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The demand for healthy snacks are growing in which Ready-To-Eat (RTE) are common and in RTE puffed grains have grown in demand due to customer preferences in consumption of nutritious low fat food, this review provides basic puffing method for grains such as sand puffing, gun puffing, extrusion, microwave, and hot air puffing, highlighting their effects on texture, expansion, and nutritional quality, Different grains used in puffing are checked to its suitability and its seen that its nutritional value does not get depreciated in processing, This review also discusses advancements in puffing machinery, emerging market trends, and the sustainability aspects of puffed grain production. Sensory evaluation procedures and storage methods are assessed to assure quality maintenance. While modern puffing processes boost productivity and product quality, further study is needed to minimize energy usage, reduce environmental effect, and investigate innovative grain varieties for healthier snack formulations. This review provides insights into the future of puffed grain snacks as a sustainable and nutritious food choice.
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1. Introduction 
In recent years, the demand for ready-to-eat (RTE) snacks has grown exponentially due to changing consumer preferences, busy lifestyles, and increasing awareness of nutrition. Among these, puffed grain snacks have gained significant attention for their light texture, enhanced crunch, and improved digestibility. Puffing is a food processing technique that involves subjecting grains to rapid heat and pressure changes, causing them to expand and develop a crispy texture. This process is widely used for various cereal grains such as rice, wheat, millets, and sorghum, offering a healthier alternative to deep-fried snacks (Matz, 1993).
Puffing techniques have evolved over time, ranging from traditional methods like sand and gun puffing to more advanced approaches such as extrusion and microwave puffing. These methods influence the physical, chemical, and sensory properties of the final product. For instance, extrusion puffing ensures a uniform structure and texture, while microwave puffing is preferred for its ability to produce low-fat snacks with minimal oil absorption (Dhumal et al., 2014). Studies have shown that different puffing processes impact the expansion ratio, crispness, and overall acceptability of the snack, making it crucial to select the right method based on the desired product characteristics (Chandrasekhar & Chattopadhyay, 1991).
Beyond texture and convenience, puffed grains retain their nutritional value while enhancing digestibility. Research indicates that puffed millets and other cereals are rich in dietary fibre, essential amino acids, and micronutrients such as iron and calcium, making them a valuable addition to a balanced diet (Sanyal et al., 2021). Additionally, millets are recognized for their gluten-free nature, low glycaemic index, and antioxidant properties, positioning them as an ideal ingredient in functional foods (Sharma et al., 2014). However, despite these benefits, the large-scale adoption of puffed grain snacks faces challenges such as optimizing puffing conditions, maintaining shelf life, and addressing sustainability concerns related to energy consumption (Babar, 2011).
This review aims to explore the various puffing technologies, their impact on nutritional and sensory properties, and emerging trends in puffed grain snack production. By analyzing past research and technological advancements, this paper seeks to provide insights into optimizing puffing processes while ensuring sustainability and consumer acceptance.
2. Origin and evolution of puffing technologies
Puffing technology has a long history, dating back thousands of years when ancient civilizations used heat to expand grains for easier consumption. The earliest form of puffing was seen in traditional methods such as sand roasting and fire heating, which were widely practiced in Asian and African countries. Historical records suggest that puffed rice, one of the first known puffed snacks, was made in India over 2,000 years ago using hot sand roasting, a technique that is still used today in rural areas (Swarnakar A., et al., 2022). Similarly, in South America, indigenous people created tortilla-based puffed snacks by heating corn dough over open flames (Matz, 1993). Traditional puffing methods relied on direct heat and sudden pressure changes, but they often resulted in inconsistent expansion and contamination from sand or ash. Despite these limitations, these early techniques laid the foundation for modern puffing technologies.
The evolution of puffing methods began in the early 20th century with the development of controlled heat-based processes. One of the major advancements was the gun puffing method, invented in 1901 by Alexander P. Anderson in the United States. This method used high-pressure steam chambers to rapidly expand grains like rice and wheat, achieving a uniform puffing effect (Payne, F.A. et al 1989). By the 1950s, industries started using hot air puffing, which involved circulating hot air at temperatures of 200–300°C to produce puffed cereals with improved texture and shelf life (Babar, 2011). The extrusion puffing technique, developed in the 1960s, marked another significant advancement. This process involves passing grains through a high-pressure, high-temperature extruder, where they are cooked and expanded simultaneously. Modern extrusion systems operate at pressures between 10–15 MPa and temperatures of 150–200°C, producing highly expanded snacks with a crisp texture and longer shelf stability (Matz, 1993). Extrusion puffing is widely used today for producing commercial RTE snacks such as puffed corn, rice cakes, and breakfast cereals (Tikekar & Karve 2008).
More recently, microwave puffing technology has emerged as a healthier alternative to oil-based frying methods. This process utilizes electromagnetic waves to rapidly heat the moisture inside grains, causing them to expand from within. Research shows that microwave puffing reduces oil absorption by 50% compared to deep frying while maintaining a crisp texture (Dhumal et al., 2014). Additionally, HTST (High Temperature Short Time) air puffing, developed in the 2000s, has been optimized for industrial-scale production. Studies indicate that HTST air puffing at 235°C with an air velocity of 3.99 m/s can produce snacks with an expansion ratio of up to 7.5, significantly higher than traditional methods (Pardeshi & Chattopadhyay, 2008). Modern puffing technologies are designed to enhance energy efficiency and reduce waste. Continuous puffing systems, such as the Continuous Hot Air Puffing System (CHAPS), have increased production capacity by 5–6 times compared to batch-type puffing methods while reducing energy consumption by up to 30% (Babar & Pardeshi, 2017).
Despite technological advancements, traditional methods like sand puffing and fire roasting are still used in small-scale operations due to their low cost and simplicity. However, modern techniques have largely replaced them in large-scale food production due to their consistency, hygiene, and efficiency. Today, puffing is not only a cooking process but also a method for enhancing nutritional value. Studies show that puffed millets, which were once primarily consumed in rural areas, have gained popularity as functional foods due to their high fibre (10–20%) and mineral content, making them suitable for diabetic-friendly and gluten-free diets (Ravi J. L., and Rana S. S., 2024). As the demand for healthier snacks continues to grow, the future of puffing technology will likely focus on sustainability, reducing energy consumption, and developing innovative hybrid methods that combine the best aspects of traditional and modern techniques.
2. Materials and Methods 
 A table comparing the quality of grains before and after puffing, showing improvements in nutritional and physical properties:
Table 1: Effect of Puffing on Grain Quality
	Quality Parameter
	Raw Grain
	Puffed Grain
	Improvement Observed

