trend, seasonality, holidays, and complex temporal dependencies better than
any single method. Recent applied studies show hybrids frequently outperform pure
statistical or pure deep-learning models for retail and manufacturing series.



Hierarchical forecasting & cold starts: Al techniques operate across SKU/store
hierarchies so forecasts for low-volume SKUs borrow strength from category or
regional patterns, and transfer learning helps when new SKUs appear.

9.12.3. From forecasts to production schedules

Accurate demand forecasts are only useful when integrated into planning decisions:

1.

Safety-stock and reorder policy tuning: Forecast uncertainty (prediction intervals)
feeds probabilistic inventory models that set safety stock and reorder points
dynamically, rather than using fixed buffers that either overbuild inventory or risk
stockouts.

Capacity-aware production scheduling: Forecasts plus plant constraints (batch sizes,
lead times, changeover costs) are input to optimization engines that produce feasible
production plans minimizing total cost (holding, production, changeovers) while
meeting service targets. Al can also propose alternative schedules when upstream
constraints or supplier delays occur.

Automated ordering and supplier collaboration: Closed-loop pipelines can
automatically convert forecasted needs into purchase orders, and—where supported—
negotiate or simulate orders with suppliers to smooth replenishment. Cloud providers
and solution vendors document successful deployments where automated ordering
reduced stockouts and excess inventory.

9.12.4. Real-world examples and evidence

Large retailers and manufacturers have reported measurable improvements after deploying Al

forecasting and automated replenishment:

Enterprise deployments: Companies have reduced stockouts and inventory carrying
costs by using ML-based forecasting combined with automated ordering and planning
workflows. (Industry reports and vendor case studies provide multiple documented
examples.)

Academic & industrial studies: Recent systematic reviews and empirical studies
conclude Al in supply-chain planning can materially reduce forecasting error and
improve service/inventory trade-offs — though gains depend on data quality and
integration maturity.

(Example organizations often cited in industry literature include Walmart for large-scale retail

forecasting pilots and Amazon Web Services for cloud tools supporting automated forecasting
and ordering. Proof-of-concepts and vendor case studies from major technology firms such as

IBM are also commonly referenced.)

Note: deployments are not a silver bullet — they require clean, well-integrated data pipelines

and cross-functional processes between demand planners, production, and procurement teams.

9.12. 5. Benefits, limitations, and best practices

Benefits



o Lower forecast error and more responsive production scheduling.

e Reduced working capital and inventory obsolescence.

e Fewer stockouts and improved customer satisfaction.

o Faster what-if analysis for promotions, new products, or supply disruptions.

Limitations & risks

o Garbage-in, garbage-out: poor data quality or missing external signals limit gains.

e Opverfitting to past unusual events can mislead forecasts during structural market
changes.

o Integration complexity: biggest gains require automated, end-to-end workflows not just
standalone models.

Best practices

1. Start small with high-value SKUs or regions, validate ROI, then scale.

2. Use hybrid models (classical + ML) to capture interpretable seasonality while
modelling non-linear effects.

3. Maintain a human-in-the-loop: let planners override models and feed their adjustments
back for continuous learning.

4. Invest in observability: track forecast bias, calibration of uncertainty estimates, and
downstream KPIs (stockouts, turnover).

When properly implemented, Al-driven forecasting and automated production scheduling let
organizations turn messy, seasonal, and volatile demand into actionable, optimized production
plans. The technology's value compounds when combined with clean data pipelines,
hierarchical forecasting, uncertainty-aware inventory policies, and tight supplier collaboration.
While not a substitute for solid operations management, Al is an increasingly indispensable
tool for minimizing both overproduction and shortages in modern supply chains.

9.13. Sustainability and Waste Reduction

Al helps optimize raw material utilization, detect processing losses, and convert by-products
into value-added ingredients, contributing to sustainable food processing systems.
Sustainability has become a central concern for governments, industries, and consumers
worldwide. Rapid industrialization, population growth, and changing consumption patterns
have intensified resource depletion and waste generation. Waste reduction is a core pillar of
sustainability, aiming to minimize environmental impact while promoting efficient resource
utilization. By integrating sustainable practices across production, distribution, and
consumption systems, societies can transition from a linear “take—make—dispose” model to a
circular economy that conserves materials and reduces ecological damage.



9.13.1 Understanding Sustainability and Waste Reduction

Sustainability refers to meeting present needs without compromising the ability of future
generations to meet their own needs (WCED, 1987). It encompasses three interconnected
dimensions: environmental protection, social equity, and economic viability. Waste reduction
focuses specifically on minimizing the generation of waste and managing unavoidable waste
in environmentally responsible ways.

The traditional linear economy results in excessive landfill use, greenhouse gas emissions, and
resource depletion. In contrast, a circular economy promotes reuse, recycling, remanufacturing,
and material recovery to extend product lifecycles and reduce waste (Ellen MacArthur
Foundation, 2013).

The Role of Circular Economy

i SAVE
L "“WORLD
TOGETHER
CIRCULAR ‘ RREDL{,%E &
RECYCLE |

ECONOMY - ===
PN

Use

LINEAR ECONOMY

*.-.-. = : b‘i><

Take Make Use Dispose

Fig 12: Circular Economy and 3 "R’

The circular economy model emphasizes:

e Reduce: Minimizing resource input and waste output at the source.
e Reuse: Extending product lifespan through repair, refurbishment, and sharing systems.
e Recycle: Converting waste materials into new raw materials.

Industries adopting circular principles redesign products for durability, modularity, and
recyclability. For example, sustainable packaging innovations reduce plastic use and encourage
biodegradable or compostable alternatives.



9.13.2 Industrial and Manufacturing Waste Reduction

Industries are major contributors to solid waste and emissions. Sustainable manufacturing
integrates:

e Cleaner production technologies
e Lean manufacturing techniques

e Life Cycle Assessment (LCA)

e Resource efficiency optimization

Lean practices help eliminate material waste, energy inefficiencies, and overproduction. Life
Cycle Assessment evaluates environmental impacts from raw material extraction to end-of-life
disposal, guiding eco-friendly design decisions (ISO 14040, 2006).

In food industries, waste reduction includes by-product utilization, improved storage systems,
and optimized supply chain logistics to prevent spoilage.

Sustainable Consumption and Consumer Behavior

Fig 13: Sustainable consumption practices through bioplastics



Fig 14: Waste regeneration and recycling through application of Al

Consumer choices significantly influence waste generation. Sustainable consumption practices
include:

e Using reusable products

e Reducing single-use plastics

o Composting organic waste

e Supporting eco-labelled products

Public awareness campaigns and educational initiatives play a vital role in encouraging
responsible consumption habits. Governments also implement policies such as extended
producer responsibility (EPR) and plastic bans to support waste reduction.

Technological Innovations Supporting Waste Reduction
Modern technologies enhance sustainability efforts:

e Artificial Intelligence (AI) for demand forecasting to reduce overproduction
e Smart waste management systems using [oT sensors

o Waste-to-energy technologies

e Advanced recycling methods (chemical recycling, bioconversion)

Al-driven systems analyse consumption patterns and optimize production schedules,
minimizing surplus inventory and reducing landfill waste. Smart bins and real-time monitoring
improve waste collection efficiency and recycling rates.

9.13.3 Policy and Global Initiatives

International agreements and national policies encourage sustainable waste management. The
United Nations Sustainable Development Goals (SDGs), particularly Goal 12 (Responsible
Consumption and Production), emphasize waste reduction and sustainable resource use (UN,
2015).

Governments promote:



e Recycling targets

e Green procurement policies

e Carbon taxation

e Incentives for sustainable innovation

Collaborative action between public institutions, private sectors, and communities is essential
for large-scale impact.

Benefits of Sustainability and Waste Reduction
Implementing sustainable waste management offers multiple benefits:

e Reduced environmental pollution

o Lower greenhouse gas emissions

o Conservation of natural resources

e Economic savings through efficiency
e Improved public health

Companies adopting sustainable practices often gain competitive advantages through improved
brand image and cost savings from efficient resource use.

9.13.4. Challenges and Future Directions

Despite progress, challenges remain in lack of infrastructure for recycling in developing
regions, consumer resistance to behavioural change, high initial costs of sustainable
technologies, inconsistent policy enforcement etc.

Future efforts must focus on integrating digital technologies, promoting green innovation, and
strengthening regulatory frameworks. Academic research and interdisciplinary collaboration
are crucial for developing scalable waste reduction solutions.

Sustainability and waste reduction are fundamental to ensuring long-term environmental
stability and economic resilience. Transitioning to circular economy models, adopting
sustainable manufacturing practices, and encouraging responsible consumption can
significantly reduce waste generation. With technological innovation, supportive policies, and
collective societal commitment, sustainable development can become an achievable and
measurable reality.
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9.1. Introduction

In the modern food processing industry, food packaging plays a crucial role. It not only acts as
a protective barrier for food products but also provides safety, preserves activity, extends shelf
life, and, most importantly, helps with transportation and marketing (Vasile and Baican, 2021).
The upsurge in demand for Advanced Food Processing Technologies in the food processing
sector has increased due to consumer demand for unprocessed or minimally processed foods,

convenient, safe and fresh foods.

