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Preface

Cereal crops are the cornerstone of global food security, feeding billions of people 
while also playing an integral role in agricultural systems. The cereals market gross 
production value is projected to exceed US$12 billion in 2024. Cereal grains are rich in 
biological compounds, including vitamins, dietary fibers, and other essential nutri-
ents. These nutrients have been observed to improve human health, such as reducing 
human diseases. Beyond food, these crops also play a significant role in agri-food and 
biofuel production, with wheat, maize, and rice being the three predominant cereals 
supporting the world’s population. 

As the world’s population approaches 9 billion by 2050, addressing the dual challenges 
of malnutrition and increased demand for cereals becomes critical. This includes 
efforts to develop drought-tolerant crops and optimize processing technologies that 
reduce antinutritional factors while enhancing the bioavailability and bioaccessibility 
of essential nutrients. The impact of climate change on agricultural production and 
food security further intensifies these challenges, underscoring the importance of 
strategies like crop rotation, improved fertilization, and pest control. Other research 
has focused on advancements in breeding to enhance nutritional traits in cereals. 
In addition, sensor-based technologies have gained attention as a tool for monitor-
ing grain quality related to human nutrition and food safety. Finally, cereal storage 
remains critical for maintaining the food supply chain and promoting global food 
safety and security. Innovations in storage, including automation and complex engi-
neering solutions, can monitor key parameters to optimize storage conditions, extend 
shelf-life, and prevent contamination (e.g., microbial growth). 

Altogether, this book will explore the scientific, cultural, and economic aspects of 
cereal crops, providing insights into innovative practices, emerging trends, and the 
pathways to ensure the resilience and productivity of these essential food sources.

Timothy Tse
Department of Food and Bioproduct Sciences,

 University of Saskatchewan,
Saskatoon, Canada





1

Chapter 1

Introductory Chapter: Cereal Crops
Timothy Tse and Martin J.T. Reaney

1.  Introduction

Cereal crops remain a staple source for nourishment globally. The domestication 
of rice (Oryza sativa) in China 10,000 years ago [1], along with the domestication 
of maize (Zea mays) in Southern Mexico and Central America and wheat (Triticum 
aestivum) in the Fertile Crescent of the Near East [2], has significantly contributed to 
the transformation of human civilization. The three cereals, wheat, maize, and rice 
form the dietary foundation for most of the world’s population [3]. In addition, with 
the global population projected to increase by over 9 billion by 2050 and the chal-
lenges posed by climate change, there is an urgent need to increase cereal production 
by approximately 70% [3]. Dietary changes have also been noted as a separate concern 
from those of climate change, sustainability, and human and animal health [4]. This 
trend is leading to increased per capita consumption of protein including plant-based 
proteins [5, 6].

Cereal crops play crucial role in providing essential nutrients for human diets. 
However, most cereal crops are processed for animal feed, the creation of other 
food products or components, as well as industrial applications [7]. Cereal grains 
and whole grain cereal products are rich sources of biologically active compounds 
such as dietary fibers (e.g., cellulose, lignin and lignans, etc), sterols, tocopherols, 
tocotrienols, alkylresorcinols, phenolic acids, vitamins, microelements, and fibrous 
polymers [8]. These compounds have been investigated for value-added applica-
tions in other industries, such as in pharmaceutics [9, 10]. The consumption of these 
nutrients has been shown to reduce heart disease and diabetes [11], improve blood 
glucose regulation [12] and weight management [13], and lower the risk of certain 
cancers [13]. Additionally, other bioactive substances present can exhibit antioxidant, 
anti-inflammatory, and antibacterial effects, aiding in the prevention of human 
diseases [14, 15].

Ready-to-eat products derived from cereal crops such as granola, breakfast cere-
als, hot cereals, etc), offer a versatile selection of foods with nutritional value while 
facilitating storage, and simplifying preparation. These products are formulated from 
processed grain (e.g., corn, oats, wheat, rice, etc.), legumes, and nuts [16]. They 
offer nutritional benefits, including low-fat, high-fiber content, which can lead to 
increased work and social performance, increased longevity, and enhanced overall 
health [17]. Due to the enhanced protein and nutritional profiles, including carbo-
hydrates, fatty acids, fibers (Table 1), ready-to-eat breakfast cereals have become an 
important dietary component in developing countries, and a nutritional staple for 
Western breakfasts [20].

In addition to their nutritional components, cereal crops are also rich in lignocellu-
lose content. This makes fractions from these crops suitable as a feedstock for second 
generation [21] biofuel production [22], in the production of pulp and paper [23], and 
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as a packaging material [24]. They are also used as a source of flour that can be used 
as a resource for manufacturing sticking pastes, and biofuels (e.g., bioethanol) [22]. 
Therefore, cereal crops play a major role in the evolution of agri-food systems, driving 
towards sustainable growth and production.

As the global population continues to rise, the production of cereal crops is also 
increasing. The cereals market gross production value is projected to reach US$12.12 
bn in 2024, with an annual growth rate of 3.07% between 2024 and 2028 [25]. Global 
production of cereal and pseudo-cereal grains from 2022 is detailed in Table 2.

With increased production, various cereal storage methods have been exploerd to 
maintain product quality from storage to consumption [27]. The five primary storage 
methods are bulk storage, underground pit storage, bag storage, shed storage, and silo 
storage, with silos being the preferred method [27]. Factors such as moisture con-
tent and poor ventilation can degrade the quality of cereal products during storage. 
However, advancements and innovations in aeration, refrigerated storage, modified 
atmospheric storage and hermetic storage systems [27] have led to the development 
of new technologies to improve storage conditions and extend product quality before 
processing and downstream applications. This book will also discuss advancements in 
cereal storage systems.

2.  Conclusion

In conclusion, the world of cereal crops presents a comprehensive and intricate 
network that is crucial to global food security, nutrition, and agricultural economies. 
From staple grains that are the cornerstone of diets worldwide to lesser-known 
pseudo-cereals gaining recognition for their nutritional benefits and sustainability, 
cereals offer a rich and vital diversity. This book delves into the complexities and 
nuances of cereal storage and production, exploring the challenges and opportunities 
that lie ahead in an era marked by changing climates, evolving dietary preferences, 
and the relentless pursuit of sustainability. Through an interdisciplinary lens, we 

Category Global Production (Million Tonnes)

Maize 1163.5

Wheat 808.4

Rice 776.4

Barley 155.9

Sorghum (pseudo-cereal) 57.6

Millet 30.9

Oats 26.4

Rye 13.1

Other Cereals 8.71

Buckwheat (pseudo-cereal) 2.24

Quinoa (pseudo-cereal) 0.159

Data taken from the Food And Agriculture Organization of the United Nations, 2024 [26].

Table 2. 
Global production (tonnes) of cereal and pseudo-cereal grains in 2022.
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will examine the scientific, cultural, and economic aspects of cereal crops, offering 
insights into innovative practices, emerging trends, and the potential pathways to 
ensure the resilience and productivity of these essential food sources. By focusing 
on both the traditional staples like wheat, rice, and maize, as well as the promising 
potential of pseudo cereals, this book endeavors to provide a comprehensive over-
view that enlightens, informs, and inspires a deeper appreciation for the cereals that 
sustain the world.

© 2024 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of 
the Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0), 
which permits unrestricted use, distribution, and reproduction in any medium, provided 
the original work is properly cited. 
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Abstract

The necessity for countries in sub-Saharan Africa (SSA) to be self-sustaining in 
the fight against food and nutrition insecurity is of crucial importance to maintain 
their autonomy. Promoting indigenous, drought-tolerant crops is a potential way of 
mitigating the impacts of climate change and supplementing maize, whose productiv-
ity has declined due to dependency on erratic rain-fed agriculture. Millets are known 
for their high amount of macro- and micronutrients (such as B vitamins, potassium, 
phosphorus, magnesium, iron, zinc, copper and manganese). However, millets also 
contain significant amounts of anti-nutritional factors (polyphenols, enzyme inhibi-
tors and phytates), resulting in low bioavailability of the minerals and proteins. This 
has led to employing a number of processing techniques during millet meal produc-
tion to reduce these effects. Hence, this chapter focuses on evaluating millet process-
ing techniques applied (e.g., soaking, dehulling, steaming, controlled germination 
and roasting) and their influence on the anti-nutritional factors, nutritional com-
position and functional properties of millet meals based on the available literature 
reports. This review demonstrated the importance of millet processing technologies 
in removing anti-nutritional factors that could reduce the bioavailability or bioacces-
sibility of essential nutrients.

Keywords: millets, soaking, dehulling, steaming, roasting, controlled germination, 
nutritional composition, anti-nutritional factors

1.  Introduction

Billions of people globally have been shown to be experiencing malnutrition as 
well as food insecurity [1]. The global target set by the United Nations to end hunger 
by 2030 is far from being attained [2]. Rapid population growth and climate change, 
compounded with economic meltdown over the past few decades, have greatly 
impacted food security [3]. It is thus imperative to transform the current food system 
to achieve food and nutrition security by providing an affordable, healthy and nutri-
tious diet to all. Millets (sorghum, pearl millet and finger millet) are climate-resilient 
crops that can be grown with minimum inputs even under unfavourable agricultural 
conditions and are tolerant to heat, drought and floods [4, 5]. This makes them the 
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crops of choice in light of climate change and limited natural resources because good 
productivity can be obtained even in marginal areas with water scarcity.