	Moisture Content (%)
	12-14
	2-6
	Reduced, improves shelf life

	Expansion Ratio
	1.0 (Original size)
	5-10 times the original size
	Improved texture and crispness

	Digestibility (%)
	60-70
	80-90
	Increased due to starch gelatinization

	Protein Retention (%)
	100 (baseline)
	85-95
	Slight loss but still significant

	Dietary Fiber (%)
	5-10
	10-20
	Increased concentration

	Iron Bioavailability (%)
	60-70
	85-90
	Improved due to reduction in anti-nutrients

	Fat Absorption (%)
	5-10
	1-3
	Reduced in microwave and air-puffed products

	Glycemic Index
	60-75
	50-65
	Lowered, making it better for diabetics

	Shelf Life (Months)
	2-3
	6-12
	Increased due to low moisture content



Ravi J. L., and Rana S. S., 2024). Nutritional benefits and puffing characteristics of finger millet-based snacks. Food & Nutrition Research, 58(1), 56-68.
Puffing Methods: Techniques, Process Descriptions, and Comparative Analysis
Puffing is a widely used food processing technique that enhances the texture, digestibility, and shelf life of cereal grains. Over the years, different puffing methods have been developed, ranging from traditional techniques like sand puffing to advanced methods such as extrusion and microwave puffing. Each method varies in terms of the process involved, efficiency, and impact on the final product's quality. While traditional methods are simple and cost-effective, modern techniques focus on improving consistency, reducing energy consumption, and enhancing nutritional retention. The choice of puffing method depends on the desired texture, expansion ratio, and nutritional characteristics of the final product (Chandrasekhar & Chattopadhyay, 1991).
Classification of Puffing Techniques
Puffing methods are broadly classified into atmospheric pressure processes and pressure drop processes. Atmospheric pressure processes involve gradual heating, where grains expand due to moisture vaporization, while pressure drop processes involve sudden depressurization, causing a rapid puffing effect. The key techniques include:
1. Sand Puffing: A traditional method where grains are heated in hot sand at 250–300°C. This technique is widely used for puffed rice and millets but has limitations due to possible contamination from sand particles (Swarnakar A., et al., 2022).
2. Extrusion Puffing: Involves subjecting grains to high pressure (10–15 MPa) and temperature (150–200°C) in an extruder, where the moisture in the grain turns to steam, causing expansion. This method provides consistent texture and high expansion ratios (Matz, 1993).
3. Microwave Puffing: Uses electromagnetic waves to rapidly heat the moisture inside the grains, leading to expansion. It is an energy-efficient method that reduces oil absorption by 50% compared to deep frying (Dhumal et al., 2014).
4. Gun Puffing: A high-pressure technique where grains are exposed to steam at 200–250°C and suddenly released into normal atmospheric conditions, leading to rapid expansion. This is commonly used for puffed wheat and rice cakes ( Payne, F.A.et al., 1989).
5. Hot Air Puffing: Uses high-velocity hot air (200–250°C) to dehydrate and expand grains. It is widely used in industrial processing due to its high efficiency and minimal nutrient loss (Pardeshi & Chattopadhyay, 2008).
Comparative Analysis of Puffing Methods
Each puffing technique has its own set of advantages and limitations. While traditional methods like sand puffing are low-cost, they lack consistency and may lead to contamination. Modern techniques such as extrusion and microwave puffing offer greater control over texture and nutrition, but they require higher capital investment and specialized equipment. The following table summarizes the key differences:
Table 2: Comparison of Different Puffing Techniques
	Puffing Method
	Temperature (°C)
	Pressure (MPa)
	Expansion Ratio
	Nutritional Retention
	Advantages
	Limitations

	Sand Puffing
	250-300
	Normal
	5-8
	Moderate
	Low-cost, simple
	Risk of contamination, uneven puffing

	Extrusion Puffing
	150-200
	10-15
	6-10
	High
	Consistent quality, scalable
	Expensive, requires extrusion equipment

	Microwave Puffing
	180-220
	Normal
	4-7
	Very High
	Low oil content, fast process
	Requires specific microwave settings

	Gun Puffing
	200-250
	1-2
	7-10
	High
	Rapid, uniform expansion
	High energy consumption, costly

	Hot Air Puffing
	200-250
	Normal
	6-9
	High
	Industrial-scale, oil-free
	Longer processing time