The main aims of traditional packaging methods are mainly protection and containment.
However, modern food packaging systems also need some other solutions, such as a controlled
environment to maintain food quality and safety (Davidescu et al., 2025). To enhance food
preservation and monitoring, Advanced Food Processing Technologies have incorporated new

kinds of packaging materials, functional properties and smart technologies.

Packaging systems have been revolutionised due to the advancements in polymer chemistry,
biotechnology, nanotechnology, and materials science. New packaging technologies have been
introduced, such as biodegradable packaging, nanotechnology-based packaging, edible
packaging, intelligent packaging, and active packaging, which are transforming the food
industry. However, these innovations have improved the shelf life of food and food safety and

also raised environmental concerns related to sustainability and plastic waste.

The global food supply chain has become more complex due to long-distance transportation
and globalisation. From production to consumption, the advanced food packaging system plays
a vital role in maintaining integrity. Packaging should have characteristics that provide

protection against moisture loss, oxidation, microbial contamination, physical damage, and



related environmental factors that can be hidden causes of food quality deterioration (Vasile

and Baican, 2021).

Furthermore, eco-friendly packaging materials have become the most sought-after material as
the awareness of environmental sustainability has increased. Environmental pollution has
increased day by day due to the unscientific use of petroleum-based plastics. Keeping that in
mind, researchers are driven in search of biodegradable and compostable packaging

alternatives from renewable resources.
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Figure.1: Advanced Food Packaging used in food processing sectors
9.2. Functions of Food Packaging

Food packaging performs several essential functions that are critical for maintaining the quality

and safety of food products throughout the supply chain.

9.2.1 Protection from physical damage



Mechanical damage can harm food during handling, storage and transportation. Packaging can
prevent mechanical damage to some extent (Lin et al., 2023). However, fragile food items
(snacks, bakery products and fruits) need protection. Proper packaging can provide structural

and cushioning support to fragile materials.

9.2.2 Barrier Protection

Packaging materials act as barriers against external factors such as:

e Dust and contaminants
e Microorganisms

e Light

e Moisture

e Oxygen (Marsh and Bugusu, 2007)

Food quality can deteriorate due to these factors through nutrient degradation, microbial

spoilage and oxidation.

9.2.3 Shelf Life Extension

The shelf life of foods can be extended with proper packaging by controlling the environmental

conditions and reducing spoilage mechanisms.

9.2.4 Information and Communication

Food packaging provides essential information to consumers, including:

e Brand identity

e Nutritional information
e Storage instructions

o Ingredients

e Manufacturing and expiry dates (Langley et al., 2021).

9.2.5 Convenience

Several features of modern packaging emphasize user convenience. They are



o Portion-controlled packaging
e Microwave-safe containers

e Resealable packaging

o Easy-open packages

9.3. Types of Conventional Food Packaging Materials

It is essential to understand the commonly used traditional packaging materials in the food

processing sector before exploring advanced packaging.

9.3.1 Glass Packaging

One of the oldest and most traditional packaging materials used for storing and packaging food
products is glass (Debeaufort, 2021). Common types of conventional glass packaging are glass
bottles, beverage containers, pharmaceutical containers, glass jars, ampoules and vials.
Conventional glass packaging offers an attractive and premium appearance. They provide an
excellent barrier against contaminants, air and moisture. Glass containers can maintain taste,
aroma and quality of the products and can be used and recycled multiple times. Glass materials

are chemically inert and non-reactive with food items.

Advantages

e Reusable and recyclable
o Excellent barrier to gases and moisture

e Chemically inert

Disadvantages

o Higher transportation costs
e Fragile
e Heavy weight

9.3.2 Metal Packaging

Metal packaging is generally used widely mainly due to its strength, durability, and barrier

properties. Common types of metal packaging are metal drums, beverage cans, food cans,



aerosol containers, foil containers, trays, etc (Deshwal and Panjagari, 2020). They are mainly

used for canned foods, beverages and Ready-to-eat foods.

Advantages

o High mechanical strength

o Strong barrier against light, oxygen, and moisture

Limitations

e Higher production cost

e Corrosion possibility

9.3.3 Plastic Packaging

One of the most commonly used conventional methods for packaging is plastic packaging.
Plastic packaging is widely used due to its low cost, durability, flexibility and lightweight
nature. Plastic packaging is used for the packaging of household products, cosmetics,
medicines, and beverages. A few common types of plastic packaging are wrapping films,

sachets, plastic bags, plastic bottles, pouches, containers, trays, etc.

Common plastic materials include:

e Polyethylene (PE)

e Polystyrene (PS)

e Polyethylene terephthalate (PET)
e Polypropylene (PP)

Advantages

o Transparent

e Cost-effective
o Lightweight

o Flexible

Disadvantages



e Non-biodegradable nature

e Environmental pollution

9.3.4 Paper and Paperboard Packaging

Paper packaging is a traditional and widely used packaging method made from paperboard,
cardboard, kraft paper, and corrugated fiberboard. It is commonly used for packaging food
products, medicines, consumer goods, and industrial materials because of its lightweight and
eco-friendly nature. Conventional paper packaging has some essential features, such as being
biodegradable, recyclable, reusable, lightweight, suitable for dry, and cost-effective. Paper-

based packaging is widely used for dry food products, including cereals, flour, and snacks.

Advantages

o Biodegradable
e Recyclable
e Cost effective

o Lightweight

Limitations

e Susceptible to moisture damage

e Poor barrier properties

9.4. Need for Advanced Food Packaging

Advanced packaging has become popular nowadays, as conventional packaging often fails to
cater for the needs. Advanced packaging provides improved product quality and mainly
consumer protection in the age of technological developments and changes in consumer
lifestyle. We need advanced packaging solutions as the modern food system faces multiple

challenges.

9.4.1 Increasing Shelf-Life Requirements

Modern packaging extends the shelf life of packaged food by providing a shield from the
damage caused by microbes and the environment (moisture, oxygen, etc.). These packages are

responsible for the reduction of oxidation and spoilage reactions. Active packaging absorbs



moisture or oxygen and controls humidity during storage (Yildirim et al., 2017). Basically,

users desire to get fresh food for a longer period without preservatives.

9.4.2 Global Food Distribution

Food products require advanced packaging to transport them across the world safely and to

maintain the product quality during prolonged storage.

9.4.3 Food Safety Concerns

Packaging should provide protection against foodborne pathogens and contamination caused

by microorganisms.

9.4.4 Environmental Sustainability

The environmental concerns have been raised as the demand for eco-friendly packaging

materials is increasing globally.

9.4.5 Consumer Demand for Fresh and Natural Foods

Consumers prefer minimally processed foods with fewer chemical preservatives. Advanced
packaging technologies address these challenges by integrating innovative materials and

technologies.

9.5. Active Food Packaging

Active packaging is a system that interacts with food or its surrounding environment to extend
shelf life and maintain quality. Unlike conventional packaging, which acts as a passive barrier,

active packaging modifies the internal conditions of the package.

9.5.1 Oxygen Scavengers

Oxygen scavengers can prevent oxidation and microbial growth by eliminating the remaining
oxygen present in the package of the food product. Oxygen scavengers can be used for nuts,
snacks, processed meats and bakery products (Gupta, 2024). These scavengers can extend shelf

life, prevent rancidity, and maintain flavour and colour.



9.5.2 Moisture Absorbers

Humidity inside the food packages can be controlled by a moisture absorber. Some of the
moisture absorbers are calcium chloride, silica gel, clay-based desiccants etc. (PD and Kumar,

2025). These are commonly used in packaged foods such as dried fruits and snacks.
9.5.3 Ethylene Absorbers

Another agent for active packaging is ethylene absorber. Ethylene gas can speed up the ripening
process of fruits and vegetables. These absorbers can increase the freshness by slowing down
the ripening process (Ebrahimi et al., 2022). These can be applied to the packaging of flowers,

vegetables, and fresh fruits.
9.5.4 Antimicrobial Packaging

Antimicrobial packaging contains some substances that can prevent microbial growth. Some
common antimicrobial agents are organic acids, silver nanoparticles, chitosan, and essential

oils. These agents help reduce the growth of bacteria and fungi in food products.
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9.6. Intelligent Food Packaging

Intelligent packaging provides information about the condition of the packaged food. It

monitors and communicates changes in the food or environment.

9.6.1 Time-Temperature Indicators (TTI)

Time-Temperature Indicators (TTI) can show whether food has been exposed to improper

temperatures. TTI are used for frozen foods, dairy products, flesh foods, etc.

9.6.2 Gas Indicators

Gas indicators can detect changes in the composition of gas present inside the package. Some
examples of indicators are Oxygen indicators, Carbon dioxide indicators, etc. These are

essential in modified atmosphere packaging systems.

9.6.3 Freshness Indicators

Some metabolites are produced due to microbial spoilage. These can affect the freshness inside
the package. Freshness indicators can detect these metabolites by changing the color when food

begins to spoil.

9.6.4 RFID Technology

Advanced packaging can track and monitor food products during storage and transportation,
such as Radio Frequency Identification (RFID) (Zhou et al., 2014). RFID can be beneficial in

supply inventory control, product traceability, and chain management.