Millets have the potential to play a significant role in the fight against malnutri-
tion and food insecurity in children, adolescents and the community at large, as well 
as promote health and immunity [6]. They contain an abundant source of essential 
macro and micronutrients such as carbohydrates, proteins, dietary fibre, lipids and 
vitamins [7]. Phytochemicals and antioxidant properties in millets give them the abil-
ity to prevent the onset of cardiovascular diseases, cancer and diabetes, among others. 
Additionally, millets are key for people with celiac disease [7].

The production of millet as a source of human food to meet dietary requirements 
has increased over the past few decades [8]. Despite their benefits, millets are still 
predominantly consumed by the poor population because of a lack of awareness of 
processing technologies and appropriate preparation methods. The nutrients, bioac-
tive compounds and functions of millet grains can be influenced by preparation 
techniques such as decortication/dehulling, soaking, germination/malting, milling, 
parboiling and fermentation [3, 8]. According to Amadou et al. [9], due to the small 
grain size, dehulling is not favourable to millets as the process causes nutrient loss. 
However, dehulling of millets can also improve the bioavailability of nutrients and 
consumer acceptability of millet-based products. Milling removes the bran and 
germ layers, causing significant loss of fibre and phytochemicals [9]. Hence, there 
is a need to select an appropriate method for each millet type during the production 
process.

Processing millets into various value-added by-products, such as flour, flakes, 
nutritional bars, cookies, cakes and extruded products, can increase their consump-
tion and utilisation to enhance health, nutrition and food security. The use of millet 
combined with other food crops to develop novel value-added food alternatives is an 
emerging and promising area of food technology [6]. Nutrition-rich fermented foods 
and beverages from millet also form a major part of the diet in most African countries. 
Fermentation by lactic acid bacteria increases the protein content and improves 
digestibility [10, 11]. Millet processing technologies afford the opportunity to prepare 
a wide range of products, hence giving consumers a variety of choices of acceptable, 
savoury and nutritious food products [12].

Apart from the processing of millet into value-added production for human con-
sumption, it can be processed as a source of livestock feed. Studies have investigated 
the use of millets in ruminant and non-ruminant diets [13]. For instance, Cisse et al. 
[14] reported that inclusion of pearl millet of up to 50% in broiler grower and finisher 
diets had no negative effect on their performance with comparable results to corn on 
metabolisable energy and digestible amino acids. An enhancement in growth and feed 
efficiency in broilers was reported after replacing corn with pearl millet [15]. Pearl 
millet was also reported to be able to fully replace maize in high-supplement diets for 
confined cattle [13]. Hassan et al. [16] observed that for grazing beef cattle during 
the dry season, millet processing increases the digestibility of dry matter and dietary 
nutrients.

Millet’s production and processing have drawn the attention of various food 
security stakeholders worldwide to enhance its better utilisation and reduce hidden 
hunger in the world. This chapter discusses the processing techniques of millets, the 
effect of processing on nutrients, anti-nutritional factors, bioavailability and bioac-
cessibility of nutrients, and the value-added products from millets.
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2.  Processing techniques

Processing of millet grains can be defined as the conversion of the millet grains 
into edible forms with an enhanced quality. Various processing techniques are there-
fore available for the conversion of millet grains into value-added edible products. 
These processing techniques can be classified into two basic types: hot processes, in 
which heat is either applied or created during the treatment process and cold pro-
cesses, in which the temperature of the grain is not increased significantly [17]. The 
various processing methods are discussed below.

2.1  Soaking

Soaking involves mixing millets in either cold or hot water for a period of 6 to 24 h 
at various temperatures ranging between 30 and 70°C [18]. To reduce contamination 
from harmful microorganisms, hot (above 40°C) or cold water, <7°C, can be used. 
This softens and swells the grain and reduces the cooking time, while also enhancing 
digestibility [19], palatability and feed value [20, 21]. Portable water is periodically 
(e.g., 3 h intervals) changed during soaking to a total soaking time not exceeding 24 h. 
Kate and Singh [22] also reported increased mineral bioavailability and decreased 
anti-nutritional compounds such as phytic acid. After soaking, the product can then be 
crushed through crimped rollers to crush the grain. Unfortunately, soaking does exhibit 
some disadvantages, including the risk of souring during storage. In addition, the 
increased seed size, or swelling, after soaking can lead to storage capacity limitations 
[23]. Furthermore, micronutrients such as iron, phosphorus and calcium present in 
pearl millet have been found to be reduced following soaking in an acidic medium [22].

2.2  Dehulling or dehusking

Dehulling is the process of removing the outer coat of grain, also known as 
decortication. The hulls (outer covering of the grain) are high in fibre and low in 
digestibility in both humans and monogastric animals. When these are removed, 
feed value improves due to increased voluntary feed intake and digestibility [24]. 
Furthermore, bioavailability of existing nutrients and a decrease in anti-nutrients 
have been reported [22]. Other nutritive ingredients, such as iron, zinc and calcium, 
are compromised. Ikwebe et al. [25] reported decreases in nutrient content ranging 
from 2 to 7% after dehulling of the following: iron (Fe) from 40.3 to 39.3 mg/kg; zinc 
(Zn) from 38.53 to 35.97 mg/kg and magnesium (Mg) from 311.06 to 306.45 mg/kg. 
The decrease in these micronutrients suggests that these nutrients are concentrated in 
the outer coverings of millet grains [26].

2.3  Steaming

The grain is first steam-cooked for 15–30 min to increase the moisture content to 
18–20%. The moistened grain is then passed through rollers, yielding a thin, flat flake 
that is then dried. Steaming has been shown to increase millet polyphenols, which 
improves antioxidant capacity [24]. This will have a net positive effect on human 
nutrition [27]. Steaming has been shown to significantly improve the whiteness of 
millets [28]. In livestock, flaked grain is considered more acceptable and has a slightly 
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higher digestibility value than unprocessed grains. For example, sorghum starch 
digestibility increased from 42–91% after steaming and flaking [17].

2.4  Controlled germination

This is a natural processing technique that is an extension of the soaking method. 
The germination period ranges from 48 to 72 h at an ambient temperature of 25 to 
30°C. More than 48 h of germination (sprouting) has been shown to result in a loss of 
grain dry matter with negligible nutritional improvement [22]. Controlled germina-
tion enables biological activation of grains, which improves their nutritional and 
functional properties [23]. Saleh et al. [21] reported an increase in protein digestibil-
ity after germination, which was attributed to a reduction in anti-nutritional factors 
such as phytic acid, tannins and polyphenols, which are known to interact with 
proteins, forming insoluble complexes that reduce their bioavailability for the body. 
Controlled germination reduces the component of hydrolysable tannins in sorghum 
while increasing phosphorus content, improving the grain’s feeding value for both 
humans and animals [29]. Humidity, oxygen and temperature are all critical environ-
mental factors in controlled germination.

2.5  Roasting

Roasting is a form of heat treatment in which the grain is oven-roasted between 
120 and 180°C for 3–15 min. It can also be done traditionally with a gas fireplace and 
an iron pan used as a hotplate that is heated by a flame [30]. It improves the flavour, 
palatability, voluntary feed intake and feed efficiency of millets [24]. It also destroys 
heat-sensitive anti-nutritional factors like phytates and tannins [31]. This increases 
the nutritional value of the final product for both humans and monogastric animals 
[32]. Roasting at high temperatures around 120°C has been shown to reduce phytates 
by 34.89% [30]. Wang et al. [24] found that roasting time and temperature affect total 
polyphenol levels in millets. For ruminant animals, it increases the flow of undegrad-
able digestible dietary flow to post-ruminal sites [17].

2.6  Grinding

This is the process of reducing grain size to a form suitable for the required recipe 
[22]. A hammer mill can be used for this process. The final grain particle size is 
determined by the size of the sieve used. The method is simple and inexpensive. It 
generally improves the digestibility of small hard grains such as sorghum, increasing 
their feed value. On the other hand, grinding has been shown to significantly reduce 
the shelf life of millet grains by increasing the free fatty acid (FFA) content, which 
can cause rancidity in millet flour [22].

Ruminants prefer coarse to fine grinding. Grinding is also crucial in piggery as 
they are poor chewers of feed. Grinding is essential for maximum performance in 
poultry kept under intensive conditions as they do not have access to grit, which is 
used in the gizzard to aid grain breakdown [17]. Excessive grinding should be avoided 
because it does not improve digestibility or performance and can cause problems with 
pig health. Fine grinding can produce pasty, unpalatable, dusty material that can be 
inhaled and irritate the eyes [17]. It may also induce vomiting; as a result, it affects 
palatability and, thus, voluntary feed intake. However, it is important to note that fine 
grinding is essential in human food production.
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2.7  Cooking

Cooking of millet is typically completed under steam pressure. The end product 
can be rolled to produce a product similar to steam-flaked grain. Kate and Singh [22] 
reported complex changes in physicochemical and functional properties of millets 
as a result of cooking, including gelatinisation, protein denaturation and the release 
of bound phenolic and antioxidant compounds. Cooking cereals improves palat-
ability and digestibility slightly compared to unprocessed grains. The duration and 
temperature of cooking are critical factors to consider when preserving nutritional 
constituents, particularly minerals and phenolic contents that are heat-labile [22]. 
McDonald et al. [17] reported improved sorghum grain utilisation through pressure 
cooking.