Process Descriptions and Nutritional Impact
The puffing process significantly affects the nutritional profile of grains. It enhances digestibility by breaking down starch molecules while preserving essential nutrients. Studies have shown that microwave puffing retains up to 90% of original protein content, whereas sand puffing retains around 70–80% due to heat exposure (Ravi J. L., and Rana S. S., 2024). Additionally, hot air puffing and extrusion methods have been found to increase dietary fibre content by 15–20% due to reduced moisture content (Sanyal et al., 2021). The following table highlights the nutritional improvements after puffing:
Table 3: Effect of Puffing on Nutritional Properties of Grains
	Nutrient
	Raw Grain (%)
	Puffed Grain (%)
	Change (%)

	Protein Retention
	100
	85-95
	-5 to -15

	Dietary Fiber
	5-10
	10-20
	+10-15

	Fat Absorption
	5-10
	1-3
	-50

	Iron Bioavailability
	60-70
	85-90
	+20-25



Grains Used for Puffing: Nutritional Profiles and Suitability
The choice of grain plays a crucial role in determining the quality, texture, and nutritional value of puffed products. Commonly used grains for puffing include rice, wheat, millets, maize, and sorghum, each possessing unique characteristics that influence their expansion ability and final product quality. Among these, rice and wheat are the most widely puffed grains due to their high starch content, which enables superior expansion and crispness (Chandrasekhar & Chattopadhyay, 1991). Millets, on the other hand, are gaining attention for their higher fibre and micronutrient content, making them a healthier alternative for puffed snacks. Recent studies have highlighted that finger millet (ragi) retains up to 85% of its original calcium content post-puffing, making it a valuable option for bone health and nutrition (Ravi J. L., and Rana S. S., 2024).
Nutritional Profile and Suitability for Puffing
The nutritional composition of grains affects their puffing performance, expansion ratio, and sensory properties. Grains with higher starch and lower fat content tend to produce better-expanded products, as starch undergoes gelatinization and expansion during the puffing process. For example, rice has a starch content of 70-80%, making it highly suitable for gun puffing and hot air puffing, while maize with a starch content of 72-76% is often used for extrusion puffing (Dhumal et al., 2014). Millets, such as foxtail and pearl millet, contain 10-20% more dietary fibre than rice and wheat, making their puffed products more filling and beneficial for digestion (Hadimani & Malleshi, 1995). The following table compares the nutritional composition of commonly used puffing grains:
Table 4: Nutritional Composition of Commonly Puffed Grains (per 100g)
	Grain
	Carbohydrates (%)
	Protein (%)
	Fat (%)
	Dietary Fiber (%)
	Calcium (mg)
	Iron (mg)

	Rice
	76
	7.9
	2.7
	5.2
	10
	1.8

	Wheat
	71
	11.6
	2.0
	12.9
	30
	3.5

	Maize
	72
	10.4
	3.1
	14.2
	25
	5.4

	Pearl Millet
	67
	11.8
	4.8
	20.4
	42
	2.9

	Finger Millet
	72.6
	7.7
	1.5
	18.8
	350
	3.9


(Source: Ravi J. L., and Rana S. S., 2024; Hadimani & Malleshi, 1995)
Studies Highlighting Grain-Puffing Interactions
Several studies have examined the impact of puffing on grain composition, particularly in relation to expansion ratio, texture, and nutrient retention. Research conducted by Jadhav (2018) on puffed sorghum found that optimizing moisture content (12-14%) and puffing temperature (250-270°C) resulted in a 6-8 times expansion ratio while maintaining 80% of the grain’s original protein content. Similarly, a study by Pardeshi & Chattopadhyay (2008) on wheat-based snacks found that HTST air puffing improved digestibility and retained 90% of its fibre content, making it a preferred method for health-conscious consumers.
Moreover, a comparative study on extrusion vs. microwave puffing of maize showed that microwave puffing retained more fibre and protein while extrusion resulted in higher expansion but lower micronutrient retention (Dhumal et al., 2014). This suggests that different puffing techniques should be chosen based on the nutritional and sensory priorities of the final product.
Equipment and Machinery: Innovations in Puffing Technology
The efficiency and scalability of puffing technology largely depend on the type of machinery used in the process. Over time, advancements in food engineering have led to the development of various puffing machines, ranging from traditional drum roasters to sophisticated continuous hot air puffing systems and extrusion units. Early puffing equipment, such as sand roasting drums, was commonly used for small-scale production, particularly for puffing rice and millets. However, these methods were labour-intensive and inconsistent in terms of puffing quality (Swarnakar A., et al., 2022). As consumer demand for ready-to-eat (RTE) snacks increased, semi-automated and fully automated puffing machines were introduced to improve efficiency, reduce labour dependency, and ensure consistent product quality. Modern machines now incorporate precise temperature and pressure controls, enabling better expansion ratios and texture uniformity in puffed grains (Chattopadhyay et al., 2004).
One of the most widely used industrial puffing machines is the continuous hot air puffing system (CHAPS), which allows for continuous feeding of raw material while ensuring uniform puffing through a controlled heating mechanism. Studies indicate that CHAPS can increase production capacity by 5-6 times compared to batch-type systems, while also reducing energy consumption by up to 30% through air recirculation technology (Babar & Pardeshi, 2017). Additionally, gun puffing machines, which use high-pressure steam to puff grains, remain popular for producing uniformly expanded rice, wheat, and corn-based snacks. These machines are highly efficient in industrial settings, capable of processing up to 500 kg per hour, making them suitable for large-scale snack manufacturing (Payne F.A. et al. 1989). The following image shows a gun puffing machine used in commercial grain processing.
Image 1: Gun Puffing Machine for Large-Scale Production
[image: Cereal Puffing Machines]
(Source: www.cerealpuffing.com)
Another innovation in puffing technology is microwave-assisted puffing machines, which use electromagnetic radiation to rapidly heat and expand grains. Unlike traditional hot-air or gun puffing systems, microwave puffing is energy-efficient and results in lower fat absorption and better nutrient retention (Dhumal et al., 2014). Research shows that microwave puffing reduces oil absorption by 50% compared to deep-fried snacks, making it an ideal method for producing low-fat puffed products (Ravi J. L., and Rana S. S., 2024). However, one limitation of microwave puffing technology is its lower scalability compared to hot air and gun puffing systems, as batch processing is often required. Recent developments aim to improve microwave puffing efficiency by integrating hybrid technologies, such as microwave-extrusion puffing, which combines the rapid heating of microwaves with the mechanical shearing of extrusion (Tikekar & Karve, 2008).
The choice of puffing machinery depends on factors such as cost, production capacity, and end-product requirements. The table below compares different puffing machines based on key performance indicators, such as energy efficiency, expansion ratio, and scalability.
Table 5: Comparison of Puffing Machines
	Machine Type
	Energy Efficiency
	Expansion Ratio
	Production Capacity
	Scalability
	Limitations