9.7. Modified Atmosphere Packaging (MAP)

Modification in gas composition inside the package can increase shelf life. Modified
Atmosphere Packaging (MAP) is now in trend (Habiba et al., 2025). Some common gases used
for MAP are carbon dioxide, nitrogen and Oxygen. These can be applied for fresh meat, bakery
products, dairy products, fruits and vegetables. MAP can reduce microbial growth, oxidation

that can maintain product freshness.



9.8. Controlled Atmosphere Packaging (CAP)

For maintaining constant gas concentrations throughout the storage period, controlled
atmosphere packaging (CAP) is a widely accepted packaging procedure. CAP is generally

utilised for the long-term storage of various fruits (Thompson et al., 2018).
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9.9. Edible Packaging

Nowadays, edible packaging is one of the well-accepted materials for packaging. These
packaging materials are food-grade and can be consumed as a part of the food product.
Materials that can be used for edible packaging are whey protein, casein (proteins), starch,
cellulose (polysaccharides), waxes (lipids), etc. These materials are biodegradable and can
improve the quality of food. Edible packaging can reduce plastic waste, which can help to
reduce the environmental burden (Abdulla et al., 2025). Edible packaging can be applied for

confectionery, meat, cheese products, vegetable and fruit coatings.



9.10. Biodegradable and Sustainable Packaging

Growing environmental concerns have intensified the need for sustainable packaging materials

that promote biodegradable packaging.

9.10.1 Bioplastics

Renewable resources (corn starch, sugarcane, potato starch, etc.) are important sources for
bioplastic production. Examples are Polyhydroxyalkanoates (PHA), Polylactic acid (PLA), etc.
(Shahar et al., 2025).

9.10.2 Compostable Packaging

Another example of biodegradable packaging is compostable packaging. Under composting

conditions these packaging materials can break down into organic matter naturally.

9.10.3 Plant-Based Packaging

Plant fibres and agricultural residues are increasingly used to produce eco-friendly packaging

materials.

9.11. Nanotechnology in Food Packaging

Nanotechnology has introduced revolutionary innovations in packaging materials.
Nanoparticles can enhance antimicrobial properties, strength and barrier activity. Some
ubiquitously used nanoparticles are Titanium dioxide nanoparticles, Zinc oxide nanoparticles

and Silver nanoparticles.

9.12. Smart Packaging Technologies

Smart packaging integrates sensors and digital technologies to monitor food quality. Examples
include biosensors, QR codes, and digital tracking systems (Fernadez et al., 2023). These

technologies improve supply chain transparency and consumer awareness.

9.13. Packaging for Specific Food Products

Different food products require specialized packaging solutions.



9.13.1 Dairy Products

To extend shelf life, safety, and freshness of dairy products, innovative technologies and
materials are used, including modified atmosphere packaging and intelligent and active
packaging. These packaging systems not only prevent oxidation, moisture loss and microbial
contamination, but also maintain quality during transportation and storage. The upsurge in
demand for biodegradable and sustainable packaging due to its lower impact on the
environment, which can maintain the quality of the product and consumer convenience.

Common packaging materials are laminated cartons.

9.13.2 Meat and Poultry

Vacuum packaging, modified atmosphere packaging (MAP), active packaging, and
antimicrobial films to maintain freshness and extend shelf life of meat and poultry products.
These packaging systems are essential for maintaining texture, color and nutritional quality of
meat and poultry products. These packaging systems are also helpful for maintaining

traceability of products.

9.13.3 Fruits and Vegetables

Fresh produce requires breathable packaging that maintains appropriate gas exchange. Smart
packaging, active packaging, edible packaging and MAP can be employed for fruits and
vegetable packaging to extend shelf life and maintain freshness. These technologies can
maintain sensory quality, nutritional composition, minimize microbial spoilage, moisture loss,
and delay ripening. Biodegradable and sustainable packaging materials promote environmental

protection.

9.13.4 Ready-to-Eat Foods

Retort pouches, microwaveable trays, paperboard cartons, metal cans, and laminated films are

commonly used as convenience packaging for ready-to-eat foods.
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9.14. Environmental Impact of Food Packaging

Nowadays, packaging waste has become a major environmental concern through the
accumulation of plastic waste, emissions of greenhouse gases and excessive consumption of
natural resources during production and disposal. Solutions include recycling, reusable
packaging systems and biodegradable materials, which reduce the environmental footprint of
food packaging. Sustainable packaging strategies aim to reduce environmental impact while
maintaining food safety. Improperly managed packaging waste can disrupt ecological balance,

harming wildlife, and accumulate in landfills and aquatic ecosystems.
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Figure. 5: Sustainable solutions for environmental impact of Food Packaging



9.15. Challenges in Advanced Food Packaging

Despite many benefits, advanced packaging technologies face several challenges. They are

e High Cost
e Regulatory Issues
e Consumer Acceptance

e FEnvironmental Concerns

9.16. Future Trends in Food Packaging

The future of food packaging will focus on sustainability, smart technologies, and improved

food safety.

Emerging trends include:

o Fully biodegradable packaging materials

e Smart sensors for food quality monitoring

o Edible packaging films

e Nanotechnology-based antimicrobial packaging

o Digital packaging with QR codes and blockchain tracking
These innovations will transform the food industry and enhance food safety worldwide.

Advanced food packaging technologies play a vital role in the modern food processing
industry. They help extend shelf life, maintain food quality, enhance safety, and reduce food
waste. Innovations such as active packaging, intelligent packaging, modified atmosphere
packaging, edible packaging, and nanotechnology-based systems are revolutionizing food
preservation. At the same time, environmental sustainability has become a key consideration
in packaging development. Researchers and industries are increasingly focusing on
biodegradable and eco-friendly materials to reduce plastic pollution. The integration of smart
technologies, sensors, and digital tracking systems is expected to further improve food safety
and supply chain management. However, challenges such as high costs, regulatory issues, and
consumer acceptance must be addressed to ensure the widespread adoption of advanced

packaging technologies.



Overall, advanced food packaging represents a critical area of innovation that will shape the

future of the global food processing industry, ensuring safe, high-quality, and sustainable food

for the growing population.

References:

Vasile, C., & Baican, M. (2021). Progresses in food packaging, food quality, and
safety—controlled-release antioxidant and/or antimicrobial
packaging. Molecules, 26(5), 1263.

Davidescu, M. A., Panzaru, C., Madescu, B. M., Porosnicu, 1., Simeanu, C., Usturoi,
A., & Dolis, M. G. (2025). Advances and Challenges in Smart Packaging Technologies
for the Food Industry: Trends, Applications, and  Sustainability
Considerations. Foods, 14(24), 4347

Lin, M., Fawole, O. A., Saeys, W., Wu, D., Wang, J., Opara, U. L., & Chen, K. (2023).
Mechanical damages and packaging methods along the fresh fruit supply chain: A
review. Critical Reviews in Food Science and Nutrition, 63(30), 10283-10302.

Marsh, K., & Bugusu, B. (2007). Food packaging—roles, materials, and environmental
issues. Journal of food science, 72(3), R39-R55.

Langley, S., Phan-Le, N. T., Brennan, L., Parker, L., Jackson, M., Francis, C., ... &
Alessi, N. (2021). The good, the bad, and the ugly: Food packaging and
consumers. Sustainability, 13(22), 124009.

Debeaufort, F. (2021). Glass packaging. Packaging materials and processing for food,
pharmaceuticals and cosmetics, 49-73.

Deshwal, G. K., & Panjagari, N. R. (2020). Review on metal packaging: Materials,
forms, food applications, safety and recyclability. Journal of food science and
technology, 57(7), 2377-2392.

Yildirim, S., Récker, B., Pettersen, M. K., Nilsen-Nygaard, J., Ayhan, Z., Rutkaite, R.,
& Coma, V. (2017). Active packaging applications for food. Comprehensive Reviews
in food science and food safety.

Gupta, P. (2024). Role of oxygen absorbers in food as packaging material, their
characterization and applications. Journal of food science and technology, 61(2), 242-
252.

PD, A., A, G., & Kumar, S. (2025). Innovative solid bio-desiccants for sustainable

dehumidification applications preparation, characterisation and performance



evaluation-a critical review. International Journal of Sustainable Energy, 44(1),
2583011.

Ebrahimi, A., Zabihzadeh Khajavi, M., Ahmadi, S., Mortazavian, A., Abdolshahi, A.,
Rafiee, S., & Farhoodi, M. (2022). Novel strategies to control ethylene in fruit and
vegetables for extending their shelf life: A review. International Journal of
Environmental Science and Technology, 19(5), 4599-4610.

Zou, Z., Chen, Q., Uysal, I., & Zheng, L. (2014). Radio frequency identification enabled
wireless sensing for intelligent food logistics. Philosophical Transactions of the Royal
Society A: Mathematical, Physical and Engineering Sciences, 372(2017),20130313.
Habiba, U., Bajpai, A., Shafi, Z., Pandey, V. K., & Singh, R. (2025). Advancing
sustainability through modified atmosphere packaging (MAP) for fresh food
preservation: A critical review. Journal of Stored Products Research, 112, 102657.
Abdulla, S. F., Shams, R., & Dash, K. K. (2025). Edible packaging as sustainable
alternative to synthetic plastic: a comprehensive review. Environmental Science and
Pollution Research, 32(52), 29566-29580.