2.8  Pelleting

In animal feed production, the feed is ground and then forced through a thick dye 
(moulder) to form pellets. The method is typically used to reduce the dustiness of 
feeds. Pelleting results in thorough mixing of the diet as the food is forced through 
the pelleting machine. In comparison to powdered feeds, pelleting allows for easier 
mechanical feeding. Pellets can be fed on the ground or in windy conditions since 
dustiness is reduced. In comparison to meals/mash, pellets do not separate feed 
ingredients in transit. The advantages of pelleting include that it increases the flow of 
nitrogen and amino acids into the small intestines [32]. In addition to this, pelleting 
improves voluntary feed intake, digestibility and feed value. The method is commonly 
used in rabbit and poultry feeds, among others.

2.9  Malting

Another processing technique commonly used in millets is malting. This is a three-
step process carried out in sequence [22]:

i. Steeping (e.g., soaking of grains in water),

ii. Germination (sprouts development and enhancement of enzymatic activity) 
and

iii. Kilning (e.g., grain drying to stop enzymatic activity). This process dries the 
grain down to 3–5% moisture and arrests germination. It can be done using 
natural sun heat. However, where huge volumes of grain are involved, large 
volumes of hot air, 80–220°C, are blown through the grain bed [33], driving 
away moisture until desired moisture levels are reached.

Malting enhances the sensory properties, nutritional quality and digestibility of 
grains while lowering anti-nutrient levels. The kilning process yields malts of varying 
colours and flavours [33]. Polycyclic aromatic hydrocarbons (PAHs) are known to 
appear at higher temperatures and are generally considered undesirable in food and 
beverages because they pose a serious health risk to humans [33]. They are caused by 
pyrolytic processes that involve the incomplete combustion of wood, organic matter, 
coal or oil. PAH molecules have varying degrees of carcinogenicity, but all contribute 
to the overall carcinogenicity of foods exposed to smoking or other sources of PAHs.
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2.10  Extrusion

Extrusion is a process of gelatinising and cooking a product until it is fully cooked, 
resulting in the production of various types of food. This process involves the use of 
heat or steam and pressure. Grains will move under pressure through an extruder, and 
by the time it exits (extrusion), the anti-nutritional factors will have been deactivated 
due to high temperatures in the extruder [16]. This affects protein content because 
it reacts and changes its levels and structure during the process [34]. Extrusion is a 
processing technique that reduces the protein content, solubility and water retention 
of millet varieties. The protein content may decrease due to denaturation of proteins, 
which has been observed to occur at temperatures above 50°C [17, 29]. Akharume, 
Santra and Adedeji [34] found that the average denaturation temperature of proteins 
in Proso millet was 82.1 ± 3.5°C. Hydrophobic properties decrease in response to 
extrusive processes, but emulsion stability remains unaffected. Emulsion stability 
influences the colour, texture and succulence of millets [35]. The stability is desirable 
because it prevents the separation of the oil and water components, resulting in a 
blending effect that is desirable for maintaining the quality, freshness and integrity of 
cooked products [36]. Extrusion improves feed value by inactivating anti-nutritional 
factors, and it may also promote undegraded digestible dietary protein for ruminant 
animals due to the high-temperature heating involved [24].

3.  Effects of processing on nutrients

Millets are usually consumed after being subjected to a variety of processing 
techniques, such as heating, soaking, dehulling, steaming, roasting, germination, 
fermentation and other processing methods, which may alter nutritive content. 
Millets are bestowed with a wealth of nutrients, fibre and antioxidant properties 
that support and boost metabolism, augment heart health and control blood pres-
sure. Among the nutrients is magnesium, which plays a role in maintaining normal 
blood pressure. Its adequate intake is associated with a lower risk of hypertension 
and cardiovascular complications. Millets contain amino acids, lecithin and methio-
nine, which help in bringing down cholesterol levels by eliminating excess fat. The 
amino acid, tryptophan, in millets lowers appetite and thus assists in weight control 
[37]. Reduction in weight and cholesterol levels is essential in controlling blood 
pressure and keeping the heart healthy. These crops help balance cholesterol in the 
human body [21]. Millets contain essential fats, just the right amount to give our 
body adequate fat and help prevent excess weight. Millets are low in calories and 
have a low glycaemic index, making them a good choice for those on a weight-loss 
diet. The amino acid, threonine, in millets hinders fat formation in the liver. The 
soluble fibre in millets results in highly viscous intestinal contents that possess 
gelling properties which delay the absorption of carbohydrates by the intestines and 
thus reduce weight gain [38]. Their dietary fibre keeps you feeling full after eating, 
and proteins and other nutrients make them a better option to choose for the weight 
loss journey.

3.1  Effects of processing on protein

There are some changes in millet’s nutritional properties with respect to pro-
cessing methods. Processed millet has, on average, increased protein content of 
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approximately 13.75 g/100 g compared to raw seeds (10.60 g/100 g) [24]. This is due 
to the concentration of the protein content through the removal of hulls and other 
processes. Heat-moisture treatment of millet usually has a minimal effect on the pro-
tein content. The hydrophobicity of the protein is not altered much by heat-moisture 
treatments; therefore, there are not many changes to the protein in millet from such 
processing techniques [39].

During the extrusion process, protein solubility and structure are decreased and 
disrupted when applied under high pressure and temperature [40]. Germination 
has been reported to improve the protein content with better water solubility and oil 
absorption capacity.

3.2  Carbohydrates

In general, processing can destroy starch granules in millet to varying degrees 
and reduce them as well. With the decrease in particle size of ultra-fine powder, the 
solubility increases but the gelatinisation temperature decreases; the freeze-thaw 
stability, enzymolysis and sedimentation properties are also significantly improved 
[41]. In addition, fermentation with the bacterial strain, Saccharomyces cerevisiae 
reduces starch content in millet varieties with subsequent increase in carbon dioxide 
and ethanol production throughout the fermentation period. Moreover, pH is sig-
nificantly reduced, which activates the phytase enzymes, which hydrolysis phytate, 
thereby reducing the phytate content [41]. This reduction is important as it enhances 
the bioaccessibility of major nutrients.

During processing, the starch molecules in millet are heated in an aqueous or moist 
environment, causing them to swell, rupture and burst. The starch gets gelatinised, 
permitting greater enzymatic digestion by amylases. Cooking increases the digest-
ibility of carbohydrates [42]. Millets are low-glycaemic index (GI) foods and can help 
keep blood sugar from spiking after meals. They contain indigestible carbohydrates 
that help control blood sugar, fibre and non-starchy polysaccharides; hence, millets 
are a good whole grain, especially if you have type 2 diabetes [43]. Type 2 diabetes 
is when the body makes less insulin than is needed, but in type 1, the body does not 
make any insulin.

Hydrothermal processing in millet fractionates the starch into amylose and 
amylopectin fractions, causing a decrease in cold, hot water soluble and hemicellulose 
B fractions and an increase in pectic polysaccharides, hemicellulose A and cellulosic 
fractions [44]. Natural fermentation of millets can improve their lower cooking 
quality, taste, low bioavailability and palatability. Fermentation helps break down 
nutrients in food, making them easier to digest than their unfermented counterparts. 
As a result, fermented millets provide many health benefits such as antioxidant, 
antimicrobial, anti-fungal, anti-inflammatory, anti-diabetic and anti-atherosclerotic 
activity [45].

Fermentation and germination also affect the amylose content and the structure of 
amylopectin in millets. These treatments yield more pores in the granule surface and 
change the crystallinity of the flour. Changes in these structural properties will affect 
the gelatinisation temperature and application of the treated flour. Igbetar [46] states 
that soluble sugar is low in millet flour (2.61%), and it increases twofold and sixfold 
after cooking and fermentation for 72 h respectively. This suggests that fermentation 
and cooking increase the availability of soluble sugars. There is reduction of total 
levels of sugar during roasting which is attributed to caramelisation and other 
reactions [47].
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3.3  Fats

Millets are highly nutritive, but their fat content is generally low, which has a 
positive impact on human health. Processing of the millets results in alterations in the 
fat content of the millets [48]. For example, there is a reduction in the fat content of 
millet milk (0.74–0.6%) when compared to that of unprocessed millet milk, which 
is around (9.1%). The total fat content remains unchanged due to parboiling, which 
is a heat treatment process. However, some portion of the endosperm fat migrates 
towards the periphery of the grain, and the oil globules in the aleurone layer are 
disrupted. During processing, the specified ratios of compositing lead to an increase 
in the concentration of fat [49]. Pearl millet has omega-3 fatty acids, alpha-linolenic 
acid, eicosapentaenoic and docosahexaenoic as their fat nutrient [50].

Steeping and fermentation of millets leads to an increase in fat fraction in the 
treated flour coupled with better water absorption capacity and hygroscopicity. 
Dey et al. [51] postulate that the effect of processing on some millet varieties is to 
remove toxins, reduce fat and anti-inflammatory factors due to the presence of millets 
containing adverse compounds (e.g., hexadecenoic acid, methyl ester, stigmasterol, 
C-sitosterol and pregnenolone) which exhibit a range of activities (e.g., antimicrobial, 
nematocidal and anticancer). Other processing techniques such as soaking, grind-
ing or milling have less impact on the fat content present in the millet varieties. The 
impact varies from one technique to the other and also depends on the nature of the 
nutrient being tampered with. Finger millet is a good source of essential fatty acids 
and antioxidants [16]. The fat component in millet will determine the presence of 
fat-soluble vitamins, and any processing technique that impacts negatively on the fat 
fraction will inevitably impact on the vitamins also, particularly the fat-soluble ones.