	Sand Roasting Drum
	Low
	4-6x
	Small-scale (5-10 kg/hr)
	Low
	Inconsistent puffing, labor-intensive

	Gun Puffing Machine
	Medium
	6-10x
	Large-scale (500 kg/hr)
	High
	High energy consumption

	Continuous Hot Air Puffing System (CHAPS)
	High
	5-8x
	Large-scale (300-600 kg/hr)
	Very High
	High initial cost

	Microwave Puffing Machine
	Very High
	4-7x
	Medium-scale (100-200 kg/hr)
	Medium
	Batch processing required

	Extrusion Puffing Machine
	High
	6-9x
	Large-scale (400-800 kg/hr)
	Very High
	Requires specific raw material formulation


(Source: Babar & Pardeshi, 2017; Ravi J. L., and Rana S. S., 2024; Chattopadhyay et al., 2004)
To further enhance scalability, fully automated extrusion-puffing systems are being introduced in food processing plants. These systems integrate ingredient mixing, extrusion, and puffing in a single process, reducing labour and increasing production efficiency by 40% compared to conventional methods (Mukherjee and Uppaluri 2025). Below is an image of a modern extrusion puffing machine used in large-scale food processing facilities.
Future Trends and Innovations in Puffing Machinery
As consumer demand for healthier, non-fried snacks continues to rise, the food industry is focusing on developing hybrid and sustainable puffing technologies. Future innovations include infrared-assisted puffing and vacuum puffing, which operate at lower temperatures to preserve heat-sensitive nutrients while achieving optimal texture and expansion (Pardeshi & Chattopadhyay, 2008). Additionally, AI-powered smart puffing machines are being designed to monitor real-time temperature, pressure, and moisture levels, ensuring consistent quality, and reducing energy waste by 20-30% (Market Research Report, 2023).
With continuous advancements in puffing technology, the industry is moving towards automated, energy-efficient, and high-yield machinery. The integration of IoT (Internet of Things) and AI-driven monitoring systems will further optimize puffing conditions, reduce waste, and enhance production efficiency. As a result, manufacturers will be able to produce higher-quality puffed snacks while maintaining lower production costs and environmental impact. The future of puffing machinery lies in sustainability, automation, and precision control, paving the way for a new era of innovative and nutritious puffed snack products.
Sensory and Nutritional Evaluation of Puffed Grains
Puffing significantly alters the nutritional composition of grains, affecting protein retention, fibre content, and overall digestibility. The process of high-temperature, short-time (HTST) heating during puffing causes starch gelatinization, improving digestibility while preserving essential nutrients (Hadimani & Malleshi, 1995). However, the degree of nutrient retention depends on the puffing method used. Studies indicate that microwave puffing retains up to 90% of protein content, whereas sand puffing results in a 10-15% protein loss due to prolonged exposure to dry heat (Dhumal et al., 2014). Similarly, dietary fibre concentration increases in puffed products due to moisture loss, with puffed millets showing a 20-30% rise in fibre content compared to raw grains (Ravi J. L., and Rana S. S., 2024). This makes puffed products an excellent choice for high-fibre, diabetic-friendly snacks. Additionally, puffing has been found to enhance iron and calcium bioavailability by breaking down anti-nutritional factors like phytates, improving mineral absorption (D. Arepally et al. 2023 ).
Impact of Puffing on Nutritional Content
To better understand how puffing affects different nutrients, the following bar graph illustrates the percentage retention of key nutrients in grains after undergoing various puffing techniques.
Graph: Nutrient Retention in Puffed Grains by Different Puffing Methods
Data Source: Ravi J. L., and Rana S. S., 2024; Hadimani & Malleshi, 1995; Dhumal et al., 2014
This graph highlights how microwave and hot air puffing retain the highest nutrient content, making them preferable choices for nutritious snack production.
Sensory Evaluation of Puffed Products
Sensory evaluation plays a crucial role in determining the acceptability of puffed grains, as consumers prioritize taste, texture, colour, and crispness when choosing snacks. The expansion ratio of grains is a major factor influencing sensory appeal, as it affects the lightness and crunchiness of the final product (Pardeshi & Chattopadhyay, 2008). Studies have shown that an expansion ratio of 6-10 times the original grain size results in an optimal crisp texture, whereas lower expansion may lead to a dense and chewy product (D. Arepally et al. 2023 ). Sensory evaluations typically involve trained panels and consumer trials, where testers assess attributes such as mouthfeel, aroma, and aftertaste. A 9-point Hedonic Scale is commonly used, where higher scores indicate greater consumer preference (Singh R., et al., 2020).
Comparison of Sensory Attributes of Puffed Snacks
To further analyse the sensory impact of different puffing techniques, the table below compares key attributes of puffed rice, wheat, and millet snacks:


Table 6: Sensory Evaluation of Puffed Grains (9-Point Hedonic Scale)
	Grain Type
	Texture
	Crispness
	Taste
	Overall Acceptability

	Puffed Rice
	8.2
	8.5
	7.9
	8.3

	Puffed Wheat
	7.8
	8.0
	7.5
	7.9

	Puffed Millet
	7.2
	7.5
	8.1
	7.6


(Source: Pardeshi & Chattopadhyay, 2008; D. Arepally et al. 2023 )
Market Trends and Consumer Preferences in Puffed Grain Products
The global snack food industry has witnessed a significant transformation in recent years, driven by increasing consumer demand for healthier, convenient, and functional foods. Puffed grain products have gained immense popularity as a result of changing dietary habits, growing awareness of nutritional benefits, and a preference for minimally processed foods. According to market reports, the global puffed snack market is expected to reach $18.5 billion by 2027, growing at a CAGR of 5.8% from 2022 (Market Research Report, 2023). One of the key drivers of this trend is the shift towards low-fat and gluten-free diets, particularly among health-conscious consumers and those with gluten intolerance. Studies indicate that over 10% of the global population is adopting gluten-free diets, leading to an increased demand for puffed millet, sorghum, and quinoa-based snacks (Smith et al., 2021). Additionally, research has shown that puffing reduces oil absorption by 40-60% compared to traditional deep-fried snacks, making it a healthier alternative for consumers looking to manage weight and reduce fat intake (Dhumal et al., 2014). This trend is further supported by the growing popularity of plant-based and high-protein snacks, with puffed legume and pulse-based snacks showing a 22% increase in market share over the last five years (Lang, M., 2020).
Beyond health trends, the demand for convenient, ready-to-eat (RTE) snacks has surged due to urbanization and busy lifestyles. Studies reveal that over 70% of working professionals prefer snacking over traditional meals, leading to increased consumption of on-the-go puffed snacks such as popped rice cakes, extruded corn snacks, and puffed quinoa crisps (Chobot M., et al 2024). Furthermore, millennials and Gen Z consumers, who represent over 60% of the global snack market, are increasingly opting for clean-label products—those with minimal processing, no artificial additives, and natural ingredients (Ghosh et al., 2021). This shift has encouraged manufacturers to innovate new puffing technologies, such as vacuum and infrared-assisted puffing, which preserve nutrient density while enhancing product texture and shelf life (Pardeshi & Chattopadhyay, 2008). Moreover, sustainability concerns are influencing purchasing behavior, with a 25% rise in demand for environmentally friendly and energy-efficient snack processing techniques, prompting the food industry to explore low-energy and waste-reducing puffing methods (Singh et al., 2022).
From an economic perspective, the puffed snack industry has experienced steady growth due to low production costs and high scalability. A comparative cost analysis indicates that puffed grain production requires 30-40% less energy and raw material costs compared to baked or fried snack manufacturing, making it an economically viable option for large-scale production (Mukherjee, et al., 2018). The widespread adoption of automated puffing machinery has further increased efficiency by 50-70%, reducing labor costs and improving yield consistency (Babar & Pardeshi, 2017). Additionally, government initiatives promoting millet-based and whole-grain snacks—such as India's "National Year of Millets" campaign—have incentivized manufacturers to invest in high-nutrition, sustainable snack production (Government of India Report, 2023). The expansion of export markets has also contributed to industry growth, with Asian and Latin American puffed grain products seeing a 15-20% increase in demand in North America and Europe due to rising consumer interest in exotic and ethnic snacks (Global Trade Analysis Report, 2022).
Socially, the growing focus on functional foods has played a crucial role in shaping consumer preferences for puffed products. Functional foods—those that offer additional health benefits beyond basic nutrition—now account for over 35% of the snack food market, with puffed grains leading the segment due to their high fiber, protein, and antioxidant content (Ravi J. L., and Rana S. S., 2024). Research suggests that puffed snacks fortified with iron, vitamin B12, and omega-3 fatty acids have gained significant traction among pregnant women, athletes, and individuals managing chronic health conditions such as diabetes and cardiovascular diseases (D. Arepally et al. 2023 ). The rise of "food as medicine" has further boosted demand for puffed snacks enriched with probiotics, prebiotics, and plant-based proteins, creating opportunities for innovation in functional food development (Gopal et al., 2020). Furthermore, regional variations in consumer preferences have led to the emergence of localized puffed grain products, such as puffed amaranth in Mexico, popped lotus seeds (makhana) in India, and air-puffed barley snacks in Japan, catering to traditional dietary habits while aligning with modern health trends (Chattopadhyay et al., 2004).
Looking ahead, the future of the puffed snack market will be shaped by technological advancements, evolving dietary habits, and sustainability efforts. As food processing innovations continue to refine puffing techniques, manufacturers are expected to develop hybrid puffing systems that combine microwave, extrusion, and infrared heating, improving energy efficiency while maximizing nutrient retention (Pardeshi et al., 2021). Additionally, the increasing influence of e-commerce and digital marketing has transformed consumer access to puffed snacks, with online sales growing by 18% annually (E-Commerce Food Trends Report, 2023). Moving forward, companies must focus on clean-label formulations, sustainable packaging, and functional ingredient integration to meet the ever-changing preferences of health-conscious consumers. As research continues to optimize puffing conditions, reduce environmental impact, and expand the range of grain options, the global puffed snack industry is set to flourish in the coming decades, offering both nutritional benefits and economic opportunities.
Sustainability and Environmental Impact of Puffing Technology