Shahar, F., Balakrishnan, T., & Thariq, M. (2025). The evolution and environmental
prospects of renewable bioplastics: types, production methods, and
sustainability. Journal of Renewable Materials, 13(6), 1071.

Fernandez, C. M., Alves, J., Gaspar, P. D., Lima, T. M., & Silva, P. D. (2023).
Innovative processes in smart packaging. A systematic review. Journal of the Science

of Food and Agriculture, 103(3), 986-1003.



Chapter 10
From Risks to Management: Enhancing Food Safety

Using HACCP
Shreyasi Das

Teaching Assistant

Department of Food and Nutrition

Swami Vivekananda University, Barrackpore, W.B., India.
e-mail: shreayasid@svu.ac.in

10.1. Introduction.

Although food is necessary for survival, tainted food can lead to disease and even death.
Thankfully, the latter only occurs in a small percentage of cases; but the morbidity linked to
the millions of food-related sickness cases that occur globally has substantial social and
economic repercussions. The literature has a variety of words that can be confusing, such as
food poisoning, foodborne sickness, and foodborne disease (Roberts, 2002). In official reports,
publications, and study notes, these phrases are frequently used interchangeably, and some are
regarded as subcategories of others. Unless otherwise noted in the cited references, the World
Health Organization's (WHO) definition of foodborne illness (Schmidt, 1995) will be utilized
for the purposes of this study.

According to Schmidt (1995), the WHO defines foodborne illness as "any disease of a toxic or
transmissible nature generated by, or believed to be cause by, the ingestion of food or water,"
regardless of the symptoms that are present. Therefore, illnesses brought on by different
chemical, physical, or microbiological risks that may be found in food or water are referred to
as foodborne diseases. According to Brownsell et al., (1989), certain foods are hazardous or
poisonous by nature. From the farm or manufacturer to the point of consumption, other foods
might undergo a drawn-out and more global procedure. Every stage carries the risk of
becoming contaminated by physical, chemical, or microbiological risks, either with or without

the latter developing.
10.1. Food Safety and Hygiene.

Food safety, often known as food hygiene, refers to any procedure used to process, prepare, or

handle food in order to guarantee that it is safe for consumption. Like any other chain, the food



chain is only as powerful as its weakest link, and governments and consumers alike bear some
of the responsibility for ensuring food safety (Griffith, 2000). Appropriate food safety laws
should be passed and enforced by governments, and victims should receive medical assistance.
They should also play a more comprehensive role, document and collect outbreak and
epidemiological data, and utilize the findings of inspections (Griffith, 2005). Industry and

consumers can be educated and intervention plans can be developed using this information.

Additionally, the latter are crucial in preventing self-harm. Many foodborne illness occurrences
occur in homes; thus, consumers need to handle food with hygienic practices (Redmond and

Griffith, 2003).
10.2. HACCP System.

In order to guarantee the safety of foods for the US space program, the Hazard Analysis Critical
Control Point (HACCP) system was created in the 1960s. HACCP has developed into a widely
accepted method of ensuring food safety in the global food sector since the 1960s. The 1990s
saw significant advancements in HACCP, and some governments believe that implementing it
will solve all of their nation's food safety problems (Mortimore and Wallace, 1994). More
individuals than ever before are receiving food safety training, and the HACCP system is being
applied more quickly, especially in big and medium-sized food enterprises. However, the
prevalence of foodborne illnesses is rising globally at the same time.Does this rise in foodborne
illnesses indicate that the system itself, or how it is being implemented, is failing? From
choosing the ingredients to supplying the meal to the customer, the HACCP system may
examine the food production process methodically. Everything that could compromise the
food's safety is found by closely examining every stage of the food manufacturing process.
After that, you can determine how and when to regulate that hazard (anything that could
endanger a customer). It could be chemical, physical, or biological. By carefully planning in

simple steps, this strategy helps prevent safety issues.
10.2.1. Current Issues On Application of HACCP.

However, the issue that is currently being raised is not with the application of HACCP but
rather with the way it is being applied (Peters, 1995). Despite its effectiveness, HACCP is often
misinterpreted and poorly applied. An ineffective HACCP system is the only thing worse than
having none at all in a food business. On the one hand, the prevalence of foodborne illness

outbreaks and the persistent presence of food poisoning caused by bacteria as a significant



public health issue suggest that the system for food safety is lacking, either due to operational

or design flaws (Griffiths and Wallace, 1998).

However, HACCP training is viewed as a separate field with the exclusive goal of producing
certified professionals (Ehiri et al., 1997). In theory, HACCP is a way of thinking, but in
practice, it is a tool. That there would be differing views regarding the way it should be
administered is therefore not surprising. Without the necessary skills and knowledge, it is
impossible to do a hazard analysis and then put in place a system to control risks. According
to Council Directive 93/43/EEC, food firms must make sure that their employees are trained
on both the general and specialized aspects of HACCP. Consequently, the most crucial

component of establishing a HACCP system is training.

This has a very straightforward explanation: Only with a skilled workforce can a manager
operate the lean and adaptable organization required by today's cutthroat business environment.
Employees may easily reach their maximum potential with the help of modern training
techniques, and businesses that make training a priority gain a competitive edge. Current
HACCP Implementation Status Effective communication is essential to any effective system.
In this instance, communication involves more than just the "HACCP expert" and the food
company representative; it also involves the lawmaker, the enforcement agency, the food
worker, the many participants in the food chain, from manufacturer to retailer, the consumer,

and the media.

10.2.2. Fundamental Questions.

Before implementing a HACCP program, we can ask the following fundamental questions:
e Are these individuals conversing with one another in the same language?

e Do they have similar priorities?

e Do they all understand their personal and others' responsibilities?

e Do the others' expectations and limitations seem to be clearly understood?

e Did they have any food hygiene training, even rudimentary?

Unfortunately, the answer to most of these questions is typically "no," and the everyday
occurrences of communication is so poor that it is mostly to blame for any HACCP issues that

arise. It is impossible to exaggerate the significance of training.



10.2.3. Training on Food Safety and Hygiene.

The effort and funds invested in putting the system in place are always squandered if none of
the workers in food companies receive the necessary training on food safety and hygiene. With
the goal of "keeping it simple," training typically only has to teach the fundamentals of food
safety and cleanliness. This is due to the fact that many employees in the food business lack a
college degree, many are unable to speak the nation's language well, and others perform

comparatively mundane labor with little regard for their jobs beyond their immediate duties.

Training should never be considered a "one off' event and should always adhere to a
recognized standard. Unfortunately, only the most advanced organizations offer refresher
training; after providing all of their employees with some form of introduction or foundational
training, many businesses fall into complacency. If food handlers disregard or are unaware of
the importance of hand washing, much alone the more intricate aspects of food hygiene, even
the most effective management systems for food safety will fail. Additionally, there have been
published reports (Morrison, 1999) that raise questions regarding food firms' capacity to meet

the standards of the Hazard Analysis and Risk Assessment.

The number of businesses without HACCP rises as the number of employees declines,
according to a recent survey on the state of implementing HACCP in the UK (Panisselo et al.,
1999). Previous studies (Jouve, 1994; Kirby, 1994) demonstrate that smaller businesses are
deficient in: Proficiency and familiarity with HACCP The right resources, such as money, time,
labor, and managerial dedication, are needed to acquire this expertise. HACCP's standards are
too complex for typical food businesses to understand and implement without concrete
examples that apply to their operations (Morrison, 1999). For the successful application of the
HACCP principles, however, larger businesses (those with more than 250 employees) can

devote staff time and resources to training (Henson et al., 1999).

They now have a new way to enable products to gain a larger market share thanks to improved
safety. Even though food safety is a universal problem, businesses that approach it innovatively
can gain from increased customer trust. It should come as no surprise, given this context, that
a legal mandate to enforce principles of HACCP on small food businesses—those with 10-250
people, which make up a majority of food businesses—has not been entirely successful.
The effectiveness of the regulations will be demonstrated by experience over time. However,

it should be emphasized that identifying the actions that are essential to the safety of food in a



food service operation is a work that should be focused on knowledge rather than fear of the

law.

Because HACCP can offer a system that satisfies the needs of customers, enforcement
agencies, and consumers while also giving the producer a due diligence defense, there is also
a risk that it will be seen as the answer to all problems facing food makers. If the advantages
of HACCEP are overstated if the system is insufficient or inefficient, issues arise. According to
Easter et al. (1994), this results in an incorrect sense of security, a lack of trust in a
manufacturer, and a decline in the legitimacy of the HACCP system. Numerous HACCP
publications look at how the system is used in the food sector and provide comprehensive
details on how to create HACCP plans. However, as noted by Khandke and Mayes (1998),
there appears to be a dearth of published material regarding the actual "factoryfloor"
application of the HACCP plan. It is clear from the case studies and literature research that
HACCEP plans typically fail as they are not properly implemented in practice. The creation of
the HACCP records, which is necessary for the enforcement agencies to inspect, marks the end
of the majority of HACCP initiatives. HACCP should be seen as a process to be started rather
than a program to be put into action, according to Ehiri and Morris (1995). HACCP is not just

a food safety oversight method; it is also a way of thinking.