The malting process in millets significantly lowers the fat contents of the malted 
samples. Raw millet would contain significantly higher fat content that has not 
undergone any processing. Malting generally improves the digestibility of these fats 
in millet, and as a result, malted grains have extensively been used in weaning and 
geriatric foods [16].

3.4  Minerals

Mineral-wise, millet is a rich source of iron, zinc, copper, manganese and potassium, 
and its mature kernels are rich in vitamin A but deficient in vitamins B and C [52, 53]. 
The grains consist of iron and calcium in high concentration when compared to other 
cereal grains [52]. Finger millet grains also contain high amounts of magnesium and 
phosphorus. Absorption and utilisation of these nutrients in the human body contribute 
to the reduction of chronic diseases such as lowering of high blood pressure, ischaemic 
strokes, cardiovascular diseases, cancers, obesity and type II diabetes [49, 54].

Recent studies have shown that some processing methods such as malting, fer-
mentation, decortication, soaking and steaming can improve the bioavailability of 
these nutrients [37, 46, 47]. Fermentation and germination can improve the bioavail-
ability of iron significantly by around three times and contribute to the requirement 
of women by around two times. The processing methods, which include grinding, 
shelling, high pressure, ultra-sound and microwaving, affect the eating quality char-
acteristics and physicochemical properties of millets and cause changes in polyphenol 
content. Flour from whole grain finger millet was found to have a higher calcium con-
tent (325 mg/100 g) than those made from decorticated grain (222 mg/100 g) [48].
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The presence of zinc in millet grain was found to be useful in assisting men’s 
health and the immune system. Raw grain was found to contain less zinc than pro-
cessed grain. Soaking, boiling and germinating pearl millet can reduce phytate and 
phosphorus content, while also increasing the concentration of calcium, magnesium, 
iron and zinc [55–57]. These techniques, in particular, impact differently on the con-
tents of different minerals; for instance, a processing technique can have the effect of 
increasing the bioavailability of one mineral while decreasing or inhibiting that of  
the other [26].

3.5  Vitamins

Millets contain fat-soluble vitamins, which play an integral role in many physi-
ological processes such as vision, bone health, immune function and coagulation [58]. 
Millet is rich in B vitamins, especially niacin, pyridoxine and folic acid [59]. These B 
vitamins are especially important to pregnant and breastfeeding individuals as they 
aid in foetal brain development and reduce the risk of birth defects. Niacin is essential 
for the body to convert carbohydrates, fat and alcohol into energy, while pyridoxine is 
important for normal brain development and a healthy nervous and immune system 
[59]. Folic acid is essential in the formation of red blood cells and protein synthesis. 
Soaking helps to increase the nutritional contents of the grain and reduces the cook-
ing time of these millets.

Grinding millet into flour retains its inherent nutritional benefits, providing a 
good source of vitamins, fibre and essential nutrients. The slow gentle grinding action 
minimises heat generation, which can help retain the nutritional integrity of the mil-
let flour. As a result, stone ground millet flour may contain higher levels of essential 
nutrients, such as fibre, vitamins and other minerals, than flour produced using 
mechanical milling methods [60].

Heat treatments will destroy the heat-labile vitamins in millet, and these include 
roasting, boiling, parboiling, etc. Cooking and extrusion can reduce the vitamin 
content; as such, heat treatments should be done over a short time period and under 
controlled temperatures so that the best outcome is achieved [26].

4.  Effects of processing on anti-nutritional factors

Millets contain readily available nutrients and energy sources; hence, scientists, 
agriculture industries and food security policies are giving more attention to millet 
processing for its better utilisation [8]. It gets considerable attention because of its 
nutritional quality related to its high content of dietary fibre, protein and starch 
patterns, as well as high mineral levels [61]. Millets also contain a considerable 
amount of phytochemicals that are important in reducing chronic diseases such 
as cardiovascular diseases, cancer and diabetes [61]. Bioavailability of nutrients is 
restricted due to the presence of anti-nutritional factors in millets, which include 
phytic acid, tannins, goitrogens, oxalic acid and trypsin inhibitors. These com-
pounds interfere with mineral bioavailability, carbohydrates and protein digestibil-
ity through inhibition of proteolytic and amylolytic enzymes [51]. Anti-nutritional 
factors in millets interfere with the digestibility of proteins and starch along with 
reduction in bioavailability of minerals as a result of phenol–protein interactions 
and metal chelation.
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4.1  Phytic acid

Phytic acid is present in the bran portion of cereals as a crystalline globoid. It 
is the organic form of phosphorous (myoinositol 1,2,3,4,5,6,-hexakis dihydrogen 
phosphate) occurring in plant constituents as the major portion of phosphorous. 
They are negatively charged and have a compound that attracts and binds positively 
charged substances like zinc, iron and calcium minerals, forming insoluble complexes 
that are unavailable for digestion and absorption [51]. Phytate is an anti-nutrient that 
impairs the bioavailability of some minerals such as copper, iron, zinc and calcium 
[62]. Phytic acid has a strong chelating ability and readily forms mono and multiva-
lent cations of potassium, calcium, iron, zinc magnesium and other cations, reducing 
their bioavailability [63]. Chelates formed with the di- and trivalent metallic particles 
of minerals are insoluble compounds and are not absorbed in the gastrointestinal 
tract (GIT) [51]. Krishnan and Meera [26] reported that finger millet grains contain 
polyphenols and phytates which are known to influence the availability of miner-
als. Processing reduces the phytic acid concentration in millets, hence reducing the 
amount of positively charged compounds such as iron, zinc and calcium bound to it 
and making them bioavailable.

4.2  Phenolic compounds and tannins

Phenolic compounds are a class of secondary metabolites found in plants and are 
further divided into phenolic acids and polyphenols. Millets contain nine identi-
fied phenolic acids: gallic acid, vanillic acid, syringic acid and trans-cinnamic acid 
[64]. Phenolic compounds interfere with numerous enzymatic systems in humans, 
especially humans, especially those that control thyroid hormone synthesis [63]. 
Epidemiological evidence suggests that a diet based on millet, as a staple food, plays 
a role in the formation of goitre. In South Sudan, goitre prevalence in rural areas was 
high where 74% of diet is derived from millets causing iodine deficiency [63]. Tannins 
prevent protein from being digested and phenolic compounds reduce the digestibility 
of protein and carbohydrates as well as the bioavailability of vitamins. Hydrolysable 
tannins are susceptible to digestive hydrolysis, which can result in toxic substances 
[51]. Soaking dissolves phytates and hydrolysable tannins, thereby reducing their 
concentration and positively impacting feed value [24].

4.3  Effect of processing on anti-nutritional factors in millets

Millets have a high concentration of anti-nutritional factors, which reduce the bio-
availability of nutrients. Processing of millet is important to reduce amounts of phytic 
acid and polyphenols and get the full nutritional benefits of the grain. Processing of 
the millets has shown promising results in their successful utilisation [65]. Dehulling 
reduces polyphenols and phytic acid in pearl millet. In vitro protein digestibility is 
increased due to the removal of anti-nutrients, which precipitates proteins when 
millets undergo decortication. Abrasive decorticated pearl millet showed decreased 
anti-nutritional compounds (fibre and iron binding phenolics compound); however, 
high phytate content after decortication might be associated with their occurrence 
in germ and endosperm [65]. Sharma et al. [66] reported that after soaking millet, 
protease and amylase activity increased significantly with the increased duration 
of sprouting. Protein solubility increased with soaking and sprouting, modifying 
the proximate composition of millet grain by enhancing the hydrolysis of complex 
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insoluble organic compounds present in seeds. Sheethal et al. [67] state that the molar 
ratio of phytic acid to zinc and phytic acid to iron decreased after the application of 
different processing methods, especially those associated with fermentation.

5.  Effects of processing on bioavailability and bioaccessibility  
of nutrients

Millets have been reported to be highly nutritious, having high amounts of 
polyunsaturated fatty acids and high dietary fibre, unavailable carbohydrates and a 
high satiety effect. They are a very good source of calcium, iron, phosphorus, zinc 
and potassium [68]. Millets have antimicrobial, anti-diabetic and anti-mutagenic 
properties due to the presence of polyphenols [69]. This makes them an ideal solution 
to health problems such as obesity, diabetes and hypertension. Millets, however, have 

Processing method Millet type Effect Source

Decortication/
Dehulling

Pearl millet and 
finger millet

Decreased in dietary fibre, minerals and 
antioxidant activity
Removal of phytate localised in the outer layer 
increases mineral bioavailability

[73]

Milling Pearl millet and 
finger millet

Reduction in anti-nutrients and an 
enhancement in the bioaccessibility of 
minerals
Increase in protein and starch digestibility

[72]

Hydrothermal/
germination

Pearl millet and 
finger millet; 
Sorghum

Enhancement of mineral availability by 
breaking down anti-nutrients
Enhances nutrient content and energy density 
while reducing phytic acid in food products. 
Increases in vitro bioaccessibility of minerals 
like calcium, zinc and iron

[71, 74]

Fermentation with 
lactic acid bacteria

Pearl millet, 
Finger millet, 
foxtail millet 
bran

improves protein digestibility and nutritional 
value and limits the action of the anti-
nutrients, tannins, phenols, phytate and 
trypsin inhibitors

[71, 72, 75]

Soaking and 
germination

Finger millet, 
pearl millet and 
sorghum

Soaking grains before dehulling and milling 
reduces phytates tannin and phenolic content. 
Phytate content is reduced as soaking activates 
phytase. This in turn increases the availability 
of Ca, P, Zn, Fe, Cu, K and Mg

[64–66, 76]

Blanching Pearl millet Reducing inhibitory the factors phytic acid 
and polyphenol increases the iron and zinc 
bioaccessibility

[26, 77]

Malting 
(germination, 
milling and sieving)

Pearl millet Improves the nutritional quality by decreasing 
tannin and phytic acid levels, making Na, Ca, 
P, Zn, Fe and Cu more bioaccessible

[78]

Roasting Pearl millet Roasting reduces polyphenols in finger millet
Increased Na, Ca, P, Zn, Fe and Cu availability 
when roasted at 70°C, above which Fe and Mn 
availability decreases

[24, 79]

Table 1. 
Effect of processing methods on the nutrient content and the bioaccessibility and bioavailability of nutrients.
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tannins, phytates, polyphenols and trypsin inhibitors. These anti-nutrients influence 
the bioaccessibility and bioavailability of both micro and macronutrients. Shobana 
et al. [70] reported poor iron availability in some varieties of finger millet due to thigh 
tannin content.