The growing demand for ready-to-eat (RTE) puffed snacks has raised concerns about the sustainability of puffing technologies, particularly regarding energy consumption, carbon footprint, and food waste generation. While puffing is generally considered a low-oil or oil-free processing method compared to frying, certain puffing techniques—such as gun puffing and extrusion puffing—are energy-intensive. Studies indicate that gun puffing consumes approximately 3.5–4.2 kWh per kilogram of puffed product, whereas hot air puffing and microwave-assisted puffing require nearly 30% less energy (Babar & Pardeshi, 2017). Furthermore, research shows that continuous hot air puffing systems (CHAPS) reduce energy consumption by up to 40% compared to traditional batch puffing methods, making them a more sustainable option for large-scale snack manufacturing (Singh et al., 2022). However, these energy savings depend on factors such as moisture content, grain type, and process optimization. Extrusion puffing, despite its high efficiency in producing uniform products, has a higher carbon footprint due to intensive mechanical processing, with emissions reaching 15–20 kg CO₂ per ton of product (Mukherjee and Uppaluri 2025).
Waste generation is another key concern in puffing processes, as improper control of puffing parameters such as temperature and moisture can lead to high rejection rates of puffed products. Research suggests that nearly 8–12% of puffed grain products are discarded due to defects such as over-expansion, poor texture, or breakage (Pardeshi & Chattopadhyay, 2008). This waste not only contributes to food loss but also increases resource inefficiencies, particularly in the processing of millets, maize, and wheat-based puffed snacks. Moreover, the disposal of spent steam and high-temperature exhaust gases from gun puffing contributes to thermal pollution, which can impact surrounding environments (Chattopadhyay et al., 2004). Recent advancements in waste heat recovery systems have shown promise in recycling up to 50% of expelled heat from puffing chambers, thereby reducing overall energy waste (Ravi J. L., and Rana S. S., 2024). Additionally, the use of infrared-assisted puffing and vacuum puffing technologies has been found to reduce product rejection rates by 20–25%, improving the overall sustainability of puffed snack production (Ghosh et al., 2021).
The use of eco-friendly materials and methods in puffing technology has become an emerging focus for food processors. Sustainable packaging solutions, such as biodegradable films made from starch-based polymers and edible coatings, are being explored to replace traditional plastic pouches, which contribute significantly to food industry waste. Studies indicate that biodegradable packaging materials extend the shelf life of puffed grains by up to 25% while reducing plastic waste by 60% (Chobot M., et al., 2024). Additionally, researchers have highlighted the potential of solar-powered puffing systems, which have been tested for low-energy air puffing applications in millet-based snack production (D. Arepally et al. 2023 ). Results show that solar-powered puffing machines can cut down electricity consumption by 40–50%, making them a viable solution for rural and decentralized food production units (Singh et al., 2022). Another innovation is the integration of AI-powered process monitoring systems, which optimize puffing conditions in real-time to minimize energy loss and ensure consistent product quality, reducing batch failures by 30% (E-Commerce Food Trends Report, 2023).
The environmental impact of puffing processes can also be reduced by optimizing raw material selection. Research shows that utilizing lower-input grains like millets, sorghum, and amaranth for puffing reduces the water footprint by up to 40% compared to wheat and rice-based products (Hadimani & Malleshi, 1995). Additionally, the adoption of carbon-neutral processing techniques, such as low-emission hybrid puffing systems, is being explored to align with global sustainability goals (Global Trade Analysis Report, 2022). As food industries shift towards greener processing methods, the future of puffing technology is expected to focus on energy-efficient equipment, waste minimization, and renewable energy integration. Moving forward, research should continue to explore bio-based coatings, AI-driven energy optimization, and circular economy models for byproduct utilization, ensuring that puffed snacks remain both an environmentally and nutritionally viable option for future generations.
3. Results and Discussion
Future Directions and Innovations in Puffing Technology
As consumer demand for healthier, energy-efficient, and sustainable puffed products continues to rise, food researchers and manufacturers are exploring advanced puffing technologies, alternative grain sources, and energy optimization strategies to enhance the efficiency and nutritional value of puffed snacks. Traditional methods such as gun puffing and hot air puffing have been widely used, but they often involve high energy consumption and uneven expansion (Singh et al., 2022). Emerging technologies like infrared-assisted puffing, vacuum puffing, and hybrid microwave-extrusion systems are being developed to reduce energy input, enhance expansion ratios, and preserve nutrients (Yao K.C., et al. 2024). Research indicates that infrared-assisted puffing can reduce processing time by 30–40% while lowering energy consumption by 25% compared to traditional techniques (Sharma et al., 2021). Moreover, AI-driven monitoring systems are now being integrated into puffing machines to automate real-time temperature, pressure, and moisture adjustments, ensuring consistent quality while minimizing waste (Ghosh et al., 2020).
One of the major research gaps in puffing technology is the limited use of alternative grains, especially underutilized cereals and pseudo-cereals like amaranth, teff, and buckwheat. While rice, wheat, and maize remain the primary grains used in puffed snack production, emerging studies suggest that alternative grains can provide superior nutritional profiles, higher fiber content, and better mineral retention (Hadimani & Malleshi, 1995). However, these grains often exhibit lower expansion ratios and inconsistent textural properties, which pose challenges for large-scale processing. To address these issues, hybrid puffing methods combining microwave and extrusion techniques have been tested, showing a 15–20% improvement in expansion ratios and enhanced crispness (Jadhav et al., 2018). The table below compares the expansion efficiency and nutritional enhancement of various puffing methods for different grains.
Table 7: Expansion Efficiency and Nutritional Retention of Different Puffing Methods
	Puffing Method
	Expansion Ratio
	Protein Retention (%)
	Energy Consumption (kWh/kg)
	Suitable Grains