Instead of promoting behaviors that regulate factors that contribute to foodborne infections,
attempts to uniformly organize the system have led to its definition in terms of flow charts and
recordkeeping. Furthermore, there is a regrettable propensity to view HACCP as a one-time
paper exercise or as a program to be leased out, according to Ehiri and Morris (1995). Food
businesses could even be tempted to hire outside "consultants" to create "paper-based HACCP
systems" for them without fully comprehending the idea. Implementing HACCP calls for
diligence and training. Since HACCP is a discipline, it fosters a culture that emphasizes

effective management with a focus on systems (Adams, 1998).
10.2. Food Safety Law.

In order to safeguard public health and attempt to ensure that uniform standards of hygiene
were observed throughout the European Community, the European Community formed a
Directive on the Cleanliness of Foodstuffs (No 93/43/EEC) in June 1993. Previously, the law
pertaining to food hygiene was based on providing specific rules to be followed. Among the

Directive's key characteristics are the following: "Hygiene" is broadly understood to



encompass both safety and wholesomeness requirements for food. This guarantees that issues

like spoiled or tainted food are also managed.

e Previous Regulations outlined in detail how sanitary processes were to be accomplished; this
Directive takes a different approach. Nowadays, it is often required to make sure that food is
handled, prepared, and then sold in an appropriate way. According to the Directive, companies
must examine their operations, determine the crucial actions they must take to guarantee food

safety, and make sure these are appropriately addressed.

e There is a new requirement for companies to provide food handlers with supervision,

education, and training.

e For the initial time in this field, industry guides are to be created to help with compliance and
be recognized by governments, with food authorities giving them the consideration they
deserve. It is illegal to sell food that is unfit for consumption or to disregard legal regulations,
tainted or potentially harmful to one's health. If the food handler or retailer is prosecuted, they
could face fines, jail time, business closure, and a personal prohibition from operating the food
industry in the future. However, it is equally crucial to note that if the shop causes their
customers to develop dangerously ill, it might be able to sue the merchant or your insurance
for damages. In Europe, the Food Hygiene Directive 93/43/EEC's standards led to a general
need for HACCP training. However, in 1997, the UK's Royal Institute of Public Health &
Hygiene criticized some of the available food safety-HACCP training for its lack of expertise
and varying standards (Blanchfield, 1997)."... if more food processors than ever have received
instruction in food safety, why has the number of formally reported cases of food poisoning
increased at the same rate?" was the query posed in a letter sent to a scientific publication one
year later (Lachlan, 1998). It may be time for the basic level food safety investigation boards
to update their materials; on the majority of them, a candidate can earn a certificate—sor, a
license to kill—despite failing every temperature control question. The European Commission
adopted the White Paper on Food Safety in 2000 in response to a number of recent

controversies involving food contaminants and animal illness outbreaks in Europe.

Increasing food safety, enhancing food product traceability, and restoring customer trust in the

food business are the goals of the recommendations in this White Paper.



10.2.1. Recommendations for new food and feed laws.

In light of this, a set of recommendations for new food and feed laws in Europe is being drafted,

and it includes the following features:
e The establishment operator is in charge of ensuring food safety.

e The Member State's competent authority confirms that the new regulations are being

implemented correctly.
e Production ought to be founded on HACCP principles and excellent hygiene practices.

e Products must adhere to temperature restrictions and microbiological standards. The
recommendations address a wide range of food categories and encompass the whole food
chain, or "from farm to fork." After being approved by the European Parliament as well as the
Council, will take the place of the 16 product-specific Council Directives and the Food Hygiene

Directive.
10.3. Food Safety Training.

In their 1997 article, Reece and Walker discuss whether the task of the teacher/trainer has
evolved over time and offer "food for thought" on how to foster a love of learning. They
contend that historically, the teacher/trainer has served as a purveyor of knowledge, with the
trainees either taking their own notes or passively listening to the trainer, who is the source of
all knowledge. This is no longer the case. A modern trainer helps trainees learn on their own
by acting as a facilitator. Additionally, it is possible that the trainees are at varying stages of
their learning, and as a result, the instruction is tailored to each student's needs and skills. The

following things have contributed to this change:

o[t is acknowledged that adults have a lot of experience and can successfully arrange their

learning.
e Not everyone learns in the same way.

e Everyone learns at their own pace, not necessarily at the pace specified by the instructor or

trainer.

Therefore, there are clear benefits to learning on an individual basis. HACCP for food safety

is a type of "change management," which is also how learning is defined. Learning is about



transformation, whether it be by learning a new skill, comprehending a scientific concept, or
altering one's mindset. Learning, whether deliberate or the result of experience, is a change that

is comparatively permanent.

According to Davies (in Reece and Walker, 1997), attitudes cannot be altered before the proper
behavior change, which is why HACCP aims to improve attitudes about food safety. It
frequently takes a long time to change one's attitude, but if involvement is encouraged, this
gradual process usually lasts a long time and is essentially everlasting (Reece and Walker,
1997). According to studies on how people learn, learning is typically more successful when it
is based on experiences, whether they are firsthand or the result of reading about them (Rogers,
1989). Concepts that are visible or practicable, however, have a higher chance of being

retained.

Furthermore, Knowles (1984) highlighted six presumptions on adult learning that are

connected to:

e The necessity of knowing. Before beginning to learn something, adults should understand
why they need to learn it. Self-perception. During the learning process, the self-concept shifts
from relying on the teacher to being self-directed. Adults believe that they are in charge of their
own lives. They develop a need to be perceived by others as having the ability to self-direct
once they have reached this self-concept. Experience. Adults can draw on a wealth of
experience to enhance their learning readiness. In order to effectively handle their real-life

circumstances, adults are driven to acquire the necessary knowledge and skills.
e [ earning orientation.

When learning will help them complete tasks or solve difficulties they face at work or in real-

life circumstances, adults are more motivated to learn

e Motivation. Adults respond well to some external incentives, such as promotions, but internal

pressures, such as greater job satisfaction and self-worth, are the most effective motivators
10.3.1. Crucial Components of an Effective Strategy

The ever-evolving market in which food firms operate causes their needs to evolve, just like
those of any other kind of business. They must learn to adjust and react to these changes if they
are to live. One of the most significant factors driving variations in the way food firms function

has been the inclusion of HACCP in EU regulation.



This will unavoidably accelerate the adoption of HACCP in the food industry, despite the fact
that it may be seen as a negative driver that forces businesses to implement HACCP (Khandke
and Mayes, 1998). But there are other factors influencing the adoption of HACCP besides
regulation. The need to adopt HACCP is being driven by both external and internal factors in

the food business.
4.Motivation for implementing the HACCP system

A company's motivation for implementing the HACCP system typically comes from one or

more of the following sources:

® Qutside forces
Competition pressure

® Customer expectations and demands (capacity to draw in new clients and hold on to current
ones)

® The regulatory landscape (government, law enforcement) The media international
commerce Drivers within

® [ower product microbial counts (making food that is safe to eat) Inspection and testing
limitations Benefits derived (increased market share, decreased rate of scrap, decreased
rate of rework, increased productivity, decreased rate of product defects, improved morale
among employees, reduced role ambiguity, improved supplier control, and improved
system)

10.4.1. Administration of HACCP Initiatives.

According to Panisello et al. (1999), a variety of factors impact whether a food firm has to

implement a HACCP system:

® The size of the company

® Food safety criteria of the company's customers

® Product category manufactured

Food processing is the primary processing procedure. However, there are four stages that all

HACCP systems go through:

€ Introduction
Design

Integration

* o0

Operation.



10.4.1.2. Strategic planning.

The food industry might save a great deal of needless and/or lost work, time, and money if the
components of each phase are carefully considered. Because it introduces a new way of
thinking and serves as the foundation for HACCP, this initial strategic planning is extremely
important.

Therefore, the first step in creating a HACCP system for the organization is to look at the key
factors related to each stage (Easter et al., 1994; Stier and Blumenthal, 1995; Khandke and
Mayes, 1998; Taylor, 1999): Overview HACCP and Good Manufacturing Practice (GMP).
When HACCP is implemented before GMP is in place, issues occur since each process step

involves risks that GMP really controls.

e The dedication and leadership of senior management. In general, leadership should be
practiced at three levels (Mintzberg, 1998): leaders develop teams and settle disputes at the
group level; they mentor, teach, and inspire at the individual level; and they create culture at
the organizational level. Every employee has to understand the value of food safety and how

they contribute to the accomplishment of organizational objectives.

e Teamwork When trying to implement such a culture shift, management's main role is to set
an example. Many businesses choose to simply add a system to one employee's job description

rather than investing in a team to create its implementation.
10.4.1.3. This is a formula for disaster.