The absorption of nutrients in the gastrointestinal tract is highly dependent on the 
release of nutrients from food. The released nutrients are then accessible for absorp-
tion in the small intestine. Bioaccessibility refers to the amount of nutrients available 
for intestinal absorption. The quantity of ingested nutrients, which is then absorbed 
and utilised is defined as bioavailability [71, 72], and it indicates nutritional effective-
ness. Bioavailability is affected by the form in which the nutrient is incorporated, its 
chemical bonding and its interference with other nutrients, which can either enhance 
or inhibit absorption or post-absorption metabolism. The nutritional and health 
benefits of millets are, therefore, subject to bioaccessibility and bioavailability of the 
nutrients in millets.

The bioaccessibility and bioavailability of nutrients in millets is reliant on 
the mechanical breakdown of foods and the enzymatic hydrolysis of nutrients. 
Bioavailability is also influenced by the localisation of nutrients within the food 
matrix, physical and chemical breakdown of the food and the availability of the lipid 
phase. Millet processing affects the bioaccessibility and bioavailability of nutrients 
and the processing methods can result in the transformation of the food matrix and 
nutrient forms. Decortications, milling, germination, fermentation, malting and 
roasting have all been reported to improve the organoleptic and nutritional properties 
of millets. Table 1 summarises the effects of some processing methods on the bioac-
cessibility and bioavailability of millets.

6.  Value-added millets and their diverse use for food and feed products

Millets are being considered as a valuable and promising solution for the achieve-
ment of food security, in the face of population increases and adverse climatic 
conditions, especially in the developing world. Increased adoption of millets as a 
food source for all and not just for the poor rural communities will only be possible 
through the value addition of millet products, in the form of varying dishes such as 
pasta, baked, flaked and popped products as well as instant food recipes [80, 81]. 
Millets can totally replace wheat, maize and rice or be blended together with these 
cereals in the production of varying cakes, pasta, macaroni, vermicelli, noodles, spa-
ghetti and flakes [2, 5, 19]. The processing of millets can result in a number of various 
products (Table 2) for human consumption. Millets are commonly used to make stiff 
or thin porridge or can be cooked like rice including soup or weaning food [82].

Millets have also been used as livestock feed, including ruminants, pigs and poul-
try. They have been adopted in the production of animal feed as a source of energy 
and protein in place of corn. Ground or whole pearl millet can be mixed with maize 
up to 50% inclusion level. Hassan et al. [16] found that the inclusion of 40% pearl 
millet in livestock feed increased milk production with no adverse effect on milk qual-
ity in dairy cows. The inclusion of pearl millets in animal feed resulted in improved 
egg quality with higher omega-3 fatty acids and lower omega-6 [84].

A study looked into the effects on broiler chicken performance of using  millet 
hulls in place of wheat offal (0–100%) [85]. The daily feed, weight gain, feed 
conversion ratio, feed efficiency ratio, gut contents and prime cuts were all found 
to be similar. Feed costs can be decreased by using millet hulls up to 100% of the 
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time in broiler chicken diets. The main phenolic components in millet husk are 
1-O-p-coumaroylglycerol, apigenin-C-pentosyl-C-hexoside and 1-O-feruloyl-3-O-p-
coumaroylglycerol being [86]. Therefore, millet husks, in addition to their acetylcho-
linesterase and α-glucosidase inhibitory activities, are a valuable source of naturally 
derived antioxidants [85, 86].

7.  Conclusion

Millets are considered to have high nutritional components and health benefits as 
they are sources of quality protein, dietary fibre, energy and essential minerals. The 
health benefits from millets are a result of the presence of antioxidant properties exhib-
ited due to the presence of polyphenols such as tannins and some phenolic compounds 
that can protect the body from oxidative stress. These also act as anti-inflammatory 
and antiviral agents, thus boosting the immune system. Despite millets being known 
globally as a source of quality grains, they continue to lack established and improved 
processing techniques, hence hampering the extent of millet processing and utilisation. 
However, the potential for millet as a source of valuable health food and feed remains 
high. Prior to the inclusion of millets in food and feed formulations, it is necessary to 
address the issues of their digestibility, micronutrient availability and anti-nutritional 
factors. Millets’ food and feed inclusion is mainly dependent on innovation, value-
added products, attractive branding and impressive marketing strategies supported by 
public awareness and an increased sense of ownership.
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Value-added product Processing technique

Porridge Cooking [82]

Puffs These are made from different puffing machines, giving expanded and crispy 
products [82]

Popped and flaked 
products

Flakes are flat round shaped products which are ready to eat and are made using an 
extruder and a roller flaker machine [81, 82]

Millet cookies and 
cakes

Baking has been through oven baking of different mixed flour of some of the 
following pearl millet, finger millet flour combined with usual baking ingredients 
such as sugar, milk, eggs, vanilla, fat and salt [82, 83]

Millet pasta Sorghum, finger millet and pearl millet are mixed with a small portion of flour and 
extruded in a pasta-making machine [81, 82]

Table 2. 
Various products from millets for human consumption.
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Cereal By-Products Valorization in 
Bakery, Pastry, and Gastronomy 
Products Manufacturing
Maria Simona Chiș and Anca Corina Fărcaș

Abstract

Cereals represent one the most famous crops worldwide, covering more than 
20% of the human daily diet. Through their processing, several agro-food chain by-
products are generated, emphasizing an urgent need for further valorization consid-
ering economic, social, and environmental factors. The ever-increasing demand for 
food requires new, healthy, and sustainable products. Therefore, the present chapter 
aims to highlight the main possibilities for cereal by-products valorization in bakery, 
pastry, and gastronomy products. Fermentation of the cereal by-products with lactic 
acid bacteria, optimization of the added by-product percentages in new functional 
products, extrusion process, and food fortification will be the main topics of the 
proposed chapter. The influence of the cereal by-products addition on human health 
will be also discussed.

Keywords: cereals, by-products, fermentation, lactic acid bacteria, extrusion,  
anti-nutrients, bioactive compounds

1. Introduction

Cereals are the main worldwide crop with a planting area of more than 73% of 
the total global harvested area [1]. The term ‘cereals’ includes nine Gramineae fam-
ily members, species such as wheat (Triticum), barley (Hordeum), rye (Secale), rice 
(Oryza), oat (Avena), millet (Pennisetum), sorghum (Sorghum), corn (Zea), and 
triticale [2]. Cereals are considered staple crops and are primarily cultivated for their 
edible grain or kernels [3]. More precisely, the cereal fruit is a caryopsis composed of 
a pericarp (the fruit coat) and a seed. The fruit coat tightly adheres to the seed coat, 
encasing the germ and endosperm within the remainder of the seed. Adjacent to the 
pericarp is the aleurone layer, characterized by its richness in protein and minerals. 
The endosperm, constituting the substantial central part of the kernel, is primarily 
composed of starch, while the germ or embryo is the smaller structure located at the 
lower end of the kernel (Figure 1) [3].

Wheat, rice, and maize are the main contributors to the 12% increasement of the 
global food production till 2025 as indicated by Food and Agriculture Organization 
(FAO) statistics, [4]. In line with this, Fărcaș et al. [5] stated that more than 90% of 
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cereal consumption is represented by rice, wheat, barley, and maize. From 2008 to 
2016, the annual worldwide production of cereals averaged around 3200 million tons, 
encompassing grains such as wheat, maize, sorghum, barley, rice, oat, rye, and millet 
[6]. During 2020–2021, the worldwide cereal production was formed mainly of corn, 
with a percentage of 42%, wheat 29%, and rice and barley with values of 19% and 
6%, respectively [7].

Cereal grains have been a fundamental element of the human diet for millennia. 
Their processing is a crucial aspect of the food production chain, involving a complex 
process such as dry milling (for wheat and rye), pearling (for rice, oat, and barley), wet 
milling (for corn and wheat), and malting (for barley, corn, and wheat), [6]. In the pro-
cess of dry milling, the outer fibrous materials and germ are separated, resulting in by-
products of the grain endosperm, whilst pearling is a dry milling abrasive technique that 
systematically eliminates the seed coat (testa and pericarp), aleurone and subaleurone 
layers, as well as the germ, to achieve polished grain (as seen in rice, oat, and barley), 
along with by-products containing a high concentration of bioactive compounds [2].