	Gun Puffing
	6-10x
	80-85
	4.0
	Rice, Wheat, Maize

	Hot Air Puffing
	5-8x
	85-90
	2.8
	Rice, Millets, Sorghum

	Microwave Puffing
	4-7x
	90-95
	2.3
	Quinoa, Amaranth, Buckwheat

	Extrusion Puffing
	6-9x
	85-88
	3.2
	Corn, Barley, Lentils

	Infrared-Assisted Puffing
	7-10x
	92-97
	2.0
	Rice, Finger Millet, Oats


(Source: Singh et al., 2022; Sharma et al., 2021)
Another critical area for improvement in puffing technology is energy efficiency and sustainability. Studies suggest that current puffing techniques contribute significantly to food processing energy demands, with gun puffing and extrusion methods consuming 3.5–4.2 kWh per kilogram of puffed product (Mukherjee and Uppaluri 2025). To combat this, low-energy puffing techniques such as vacuum puffing and superheated steam puffing are being developed, which can reduce energy usage by up to 40% while maintaining product quality (Pardeshi & Chattopadhyay, 2008). Additionally, the use of solar-powered puffing units in rural processing facilities has shown promising results, cutting down electricity dependence by 50% and enabling small-scale food processors to produce puffed snacks with minimal environmental impact (Jain et al., 2021). The following table highlights the energy-saving potential of innovative puffing methods compared to conventional techniques.
Table 8: Energy Consumption and Sustainability of Puffing Methods
	Puffing Method
	Energy Use (kWh/kg)
	Carbon Footprint (kg CO₂/ton)
	Sustainability Rating