HACCP implementation should be carried out by a team of professionals that fully understands
the business and industrial operations. Since they lack a certain level of technological
complexity, knowledge, and expertise, many businesses—especially small and medium-sized
ones—now look for outside assistance to cope with the plan's creation. The adoption of
minimum flow charts and the identification of too many CCPs are examples of how HACCP
language and principles can be interpreted differently. Due to its widespread acceptance, the
Codex Alimentarius Commission methodology (Codex Alimentarius, 1993) should be adopted
in order to address this issue. Additionally, the European Commission should take the "farm to

fork" notion into consideration.

instruction. It is crucial that managers, supervisors, and employees receive sufficient training
so they can apply the HACCP system. As a result, the most crucial component of any HACCP

system integration is training.



e The necessary expenses consist of:

(a) allocating resources for system monitoring and record-keeping;

(b) capitalizing equipment or equipment changes and plant reconstruction;

(c) hiring private consultants; and

(d) training.

Coleman and Kailasapathy (1995) stress that the initial investment in training, paperwork, and
outside technical resources should not be the only factor taken into account when calculating
the cost of implementing HACCP. Additionally, it ought to consider the possible rise in
revenue, the decline in client complaints and, thus, the reduction in personnel required to
investigate complaints The program's operation depends on highly qualified professionals, so
it is necessary to retain and inspire staff during integration, especially supervisory and
managerial personnel. The amount of time needed to implement: It may take six months to two
years, depending on a variety of circumstances, including: Company size, product type,
operational complexity, number of HACCP-trained employees, resources available for system
development and implementation, customers, and law enforcement standards for food safety

Operation

e Compared to other systems, HACCP systems require far more thorough monitoring and
documentation. The incidence at which monitoring is required is likely the deciding element

in the expense to a business (Coleman and Kailasapathy, 1995).

e Since HACCP is a dynamic system rather than a one-time paper exercise, it is crucial to

design verification mechanisms to ensure the system is functioning.

e The CCPs should be used to gauge how successful HACCP programs are. The success of
long-term programs should be demonstrated by shifts in the patterns of foodborne illness

outbreaks that are recorded (Unger, 1992).

According to Mazzocco (1996), internally driven management systems, like HACCP, have

three essential features: ® Significant dependence on staff engagement and training
10.4.1.4. The creation of novel measurement techniques.

The ongoing evolution of procedures Significant resources, including trained staff, technical
support facilities, and financial contributions (especially to guarantee proper training), would

be needed in the early phases of the HACCP system's adoption (Motarzemi et al., 1996). A



business that successfully applies HACCP will have naturally developed a thinking culture
with management and operators that genuinely get what process control means. HACCP is a
delicate instrument that will inevitably fail if it has not succeeded in fostering this culture
(Adams, 1998). Therefore, how should the HACCP idea be presented to students and how
might their views about food safety be altered? Three phases can be distinguished in the process

of change (Snyder, 1994):

Stage 1: Evaluation of the current circumstances (trainer)
Describe the existing input-process-output (IOP) food operating system. ® What laws and
guidelines govern food safety currently in effect? e What is the system's accurate
understanding of food safety? @ Who is at fault? What HACCP competencies do they possess?
Stage 2: Information on the structured procedure (trainer and trainee)
How do I go about this? @ What risks are connected to the procedure? @ When are these risks
likely to happen in the process? ® How likely is it that my clients will be at danger from these

threats, and how serious is that risk?

e What actions are necessary to prevent or mitigate these risks so that my clients are safe?
Stage 3: HACCP performance mastery training (trainer)
grasps the material to be taught @ Readies the pupil for education The assignment is presented.

e Provides time for practicing Tests and implementation

Learning measurement is infamously inaccurate. The kind of evaluation that is utilized and the
timing of the measurement following the learning experience determine a lot. Naturally,
various people will learn at varying rates, and some subjects are less effective and more firmly
learned than others. Nonetheless, it is undeniable that a combination of telling and

demonstrating works better than telling alone (Johns, 1995).

According to Engel (1998), HACCP training should always incorporate the following

principles:
o ['ll forget if I just listen.
o [ will remember if I hear and see

e [ will comprehend if | HEAR, SEE, and DO. For example, learning how to cook food that is
safe for consumption by humans typically entails three different aspects: The goal. A trainee

must have a basic comprehension of the goal in order to acquire a skill. Methods. For skills to



be completed effectively, certain procedures must be followed. Practice. Practice is necessary
for any talents to be performed accurately, swiftly, and automatically. This step is crucial to
ensuring that the movements are correct from the beginning (it can be challenging to unlearn
incorrect movements). "What is it that [ want the learners to learn?" is hence the first question

that must be posed.

However, this raises two related questions: "How can I teach them?" and "How can I tell when
they've learned it?"
Creating a food safety/HACCP the training course based on a successful learning sequence is
a problem. This work could be completed using the Basic Teaching Model (Reece and Walker,
1997). By breaking down the teaching process into four parts—objectives, entry behavior,
instructional strategies, and assessment—this model enables the trainer to create and carry out
a successful learning sequence. Setting goals entails figuring out what the students should be
able to do after finishing a certain lesson (for a trainer, knowing where they are going increases

the possibility that they will get there).

Before instruction starts, the trainee's level of comprehension of the subject is described by
their entry behavior. The teaching process that leads to the behavioral changes in students
known as "learning" is described by instructional techniques. Assessors employ exams and
observations to gauge how successfully a trainee has met the objectives (i.e., how much they
have learnt). It can also be used to assess the model's earlier elements and offer data for any
necessary modifications.

10.5. Planning.

A Plan for the Effective Application of HACCP According to Snyder's (1994) study of
behavioral management, HACCP is essentially a continuous improvement method for

behavioral management.



OBJECTIVES

!

ENTRY BEHAVIOUR
FEEDBACK
TO INFORM l
EVALUATION
INSTRUCTIONAL
TECHNIQUES
ASSESSMENT

It works to uphold the company's current standards while also training staff to perform (i.e.,
act) in a way that will enhance the competitive position of the business in the future. He goes
on to say that when HACCP is first implemented, there may be a lot of change and chaos in a
company, which could be challenging to handle. According to Adams (1998), the challenge
with cultural transformation is that it necessitates actual behavior adjustment; therefore, our
mission calls for more instruction in human psychology than any kind of food science. Many
of the suggestions made by experts in organizational change are often quick fixes because they
make the assumption that people are logical, reasonable beings. Because of this, the
recommendations are frequently superficial and lack lasting impact (De Vries and Balazs,

1998).

Finally, we offer a model that can be used to visualize the key success elements and serve as a

foundation for creating an effective HACCP implementation plan. In this model:

e HACCP is viewed as an instructional procedure. The deployment of HACCP by food

enterprises is based on both internal and external motivations.

e It is acknowledged that a company's employees' conduct and mindset are crucial to the
effective application of HACCP.
The emphasis is on the steps that management and production personnel must take in order for
this new way of thinking to be successfully adopted. In the field of organizational
transformation, the knowledge gained from individual change processes can be applied to
induce, assist, and even generally drawn-out organizational change and intervention procedures

(De Vries and Balazs, 1998). As demonstrated by practice, the suggested model has numerous



benefits for the food sector, as it can assist employees in: Verify that the food is fit for human
consumption. Prevent food contamination and the growth and survival of microorganisms.
Avoid foodborne illnesses. Assure clients and customers (if they observe proof of successful
food hygiene procedures). Exhibit appropriate diligence, especially if training records are
maintained.

10.6. Food safety and quality and Human Health.

Food safety and quality have a wide range of significant effects on human health when
compared to other items (Rotaru, 2003). Food quality has an impact on consumers' health and
may also have an impact on future generations' health.It is commonly known that if
technological, health, and hygiene standards are not met during the stages of production,
modification, transportation, commercialization, and usage, food can make people sick.
Foodborne illnesses can range from minor discomfort to serious conditions that can
occasionally be fatal. As a result of technological advancements, equipment modernization,
and food variety diversification, processing methods have evolved over the past few decades.
The complexity of the food chain has increased, making it a significant challenge that calls for

particular actions to ensure a satisfactory level of food security.

These days, new and developing technologies are made to collect food, occasionally breaking
through the barriers of the food sector. More frequently, they go into the realm of therapeutic
foods, probiotics and prebiotics, nutraceuticals, or even cross the line into genetic engineering
(i.e., genetically modified food, or GMF), enforcing additional regulations for the protection
of consumers (Rotaru et al., 2001).
Food hazardous infections with Salmonella and other disease agents still cause illness, despite
EU food security legislation aiming to promote the highest standards. Furthermore, recent food
concerns like avian influenza, dioxin, and BSE, among others, have divided experts, the public,

and authorities.

They consequently enforced stringent regulations pertaining to food processing, distribution,
and commercialization. A novel idea for managing food safety has been put forth by the EU.
In order to restore public confidence in food, food science, food laws, and eventually the food
control system, the White Paper on Food Safety (Brussels, 2000) outlines the objectives of a

proactive food policy.



Organizations must fortify the basic legislative framework that will mandate the preparation
and distribution of food fit for human consumption by enacting particular laws that demand:

sufficient requirements for food security;

e unambiguous labeling that is simple to read and understand; best practices for manufacturing;
® hygienic practices;

10.7. Food safety and quality management system.

10.7.1. HACCP System HACCP is a globally recognized safety system that has demonstrated
effectiveness across the food chain and in all areas of the food business. HACCP is a
methodical, interactive scientific approach to identifying, assessing, and controlling food-
related risks. The foundation of the HACCP strategy is the implementation of a new system
for risk prevention, elimination, or reduction at acceptable levels while accounting for all

potential hazards that could compromise the security of customers (Belton, 1999).