Conversely, wet milling is primarily employed in the manufacturing of starch and 
gluten, generating steep solids (abundant in nutrients valuable for the pharmaceuti-
cal industry), germ (utilized in the oil-crushing industry), and bran as by-products. 
Malting, designed for the production of beer and other alcoholic beverages, involves 
the consumption of fermentable sugars and starch in the grain (typically barley) by 
enzymes, resulting in a by-product entitled spent grain [2].

Throughout cereal processing, by-products with distinct physical states and 
chemical compositions are simultaneously generated [6]. Globally, approximately 
12.9% of total food waste is produced through cereal processing [5], Europe and 
North America claiming a total cereal food chain loss production between 10 and 
12%, meantime, Asia recorded a percentage of up to 18% [8]. Only in Europe, the 
total amount of cereal waste is approximately 40,000–45,000 tons/year [8].

The cereal milling has as the main objective the flour manufacturing and generates 
various by-products such as bran, hull, germ, husk, fiber, protein, and broken grains 
[6]. The cereals bran and germ fractions, also coined the “dark matter of nutrition” are 
abundant in vitamins, minerals, dietary fiber, and thousands of phytochemicals [9].

Bran is the main by-product generated from the cereal milling process and typi-
cally refers to the outer layers of the grain. Its composition is highly variable and 
influenced by factors such as grain type, kernel size, shape, maturity, germ size, peri-
carp thickness, grain storage duration and condition, pre-milling grain conditioning, 
milling process, and the machinery employed during milling [3]. The percentage of 

Figure 1. 
Rice plant and cross section of the rice grain.
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the bran obtained after wheat milling is about 15%, whilst, the barley yield of milling 
by-products is estimated to be around 30–40% [3]. With respect to wheat, given that 
over 650 million tons are produced and processed annually, the associated quantity of 
wheat bran was approximated to be 150 million tons per year [10].

On the other side, the processing of rough rice, undertaken to produce milled edible 
rice commonly known as white rice, results in by-products, namely rice hull (constitut-
ing 20% of rough rice) and rice bran and germ (making up 10% of rough rice), [8].

The dry milling maize process led to the production of maize bran fraction and 
further to maize germ, a by-product used in the oil production, whilst, wet maize 
milling generates by-products such as maize fiber and maize protein [11]. Maize germ 
represents 10–12% of the whole corn kernel, meantime, corn bran could be varied 
from 5 to 6% [12]. Nowadays, there is an increasing interest for the bakery companies 
to use maize flour in product manufacturing, therefore, the maize bran demand is 
highly increasing [11].

Apart from the dry milling maize process, the barley malting process led to spent 
malt rootlets by-product generation, meantime, the beer manufacturing process 
produced a huge amount of brewer spent grain, spent hops, and surplus yeast [7].

Therefore, considering that the main worldwide crops are corn, wheat, rice, and 
barley, the chapter will characterize the chemical composition of the main by-prod-
ucts generated after selected cereals processing. Afterward, it will emphasize modern 
strategies to increase the bioaccessibility of bioactive compounds, show their further 
use in the manufacturing of bakery, pastry, and gastronomy products, and review the 
main positive influences on human health.

2. General composition and bioactive compounds in cereal by-products

Wheat bran is a rich source mainly in carbohydrates, with an amount more than 
57% (from which starch, hemicelluloses, and cellulose are the main representants), 
protein in a range between 13 and 18%, lipids: 3–4%, 3–8% ash, [10], dietary fiber 
along with a diverse array of biologically active compounds, including alkylresor-
cinol, ferulic acid, β-glucan (ranging from 22 to 27 g/100 g dry weight), and arabinox-
ylan (ranging from 22.4 to 29.80 g/100 g dry weight) [7]. Wheat bran and oat bran 
contain a high amount of phenolic acids such as 4527 and 4190 μg/g, respectively [1]. 
Wheat germ has a lipid composition in a range of 10–15 g/100 g dry weight, protein 
amount between 26 and 35 mg/100 g dry weight, fiber with values between 15 and 
45 g/100 g dry weight as well as bioactive compounds such as thiamin, riboflavin, 
tocopherols, but also phytosterols and carotenoids [7].

With respect to corn bran’s chemical composition, it contains 10–13% proteins, 
lipids (2–3%), starch (9–23%), 2% ash, and a high amount of dietary fiber (76–90%), 
[8, 13]. Typically, corn bran contains various phenolic acids, with ferulic acid being 
the primary one, but also vanillic, caffeic, p-coumaric, and p-hydroxybenzoic acids 
have been identified in significant amounts [8].

On the other hand, rice bran (composed of bran layer and rice germ) is a good 
source of fatty acids, minerals, dietary fibers, protein, and several phytochemical 
compounds, claimed to play a significant role in biological activities such as antioxi-
dants or anti-inflammation [14]. It is mainly composed of carbohydrates in a range 
between 30 and 50%, lipids in a higher amount compared with wheat bran (up to 
19%), and protein around 14% [10]. The results are in line with Sapwarobol et al., 
[15] who mentioned a 50% carbohydrate level, fat in an amount of 20%, protein 15%, 
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and dietary fiber. The bran derived from brown rice is recognized for its prebiotic 
potential, it contains beneficial compounds such as dietary fibers, essential fatty 
acids, polyphenols, and antioxidants [11]. Rice bran is considered to have antioxida-
tive, hypocholesterolemic, and hypoallergenic properties, being an important source 
of nutrients. On the other side, black rice contains a better amount of minerals, higher 
amino acids amount, and phytochemicals compared to the white rice. Black rice germ 
and bran contain flavonoids, vitamin E, and γ- oryzanol with positive benefits such as 
anti-inflammatory and antioxidants characteristics [14].

Additionally, it is important to mention the rich chemical composition of the main 
by-products from the beer manufacturing and barley malting processes such as brewer 
spent grain and spent malt rootlets, respectively. Brewer spent grain is claimed by the 
literature as having high fiber amount (up to 70%), protein in a range between 25 and 
30%, and lipid up to 10% [10]. It has a big advantage of being available throughout 
the whole year, at a low or no cost, and being produced in large amounts by industrial 
or small breweries [16]. Brewer spent grain is a rich source of phenolic compounds, 
mainly caffeic, p-coumaric, protocatechuic and ferulic acids, catechin, and other 
derivates [17]. It exhibited a high amount of protein and amino acids such as threonine, 
cysteine, proline, glutamine, and leucine [17]. It is an extremely rich source of fiber (up 
to 70%) mainly formed of cellulose, lignin, hemicellulose, and vitamins such as cho-
line, niacin, pantothenic acid, and riboflavin [18]. It is worthy to mention that minerals 
such as Ca (calcium), Na (sodium), K (potassium), Mg (magnesium), Fe (iron), and 
Ni (nickel) are important compounds present in brewer spent grain [19]. Soil fertility, 
production, barley variety, harvesting time, mashing, and malting conditions are the 
main factors that could influence the brewer spent grain composition [20].

Spent malt rootlets are a rich source of protein (35 g/100 g), a source of minerals 
(total ash 5.98 g/100 g), total fiber (36.64 g/100 g) and soluble fiber (1.24 g/100 g), 
[21], and represents the main by-products generated during the barley malting 
process. Spent malt rootlets represent 5% of the total malt weight [21] and it is a rich 
source of essential and non-essential amino acids, phenolic compounds, mono and 
di-saccharides sugars, and insoluble dietary fiber [22]. Spent malt rootlets are rich in 
ferulic and p-coumaric acids, being a natural source of antioxidants [23]. Moreover, 
it is a rich source of macrominerals such as Ca (0.19%), P (phosphorus) (0.69%), Mg 
(0.17%), and K (1.17%) and microminerals such as zinc (Zn), manganese (Mn), and 
copper (Cu) with values of 64 ppm, 36 ppm, and 9 ppm, respectively [24]. It is worth 
also mentioning its rich composition in vitamin E, B group vitamins, and peptides [25].

3. Advancements in nutrient bioaccessibility of cereal by-products

This part of the chapter will go over the main methods used for increasing bioac-
cessibility and bioavailability of cereal bioactive compounds, as presented in Figure 2. 
Fermentation processes with lactic acid bacteria (the submerged and the solid-state), 
enzymatic treatments, and extrusion will be the main discussed topics. The cereal 
processing industry is actively seeking alternative methods to reduce the generation 
of by-products and waste.

Consequently, several efforts are being made to explore innovative solutions 
and applications for the valorization of these by-products. This involves their 
reprocessing to extract valuable compounds or undergo chemical, microbiological, 
and enzymatic conversions [11] together with their reuse in different food manu-
facturing processes.
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Unfortunately, flours with high bran content produce final baked goods with poor 
loaf volume, dense texture, bitter taste, and dark color [26]. The negative properties 
of bran wheat on the final baked product are mainly due to the interaction between 
gluten and other bran components such as antioxidants, phenolics, dietary fiber, 
and enzymes [27]. On the other hand, it seems that also bran particle size or even 
water absorption capacity together with the fiber water competition could produce 
an insufficient hydration of starch and gluten that could negatively influence the 
wheat bran characteristics [27, 28]. Brewer spent grain is another cereal by-product 
generated during beer manufacturing that still has a limited exploitation as food raw 
materials mainly because of its poor technological properties, low sensory perfor-
mance, and astringent flavor [28].