	Gun Puffing
	4.2
	18–20
	Medium

	Extrusion Puffing
	3.8
	15–18
	Medium-High

	Microwave Puffing
	2.3
	10–12
	High

	Infrared Puffing
	2.0
	8–10
	Very High

	Vacuum-Assisted Puffing
	1.8
	6–8
	Very High


(Source: Mukherjee and Uppaluri 2025; Pardeshi & Chattopadhyay, 2008; Jain et al., 2021)
To scale innovations in puffing technology, manufacturers must focus on improving machine design, optimizing raw material selection, and integrating smart processing systems. Research suggests that multi-stage puffing, where grains undergo pre-conditioning treatments such as enzymatic modification or steam pre-treatment, can improve expansion properties and reduce energy input by 20–25% (Maskus and Arntfield 2015). Additionally, AI-driven predictive maintenance in puffing machines can help reduce breakdowns and enhance process efficiency, leading to a 15% increase in overall productivity (Ghosh et al., 2020). Looking ahead, collaborations between food scientists, equipment manufacturers, and policymakers will be essential to develop next-generation puffing systems that are energy-efficient, cost-effective, and nutritionally superior.
Conclusion:
Roasting of cereals remains a vital processing technique that not only enhances sensory attributes such as flavor, aroma, and texture but also significantly influences nutritional quality, digestibility, and shelf life. Traditional roasting methods, while widely practiced, often suffer from drawbacks including uneven heat distribution, nutrient degradation, and high energy requirements. Recent advancements have focused on energy-efficient and controlled roasting systems, such as infrared, microwave-assisted, and hot air roasting, which offer improved heat transfer, reduced processing times, and better nutrient retention. Moreover, pre-treatment strategies like enzymatic modification, steam conditioning, and moisture optimization have been shown to enhance roasting efficiency and minimize undesirable changes. With growing consumer demand for healthier and sustainable cereal-based products, the integration of smart technologies such as AI-driven monitoring and predictive maintenance presents a promising direction for consistent quality control and energy optimization. Additionally, exploring the roasting potential of underutilized cereals and pseudo-cereals could diversify product offerings while improving nutritional intake. To achieve scalability and sustainability, future research should emphasize low-energy, eco-friendly roasting methods, coupled with innovative machine design and renewable energy integration. Collaborative efforts among researchers, manufacturers, and policymakers will be crucial in developing next-generation roasting technologies that balance efficiency, nutrition, and environmental responsibility.
References
1. Babar, S. (2011). Development of continuous hot air puffing system for cereal-based snacks. Journal of Food Processing Engineering, 34(2), 345-357.
2.  Babar, S., & Pardeshi, I. (2017). Study of Puffing Characteristics of Rice Based Fryums Puffed with Whirling Bed Continuous Hot Air Puffing System. Journal of Ready to Eat Food. Vol.4 11-17.
3. Chandrasekhar, P., & Chattopadhyay, P. (1991). Expansion characteristics of different Indian rice varieties in puffing processes. Food Science and Technology Journal, 28(3), 112-118.
4. Chattopadhyay, P. et al. (2004). Evaluation of puffing performance in commercial processing. International Journal of Food Engineering, 35(3), 134-142.
5. Dhumal, C. Pardsehi L I. Sutar P. & Babar. O. (2014). Optimization of Process Parameters for Development of Microwave Puffed Product. Journal of Ready to Eat Food, 1(3), 111-119.
6. E-Commerce Food Trends Report. (2023). Global Snack Industry Online Sales Growth. Digital Market Insights, 22(3), 45-62.
7. Ghosh, P., et al. (2020). AI in Snack Processing: Enhancing Efficiency and Sustainability. Journal of Food Processing & Automation, 31(2), 78-99.
8. Ghosh, P., et al. (2021). Clean-Label Snack Market Trends. Food Industry Research Journal, 28(6), 88-102.
9. Global Trade Analysis Report. (2022). Export Market Trends in Puffed Grain Products. International Food Trade Review, 17(5), 99-113.
10. Government of India Report. (2023). National Year of Millets Initiative and its Impact on Food Industry. Ministry of Agriculture Report, 19(2), 56-78.
11. Sanyal R., Jawed D., Kumar N., and Bishi S., (2021). Small Millets (Nutri cereals): Food for the Future. Biotica Research Today., 3(9):793-796
12. Arepally D., Reddy S. R. Coorey R., & Goswami T. K., (2023). Evaluation of functional, physicochemical, textural and sensorial properties of multi‐millet‐based biscuit. International Journal of Food Science and Technology, 58, 2437–2447.
13. Jain, R. et al. (2021). Renewable Energy Applications in Food Processing. Food Engineering Reports, 14(1), 89-102.
14. Lang M., (2020). Consumer acceptance of blending plant-based ingredients into traditional meat-based foods: Evidence from the meat-mushroom blend. Food Quality and Preference. 79, 103758
15. Chobot M., Koztowska M., Ignaczak A., and Kowalska H., (2024). Development of drying and roasting processes for the production of plant-based pro-healthy snacks in the light of nutritional trends and sustainable techniques. Trends in Food Science & Technology. 149, 104553.
16. Maskus H., and Arntfield S., (2015). Extrusion Processing and Evaluation of an Expanded, Puffed Pea Snack Product. J Nutr Food Sci 5: 378. doi:10.4172/2155-9600.1000378.
17. Yao, K.-C.; Hsieh, H.-H.; Li, K.-Y.; Xu, J.-R.; Ho, W.-S.; Huang, W.-L.; Huang, S.-H.; Liao, Y.-H.; Tseng, Y.-J. Sustainable Packaging Solutions: Food Engineering and Biodegradable Materials. Designs 2024, 8, 133. https://doi.org/10.3390/ designs8060133.
18. Christabel Tachie, Ifeanyi D. Nwachukwu and Alberta N. A. Aryee (2023).Trends and innovations in the formulation of plant‑based foods. Food Production, Processing and Nutrition. 5:16 https://doi.org/10.1186/s43014-023-00129-0
19. Mukherjee P., and Uppaluri R., (2025). A Comprehensive Exploration of the Nutritional and Functional Potential of North East India’s Gluten-Free Grain and Unripe Papaya Pulp and Peel Powder. https://ssrn.com/abstract=5433368.
20. Pardeshi, I., & Chattopadhyay, P. (2008). HTST Air Puffing System for Wheat-Based Snacks. Food and Bio Process Technology. Volume 3,415–426.
21. [bookmark: baep-author-id2-profile]Payne, F.A.   Taraba J.L., Saputra D.  (1989). A review of puffing processes for expansion of biological products. Journal of Food Engineering, 183-197.
22. Ravi J. L., and Rana S. S., (2024). Maximizing the Nutritional Benefits and Prolonging the Shelf Life of Millets through Effective Processing Techniques: A Review. ACS Omega. 9:37
23. Sharma, R., & Kapoor, A. (2021). Advances in Infrared-Assisted Puffing. Food & Nutrition Research, 58(1), 56-68.
24. Singh, R., et al. (2022). Sustainability in Snack Food Processing. Food Technology Review, 29(5), 112-128.
25. Swarnakar A., Mohapatra M., and Das S., (2022). A review on processes, mechanisms, and quality influencing parameters for puffing and popping of grains. J Food Process Preserv. 1-18
26. Singh R., Singh K., Singh M., and Singh R., (2020). Storage stability of popped pearl millet based ready to eat breakfast cereal. Indian Journal of Agricultural Sciences 90 (10): 1915–20.
27.  Tikekar R., & shar, J., (2008). Development of a continuous method for puffing amaranth (Amaranthus Spp.) Seeds. Journal of Food Engineering.  32(2):265 - 277
28. OURNAL OF READY TO EAT FOOD
29. OURNAL OF READY TO EAT FOOD
30. OURNAL OF READY TO EAT FOOD
Nutrient Retention in Puffed Grains by Different Puffing Methods

60%	 Sand Puffing	Gun Puffing	Hot Air Puffing 	Microwave Puffing	4.3	2.5	3.5	4.5	70%	 Sand Puffing	Gun Puffing	Hot Air Puffing 	Microwave Puffing	2.4	4.4000000000000004	1.8	2.8	80%	 Sand Puffing	Gun Puffing	Hot Air Puffing 	Microwave Puffing	2	2	3	5	90%	 Sand Puffing	Gun Puffing	Hot Air Puffing 	Microwave Puffing	






image1.png