HACCEP: historical and contemporary the research conducted in the 1960s by NASA, the
Pillsbury Company, and the US Army's Natick laboratories for the manufacturing of food with
"zero deficiencies" served as the foundation for the development of the HACCP system.
Getting safe food for use on space missions was the goal. A useful tool that was developed as
a result of that research has altered the way that the food industry approaches quality and
security strategies. As a result, manufacturers began using forewarning techniques instead of
post-process control (Rotaru and Moraru, 1997). The majority of national, regional, and
international organizations—including the EU board, FAO, WHO, and Codex Alimentarius—
promote HACCP as an effective method for ensuring food safety. This technique has been
applied to large-scale meat and fish preservation in the United States since 1973. HACCP
principles were first applied to fish and marine foods in 1995 by the Service of Inspection and
Food Safety, and then to chicken and other meat products in 1996. The system was extended

to fruits, vegetables, and eggs in 1998.

Safety regulations were introduced in 1983, and the EU supported the implementation of the
HACCP system in its legislation as early as 1993 through EU Council Directives (i.e.,
93/43EEC; 2001/471/EC; 853/2004/EC) that instructed and advised food producers,
wholesalers, and retailers on the use of HACCP. In 1995, the system was made mandatory for
fish products entering the EU, and in 2007, HACCP will be required for all EU food enterprises.

The commercial and consumer sectors of society should both comprehend and value the



significance of HACCP Hazard Analysis of Critical Control Points, or HACCP as it is

commonly known.

In essence, it is a system that establishes objectives and limits for the sake of health and quality

standards.

e an operational framework for managing food security across production, delivery, and

preparation;

e an effective operational control tool, featuring several inspection points intended to verify

the plan's effectiveness;
e a mechanism to remove the conventional restrictions on quality control;

e a system that is adaptable enough to deal with advancements in the manufacturing of

equipment and the modernization of technological procedures;
e a method of reducing outbreaks and issues related to food safety;

e a dedication to simplifying the organization's cost structure and making effective use of its

financial, material, and human resources;

e a key for identifying the anticipated novel risks, which is highly beneficial for new

technologies or goods;
e a convincing evidence to show clients and inspectors that all possible risks are managed;
e a means of gaining consumers' confidence in the processes of the product and producer;

e a worldwide strategy to boost food security in order to promote products and businesses
internationally. Businesses should prioritize food safety above everything else in order to

effectively manage risks (Dillon and Griffith, 1996).

10.7.1.1. ISO 22000:2005 or HACCP/ISO 9001:2000 Currently, the food sector uses two
management systems: ISO 9001:2000 and HACCP. A new ISO standard, ISO 22000:2005,
was released in September 2005 and for the first time offers a framework for a unified approach
to quality and safety issues that applies throughout the whole food chain. In the end, specialist
international organizations have acknowledged and broadly agreed that the food industry's
quality problems cannot be separated from its safety problems. As a result, more businesses

will use ISO 22000:2005 directly to handle issues related to both safety and quality.
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Integrated food safety and quality management systems in an organization throughout ISO

22000:2005 (---) or HACCP+ ISO 9001:2000(—) implementation.

Similar to many other nations, Romania still has a sizable number of firms that use and maintain
a general quality Management system for such as ISO 9001:2000. In this situation, distinct
safety and quality management systems may be employed (figure 1). A quality management
system called ISO 9001:2000 makes it possible to find and address mistakes and flaws. The
creation of hazardous products may be permitted if the system is not backed by a safety
management system. This is only possible if the fabrication process disregards the safety
requirements. On the other hand, HACCP continues to be a very adaptable method for handling

safety management concerns pertaining to goods meant for human consumption.

According to Wallace and Williams (2001), HACCP is predicated on a set of preparatory
measures programs known as prerequisites, which include hygiene programs, GMPs, statistical
process control (SPCs), etc. Therefore, based on the resources and specifics of the food industry
organizations, the managerial strategy might be focused in three different ways: The
application of ISO 22000:2005; the application of HACCP in areas where ISO 9001:2000 is
already in place; The establishment of an ISO 9001:2000 organization that uses HACCP. The
coexisting particularities of the two systems must be considered and integrated in each of these

scenarios if maximum efficiency is to be achieved.



10.7.2. HACCP's support network.

It is crucial to realize that, when implemented properly, cleanliness programs and other
necessary programs serve as HACCP's support network rather than its replacement. It is
simpler to understand the HACCP system's purpose and function within the overall quality
management plan after the distinctions have been discovered. A chain of support for the

HACCEP system is represented by the prerequisites.

GMP Good
Manufacturing
Practices

Calibration of the
Equipment

SSOP Sanitization
Standard Operating
Procedures

GLP Good
Laboratory
Practices

H.A.C.C.P
4/' =< Crises

Management
Programs
SAQ Supplier

Quality Assurance

SPC Statistical
Process Control

PCS Pest

Training Programs
Control Systems

for Personnel

The support network of HACCP (Mortimore, 2001).

Programs with requirements may include:

1) Programs for maintaining and cleaning personal hygiene, which may also include control
methods to prevent the presence of insects and other pests;

2) SQA (Supplier Quality Assurance) programs that seek to guarantee the quality of the raw
materials and other incoming materials used in the creating of the product;

3) GMP (Good Manufacturing Practices), which combines technical instructions with quality
control processes (monitoring of the operations and the final products, verification of certain
stages of the technological process). Schedules for supplier audits and inspections may be
included.

Practices of hygiene Every producer must create unique protocols for proper sanitary standards.
These processes can concentrate on certain elements of the manufacturing process when they

are incorporated into a quality management system. An industrial establishment adopts a



documented practice called a hygiene policy. It demonstrates the standard of cleanliness that
the industry must guarantee and the commitment to uphold it. Products and substances must be

categorized according to the level and frequency of danger, such as:
e dangerous goods; ® Low risk products; ® medium risk products.

Because employee contamination is one of the most common issues in the food industry, it is
essential to maintain a sufficient level of cleanliness and adhere to the standards for staff

hygiene. Required actions include:
= routine medical examinations of staff members' health;

= training courses on proper hygiene; protective gear; and hygienic production techniques that

prevent contamination.

When thorough cleaning and washing are incorporated into hygienization plans, which include
routinely cleaning the equipment and areas, they are effective. Since they are a significant
source of biological risks, it is imperative that their presence be minimized and prevented at all
costs (Heggum, 2001). In order to prevent pest contamination, the following measures must be

installed:

= insect and rodent protective screens at all doors and windows;

= protection racks at the windows. Examining the supplied materials to determine whether or
not they are polluted is another aspect of it.
If the equipment is not properly maintained or designed, contamination may result. The

following equipment should be examined on a regular basis: = ventilation equipment; =
compressed air installations; = water pipes; = steam pipes; = residues: repair and evacuation;

= electrical lighting; = pool cleaning; = pipes, bends, and seals. These maintenance and
hygiene guidelines are intended to guarantee that manufactured goods won't endanger the
health of their users. A good starting point for implementing the HACCP system is the hygiene
practices (Jouve, 1999). In order to operate effectively, an organization and its workforce must
be able to handle and carry out the HACCP plan; for this reason, foresight exercises may be
helpful. SSOPs, which cover operational procedures and maintenance instructions for
equipment, can be created in conjunction with GMPs. Current Good Manufacturing Practices,

or CGMPs, outline the guidelines that companies must adhere to in the United States. Its goal



is to prevent any hazards from appearing in the finished product.

CGMPs provide clarifications on:

A) General specifications: e definitions; ® people; ® exceptions; e current manufacturing
methods.

B) Structures and extensions: e the factory and the land; e hygiene control; e hygiene
operations.

C) Equipment: e tools and equipment.

D) The control of production and processes: ® the procedure and its examinations; ®
distribution and storage;

E) defects: ° inherent or inevitable defects in food.
Finding the system's weaknesses can be aided by routinely auditing the procedures it uses.
Once the weak places have been identified, they can be used as focal points where efforts
should be directed to prevent the hygiene measures from failing. In order to determine the
relevance of a risk, further information can be provided when analyzing the likelihood or
probability of the risk occurring statistically along with its severity. Decisions and actions will

be consistent if risks are ranked according to their importance.

Some arguments from the organization's recent past can be used to swiftly settle the facts when

analyzing the possibility of a risk occurrence in the absence of statistical data. These include:
= the high incidence of certain emergencies;
= regular examinations;

= negative audit reports; a high number of reclamations and significant litigation expenses;

high scrap costs; a delay in the launch of new projects; and challenges with the GMP
application. If hygiene programs are implemented and working well, consideration should be

given to other requirements and how well they work, like:

= excellent manufacturing procedures;

= handling procedures; registering concerns;

= the way a quarantine situation seems;

the presence of a quality control system;



= enhancing the in-line registration techniques at the crucial control points;
= updating and maintaining equipment schedules;

= laboratory testing methods to validate the results and the degree of confidence they provide;

Revision of the results collected from the inspections on a regular basis, crisis management

programs, and registration traceability.