From the nutritional point of view, cereal bran bioactive compound has a low 
bioaccesibilty and bioavailability. Bioaccesibility is defined as the release amount of 
bioactive compounds before their absorption in the small intestine, while bioavail-
ability refers to the amount of bioactive compounds that could be rich into the blood 
flow, organs, and different tissues [19].

Generally, the low phenolic acids and dietary fibers’ low bioaccesibilty are due to 
their entrapping in the cell wall structures. Moreover, the cereal proteins’ bioavailability 
is limited to several factors such as the presence of antinutritional phytate-protein 
complexes and the layers’ structure mainly formed of insoluble carbohydrates and 
lignin [29]. Furthermore, compounds such as phytic acid or tannins are present in the 
cereal outermost tissues being recognized as anti-nutritive compounds [30]. It is already 
known that phytate forms complexes with minerals present in cereals and seeds, leading 
to reduced solubility, absorption, and digestibility of minerals. This consequently lowers 
the bioavailability of these compounds [31]. Moreover, phytic acid content of wheat 
which could vary in a range between 5.4–8.4% might even reduce the protein nutritional 
value by absorbing bivalent ions such as Ca2+, Zn2+, Mg2+, or Fe2+, respectively [32].

Figure 2. 
Pre-treatments used for cereal processing by-products.
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To overcome this challenge, new milling methods, and new pretreatments 
such as fermentation and enzymatic ones are highly required to enhance the bran 
cereal’s nutritional potential [29]. Bioprocessing of bran could represent a useful 
tool and refer to the exploitation of the biological activity exhibited by cells or their 
components, including microbes and enzymes [33]. In line with this, Hartikainen 
et al., [33] stated that the use of a big percentage addition of bran wheat in bakery 
products manufacturing could negatively affect the rheological properties of the 
dough such as the free expansion, that could further affect the final baked product 
volume. Moreover, the gluten structure will be affected due to bran action against 
aggregation of gluten proteins and the bran addition could accelerate the bread 
staling process [33].

Significant research has investigated the use of lactic acid bacteria to enhance 
the value of cereal by-products. For instance, rice bran fermented with Lactobacillus 
plantarum at a temperature of 33°C, for 12.5 hours increases the total phenolic content 
and leads to various aroma volatile compounds [34]. Lactiplantibacillus plantarum FST 
1.7, Limosilactobacillus reuteri R29, Leuconostoc citreum TR116, Lactobacillus amylovorus 
FST2.11, and Weissella cibaria MG1 were successfully grown on brewer spent grain 
substrate and fermentation lead to an enrichment of oil-binding capacity, emphasizing 
fermentation as a promising processing aid for brewer spent grain valorization [35].

Another tool to enrich the chemical composition of cereal by-products is the use of 
enzymes. Enzymatic treatments offer an alternative approach to mitigate the adverse 
effects of conventional extraction methods, which typically involve chemical degra-
dation or disruption of cell wall plant matrices through acid or base hydrolysis. This 
alternative method aims to improve the extractability yield and antioxidant activity of 
phenolics [11]. Enzymes could increase the bioavailability of ferulic acid. For instance, 
esterase is able to release ferulic acid from fiber complex in both human and rat intes-
tinal mucosa [31]. In line with this, a sustainable method for brewer spent grain ferulic 
acid extraction is the use of enzymatic hydrolysis with feruloyl esterase. The enzy-
matic process has several advantages such as higher extraction yields, environmentally 
friendly, and process scalability [36]. Ferulic acid recovery from brewer spent grain 
could be significantly improved through an optimum enzyme dosage, optimization of 
the incubation time, and parameters such as temperature and pH [36].

Enzymatic hydrolysis is a well-known method used to overcome the insolubility 
of brewer spent grain protein, with no negative effect on the amino acids chain [37]. 
Recently, Bazsefidpar et al. [37] showed that the main drawbacks of brewer spent 
grain such as the low protein solubility or color, could be improved through using 
different enzyme proteases such as flavoenzyme, alcalase, papain, or pancreatin 
obtained from different sources such as fungal, bacterial, plants, or even animals.

The bioprocessing of wheat bran through fermentation with Lactobacillus 
brevis E95612 and Kazachstania exigua C81116 combined with endoglucanase, 
xylanase, and β-glucanase hydrolytic enzymes caused a breakdown of the cell 
structures and increased with more than 11-fold the solubility of arabinoxylans [29]. 
Lactiplantibacillus plantarum and Leuconostoc pseudomesenteroides used for the brewer 
spent grain fermentation increased the phenolic profile of the sample, mainly in van-
illin, syringic, and ferulic acid content [28]. Lactobacillus rhamnosus ATCC 7469 strain 
was used in the fermentation of brewer spent grain with an addition of spent malt 
rootlets in a range between 10 and 50%, aiming to enhance lactic acid production. 
During the fermentation process it was observed an increasement of the minerals 
such as iron, zinc, magnesium, or manganese, and the highest lactic acid concentra-
tion was reached with an addition of 50% malt rootles extract [25].
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On the other side, solid-state fermentation with Saccharomyces cerevisiae commer-
cial baker’s yeast proved to be a useful technique to increase the cereal bran phenolic 
extraction yield and improve their antioxidant activity. After 4 days of wheat and oat 
bran fermentation, the extractable total phenolic content increased with 112 and 83%, 
respectively [38].

Lactobacillus rhamnosus used for bran solid state fermentation increased threefold 
the arabinoxylans solubility, decreased with 37% the phytate content, and was able to 
metabolize the phenolic compounds through breaking the connection with cell-wall 
polysaccharides [30]. Recently, Fusarium oxysporum f. sp. Lycopersici was used for the 
brewer spent grain solid-state fermentation and successfully increased the release 
of arabinoxylans, free phenolic compounds, phenolic acids, and antioxidant activity 
content [39]. Brewer spent grain solid state fermentation with Rhizopus oligosporus 
increased citric acid amount, amino acids level, antioxidant activity, and vitamin 
content. Compounds such as 3-Hydroxyanthranilic acid and myo-inositol were two 
important compounds identified during fermentation that already claimed to have 
anti-inflammatory and neuro-protective effects [40].

Two mesophilic solid-state fermentations of brewer spent grain were success-
fully used to enrich the nitrogen content and suggested there is a strong connection 
between the native microbiota and the inoculated one. A combination of yeasts 
(Pichia kurdiavzevii, Saccharomyces cerevisiae, Kluyveromyces marxianus), lactic acid 
bacteria (Enterococcus faecium, Latilactobacillus graminis, Pediococcus acidilactici), 
filamentous fungus (Beauveria bassiana), and Gluconobacter diazotrophicus revealed 
that the inoculated microbiota was unable to persist after 7–14 days during solid-state 
fermentation but was able to generate positive impact on the brewer spent grain 
nitrogen content [41].

In the fermentation process of rice bran with R. oryzae free phenolic content 
increased from 2.4 to 5.1 mg/g, while mixed fermentation of rice bran with Monascus 
purpureus and Rhizopus oligosporus strains increased with twofold higher the amount 
of phenolic compounds [42]. The rice bran solid-state fermentation with Rhizopus 
oryzae CCT 7560 increased after 48 hours of fermentation, the ash content from 
1.1 to 56%, fiber content from 11 to 57%, and protein content from 6.1 to 49% [43]. 
The bran wheat fermentation with Sacharomyces cerevisiae increased the solubility of 
dietary fiber, protein, and ash and decreased the phytic acid content. It is important 
to mention that a key role in the wheat bran fermentation process was the size particle 
of the bran [32].

A big disadvantage of the fermentation process claimed by the literature is the 
long time process to achieve the desired bioactive compounds concentration together 
with the use of batch reactors in which the undesirable microorganism could develop 
[44]. Moreover, the cost needed for stirring or aeration during the conventional 
fermentation process is relatively high [45]. On the other side, the same issues were 
identified in solid-state fermentation, mentioning that there is less energy input due 
to the lower liquid phase and less operational costs such as aeration or stirring but 
there are some difficulties in monitoring temperature, humidity, and pH values [45].

To overcome this challenge, the extrusion process is claimed by a large body of 
literature as being a technological solution that combines short time, high tempera-
ture with pressure under a shear force, triggering molecular disruption, and leading 
to textural and structural changes in the raw materials [44, 46].

A hypothesis was formulated suggesting that the solubility of dietary fiber might 
be enhanced through extrusion cooking, likely attributed to the decrease in particle 
sizes of extruded samples and/or the disruption of covalent and non-covalent bonds 
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in larger molecules resulting from the application of high temperatures [11]. This 
is in line with the finding of Grasso [47] who mentioned that the extrusion process 
could alter the molecular fiber structure and increase the soluble fiber amount and 
with Aktas-Akyildiz et al., [48] who showed that extrusion parameters are highly 
important in the increment of wheat bran fiber solubility together with enzymatic 
hydrolysis that could successfully further extend the dietary fiber solubility.

Accordingly, Haghighi-Manesh et al., [49] showed that extrusion and enzymatic 
treatments have a synergetic effect leading to a higher corn bran soluble dietary fiber. 
In line with this, extrusion process parameters (temperature 130°C, feed moisture 
24%, and screw speed 400 rpm) of wheat bran increased the extractability of total 
dietary fiber with 40%, whilst arabinoxylan extractability increased from 5.8 to 9% 
[44]. Rice bran extrusion (temperature 100°C, feed moisture 60%, and 100 rpm) led 
to a total increase content of soluble fibers with 30% [44].