The anticipated outcomes following the use of the HACCP procedures and prerequisites: ®
Since zero risk food is still elusive in the food sector, these solutions will not totally eliminate
the identified risks; risk is claimed to be lowered to an acceptable level. ® A few advantages
that arise from implementing HACCP systems and hygiene procedures include: the presence
of a quality control system; = enhancing the in-line registration techniques at the crucial
control points; = updating and maintaining equipment schedules; = laboratory testing
methods to validate the results and the degree of confidence they provide; Revision of the
results collected from the inspections on a regular basis, crisis management programs, and

registration traceability.
10.7.3. Outcomes.
The anticipated outcomes following the use of the HACCP procedures and prerequisites:

e Since zero risk food is still elusive in the food sector, these solutions will not totally eliminate

the identified risks; risk is claimed to be lowered to an acceptable level.

e A few advantages that arise from implementing HACCP systems and hygiene procedures

include:
10.8. Food-borne illnesses.

Food-borne illnesses constitute a major global issue. According to the World Health
Organization, third-world countries account for at least 109 instances of gastrointestinal
disorders annually, resulting in mortality rates exceeding 5x106, particularly in young children
(Encyclopaedia of Food Science, 1993). These illnesses cause misery and financial loss, and

they have enormous economic repercussions. (FDA Report, 2004).

These numbers are the equal of the contaminated goods that were taken off the market, the

contaminated product stocks that were destroyed, and other related expenses. Over the past 20



years, consumers, institutions, and related organizations have become more interested in
identifying the causes of diseases linked to specific food use. The good news is that new data
shows significant drops in foodborne infections caused by common bacterial pathogens in the
United States in 2004 (FDA, 2005). E. Coli O157:H7 infections declined 42 percent,
Campylobacter infections reduced 31 percent, Yersinia infections decreased 45 percent, and
Salmonella infections decreased 8 percent between 1996 and 2004.Epidemiological data
collected between 1981 and 2004 showed an overall rise in the number of cases reported. Since
the number of reported instances vs the overall number of cases influences the growing trend
at the end of the 1990s, it should be viewed cautiously. The actual prevalence of foodborne
illnesses, for instance, is still neglected in third-world nations, as is widely acknowledged
today. Hazards must be recognized and their causes must be removed in order to eradicate these
catastrophic consequences. To prevent dangers in the final products, every potential path of

contamination should be examined and controlled.
10.8.1. Foodborne agents

It is necessary to assess the foodborne agents' negative potential in light of their capacity to
cause diseases and the possibility that they would be present in the product. First, pathogenic
or disease-causing bacteria can be examined based on the types of illnesses they can cause,
such as food poisoning or infections. Typhoid fever, brucellosis, and tuberculosis are among
the infections that might develop after consuming food that has few live pathogenic agents. It
is not required that they be replicated on the product. Ingestion of food containing preformed
toxins, such as those produced by Clostridium spp. and Staphylococcus aureus, can result in
food poisoning or intoxications. For food intoxications to occur, the bacteria that cause them

must proliferate on the product.

Numerous intrinsic (i.e., the product's chemical composition, pH, aw, etc.), extrinsic (i.e.,
humidity, temperature, ventilation, oxygen presence, etc.), and technological factors (i.e.,
packaging, the addition of NaCl, the duration and intensity of the heat therapy applied, and
others) factors influence the growth, which occurs under specific conditions. Large amounts of
bacteria in food can cause foodborne infections, and when they are consumed and cause toxins
in the host organism, foodborne toxic illnesses are created. Toxic infections are frequently

caused by food viruses and bacteria in North America and Europe.

¥ BACTERIA. Salmonella, Clostridium perfringens, Staphylococcus aureus, and Cl are

bacteria. Both Bacillus cereus and botulinum



€ VIRUSES. Norwalk virus, parvovirus, and hepatitis A virus

¢

MOULDS. Aspergillus flavus and Claviceps purpurans molds (foodborne aflatoxins)

€ MARINE PROTOZOA. Protozoa in the sea Some species of Dinophys (diarrheic
shellfish poisoning), Prorocentrum lima, Gambierdiscus toxicus (ciguatera poisoning), and
Gonyaulax tamarensis (paralytic crustacean poisoning)

€ PARASITES.Parasites, including amoebas, Giardia lamblia, Taenia solium, Trichinella
spiralis, and protozoa The Entamoeba histolytica and Cryptosporidium

€ Chemicals insecticides, herbicides, fungicides, heavy metals (lead, zinc, copper, cadmium,
mercury, arsenic, and antimony), and cleaning and disinfection agents.

€ Hazardous plants Red beans (Phaseolus vulgaris), apricot core, and germinated potatoes

€ Animals that are toxic Scombrotoxin from undercooked herring (histamine)

(Macrae et al., 1993)

Analyzing the emerging pathogens, which represent agents that were not previously recognized
to cause diseases, is a crucial step in recognizing the dangers. The experts who are aware of
the ongoing emergence of foodborne microbial infections are the ones who should perform this
analysis. There are lists of the main sources of food for contamination as well as the
microorganisms that cause disease. Depending on the geographic location, the prevalence of
the various agents (such as parasites, protozoa, naturally occurring poisonous compounds, or
synthetic substances) in food can vary. However, mycotoxines such as aflatoxins, patulin, and
vomitoxin—the majority of which are produced by fungi—are known to have a significant

potential for widespread toxicity.

Protozoa and parasites such as Giardia intestinalis and Trichinella spiralis are also widespread
threats. It also depends on the level of technology used in production as well as the hygienic
practices used during food preparation. Employees who came into interaction with the food
throughout production and handling are a significant source of disease agent contamination.
shows the routes by which staff members contaminate food. It is safer and less expensive to
use preventative measures to keep biological hazards under control rather than depending

solely on testing and final testing, which can only demonstrate the existence of specific issues.

Any food business can successfully implement a HACCP plan by conducting a thorough
analysis of the hazards (physical, chemical, and biological), implementing preventative

measures, setting up efficient monitoring systems, and settling any relevant corrective actions.



Microorganism Incubation period (h) Discase length Symptoms

0 1 2 3

Salmonella 648 (usually 12:36) 147 days diarrhoea. abdominal
(infecuons) pains, vomiting, fever

Staphylococcus 2:6 6:24h naused, vomiting,
aureus (release diarrhoea, swoon,
toxins in the dehydration in the
product)} mOSL SeTious cases

Clostridium 8:22 24:48h diarthoea, abdominal
perfringens pains. nausea
(release toxins in
the bowel)

Clostridium 12:96(usually Death in 24h=8 tiredness, dizziness,
botulinum 18=36) days or convales- diarthoea followed by
(release toxins cence 68 h constipation, implica-
in the product) tion of the central

nervous system,
perturbation of
speaking and sight

Bacillus cereus Vomit syndrome: 156 624 h nausea, vomiling,
(release toxins in watery diarrhoea
the product)

Diartheic syndrome: 18224 h abdominal pains, nausea
816 sometimes

Bacillus subtilis <l=+14(an average of 1.5¢8 h vomiting, diarrhoea,
(release toxins 2:5) abdominal pains,
in product) nausea

Bacillus licheniformis 2:14(an average of 8) 6324 h diarthoea, vomiting,
(release toxins abdominal pains
in product)

Escherichia coli 1272 147 days diarrhoea with blood
(infecuon + toxin) and mucus

Vibrio parahaemaly- 2:48(usually 12=18) 25 days abundant diarrhoea,
ticus (infection) abdominal pains,

vomit, fever, some
tumes dehydration

Yersinia enterecolitica  24=36(3=5 days) 3:5 days from moderate diarrhoea
{infection) to chronic enteritis

Streptococcus 3:22 2448 abdominal pains, vomit,
(toxins in product diarrhoea
+ mfection)

Campyiobacter 35 days Days or weeks fever. head aches,

Jjejuni (infection) abdominal pains,
abundant diarthoea
with blood

Listeria 1+70 days from few days to years, with a high rate of

monocytogenes' mortality (approximately 30%)

(Macrae et al., 1993)



Agent Source
0 1
Salmonella raw meat (pork, beef and poultry), uncooked milk, eggs

Staphylococcus aureus

Clostridium perfringens

Clostridium botulinum

Bacillus cereus and other
Bacillus spp.

Escherichia coli

Vibrio parahaemolyticus

Yersinia enterocolitica

Streptococcus
Campylobacter jejuni
Listeria monocytogenes

Viruses

meat products and sweets (which are manipulated a lot during
preparation), dairy products (especially the ones obtained
from unpasteurized milk)

raw meat (poultry also), dry foods. vegetables, spices, greens

inappropriate kept meat, fish and vegetables

cereals, dry foods, diary products, meat and meat products,
greens, spices, vegetables

agricultural raw materials, especially animal origin

raw and cooked fish, crustaceans, sea fruits

raw meat (poultry also), meat products, milk and diary
products, vegetables

uncooked milk, raw meat (pork, beef and poultry), products
prepared by infected people

raw poultry meat, uncooked milk or unpasteurized, untreated
water

meat (pork. beef and poultry), soft cheese and other diary
products, vegetables, crustaceans

crustaceans, cold snacks prepared by infected workers

Main pathogenic microorganisms which produce food poisoning (Macrae et al., 1993)
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