On the other side, extrusion cooking process enhanced the release of phenolic 
compounds and thermal processing of maize bran (160°C for 1 hour) allowed the 
solubilization of ferulic acid in a percentage of 80%, in the form of feruloylated 
oligosaccharides, that has higher antioxidant activity than free ferulic acid [50]. 
During extrusion of wheat bran feed moisture of 30°C followed by temperatures of 
140 and 180°C highly improved the extraction yield of bound phenolic content [44]. 
The extrusion process of rice bran increased the phenolic bioaccessibility from 395.11 
to 555.27 mg GAE/100 g, respectively [42].

The rice bran extrusion process improved its color, decreased the amount of 
phytic acid, and did not change the content of vitamins such as folic acid, niacin, 
pantothenic, or riboflavin amount. Likewise, a positive effect was observed in the 
amount of dietary fiber, which is involved in human constipation improvement [51]. 
Moreover, the use of rice bran in the starch-based extruded snacks is a tool for the 
improvement of the porous structure, increases the water holding capacity, retarded 
the starch retrogradation, and enhances the syneresis during storage of rice bran 
extruded snacks [52].

Another key role of the extrusion process is the capacity to inactivate enzymes 
such as lipases and lipoxygenases and therefore inhibit the cereal by-products post-
milling rancidification [44].

4. Innovative applications in bakery, pastry, and gastronomy

Aspects of concern which have been investigated in various studies include the 
physical characteristics of by-products and the methods employed for their integra-
tion into new products. This involves preserving product stability, textural char-
acteristics, and consumer acceptance while minimizing any adverse impact on the 
properties of the targeted compounds found in the cereal by-products. Therefore, the 
valorization of cereal by-products impact on the food chain with a focus on bakery, 
pastry, and gastronomy products will be further discussed in the present chapter.

The utilization of corn bran in the snack bar manufacturing was mentioned by 
Sousa et al., [53], who produced snack bars with a high percentage addition of corn 
bran (55%), resulting in a product with increased nutritional content in total dietary 
fiber (11.30 g/100 g), lower in carbohydrates (70.27 g/100 g) compared with the con-
trol (79.43 g/100 g) and higher in lipids (2.64 g/100 g). From the physical parameters 
point of view, the use of corn grain in a percentage of 55% influenced the increase 
of hardness value, from a value of 85.74 N (control sample) to a value of 126.26 N, 
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respectively [53]. In this line, Grasso [47] showed that corn bran could be successfully 
used in extruded snacks manufacturing, with an inclusion range between 10 and 
80%, resulting in enriched fiber corn extrudates.

Another study highlighted that the use of corn bran in cake batter manufactur-
ing could be successful to a percentage addition of 20%, without negative effect on 
hardness, springiness, and accepted by consumers form the texture, taste, and overall 
acceptability attributes [13]. Sharma et al., [54] mentioned that blending of corn 
bran, defatted corn germ, and corn gluten with wheat flour increases the protein, 
minerals (Ca, P, and Fe), and crude fiber content and the effect of blending in bread, 
muffins, cookies, noodles, and extruded snacks is presented in Table 1.

Milled corn bran was previously submitted to an integrated extrusion-enzymatic 
treatment and afterward, included in a functional cake manufacturing process. An 
addition of 30% pretreated corn bran was considered too much for the panelist’s tex-
tural and taste points of view, meantime, a 10% addition was the optimum percentage 
[49] that accomplished the general panelist expectations.

The use of wheat bran fermented with yeast and its 20% addition in bread manu-
facturing process positively influenced the protein (21.8%), soluble arabinoxylans 
(1.6%), and ash (6.6%) contents, while the enzyme-assisted yeast fermentation of 
bread wheat mainly improved soluble arabinoxylans content (3.8%) [33]. Tafton 
bread is a consumed product in Iran [32] and wheat bran fermented by Sacharomyces 
cerevisiae could be used at a replacement level of 15%, leading to an increase in bread 
shelf-life and freshness preservation [32].

The addition of 7.08% rice bran fermented with Sacharomyces cerevisiae strain in 
the gluten-free muffins preparation enhanced the increased of protein content from 
10.5 to 12.7%, a decrease of the lipid from 33.5 to 26.7%, whilst, vanillin increased 
its value from 3.12 to 5.49 mg/g [57]. The previous fermentation of wheat bran with 
Basidiomycete BS-01 strain was able to diminish the negative effect of bran addition 
on the steamed bread quality improving the dough viscoelasticity and bread-specific 
volume [56].

Spent malt rootlets fermentation with different lactic acid bacteria such as L. 
citreum TR116, W. cibaria MG1, L. plantarum FST1.7, L. reuteri R29, and L. amylovorus 
FST2.11, improved the breadcrumb texture, hardness and resilience of the final baked 
steamed bread and some antifungal natural compounds such as hydroxyphenyllactic 
acid and 4-hydroxybenzoic acid were formed, increasing the shelf-life of the bread. 
Also, the sensory characteristics of the bread were enhanced, resulting in a flavored 
bread, which can be compared to that of a sourdough conventional bread [21].

Lactobacillus plantarum f10 and Lactobacillus rhamnosus GG were successfully used 
for the milled and spray-dried brewer spent grain fermentation leading to an improve-
ment of the dough characteristics such as gluten development, dough resistance/stiff-
ness, and enhanced properties of the final bread [59], as presented in Table 1.

Biscuits are considered popular products which nowadays are nutritionally 
deficient in some nutrients such as minerals, protein, and even dietary fiber [60]. The 
utilization of a 15% addition of spent malt rootlets had a positive influence on the 
sensorial and nutritional composition of biscuits such as minerals, fatty acid content, 
and highly improved the aroma volatile compounds of the baked goods [60].

It is worthy of note that a combination of fermentation treatment together with an 
enzymatic one could be the best solution for improving textural characteristics, loaf 
volume and enhancing the shelf life of the bread enriched with wheat bran [75].

The utilization of brewer spent grain in breadsticks manufacturing was men-
tioned by Ktenioudaki et al., [63] as displayed in Table 1, and its utilization in bread 
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By-products New product Maximum 
addition

Improvement on the final product

Bakery and pastry products

Corn bran Snack bars 55% ↑ of dietary fiber, ↑ lipid content, and ↑ 
mineral content, [53]

Corn bar Extruded 
snacks

10–80% ↑ total dietary fiber content [47]

Corn bran Cake batters 20% ↑ dietary fiber, hardness and springiness not 
affected, and accepted by consumers [13]

Corn bran, defatted 
germ and gluten

Noodles and 
extruded snacks

10% ↑ cooking time; ↑ water absorption ratio; and 
gluten blended snacks ↑ overall acceptability

Corn bran, defatted 
germ and gluten

Bread, cookies, 
and muffins

5–10% ↑ volume bread made with corn gluten; corn 
germ muffins ↑ acceptability scores;

Fermented wheat 
bran

Wheat bran 20% ↑ fiber (arabinoxylans) solubilization [33]

Fermented wheat 
bran and enzyme 
treatment

Wheat bran 20% Hardness and volume improved [33]

Wheat bran Extrudates 10–20% ↑ soluble dietary fiber; ↓ insoluble fiber 
content [47]

Corn bran Functional cake 5–10% ↑ soluble dietary fiber; ↑ desirable sensorial 
properties; and ↑ textural properties 

(↓cohesiveness and springiness, ↑ 
gumminess), [49]

Wheat bran Tafton bread 15% ↑ soluble dietary fiber; ↑ freshness and 
shelf-life [32]

Wheat bran 
pre-fermented and 
enzyme treatment

Bread ↑ arabinoxylan solubility in the dough; 
↑dough rheological characteristics; and 

↑quality of bread [55]

Wheat bran 
fermented

Steamed bread 3–9% ↑ bread resilience; ↑bread specific volume; 
[56]

Rice bran fermented Gluten-free 
cookies

7.08% ↑ protein level; ↑phenolic compounds; ↑ 
antioxidant activity; and ↑shelf-life [57].

Defatted rice bran Bread 5–10% ↑ dietary fiber content; ↑ antioxidant activity 
and shelf-life [58]

Spent malt rootlets 
fermented

Steamed bread 5% ↑ specific volume; ↑crumb softness; and ↑ 
bread flavors [21].

Spent malt rootlets 
fermented

Bread 15% ↑ specific volume; ↓ crumb hardness; limited 
microbial growth rate; and ↓ the release of 

sugar during digestion [59]

Spent malt rootles Multigrain 
biscuits

15% ↑ fatty acid content; ↑ volatile compound; 
and ↑ sensorial characteristics [60]

Brewer spent grain Muffins 6% ↑ antioxidant activity; ↓ peroxide and 
thiobarbituric acid [61]

Brewer spent grain Bread 10% ↑ protein, mineral, and dietary fiber [62]

Brewer spent grain Breadsticks 15–35% ↑ dietary fiber content and protein; ↓ 
crispiness; and ↓ lower baking volume [63]
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manufacturing was mentioned by Fărcaș et al., [65] and Baiano et al., [64]. The use 
of brewer spent grain previously fermented with Lactobacillus plantarum FST 1.7. 
strain leads to an increase in the nutritional parameters but also in softer breads with 
improved springiness [62]. It is worthy to mention the use of brewer spent grain in 
the pasta manufacturing, by replacing semolina flour with 10 g of brewer spent grain 
[66]. The utilization of 6% addition of brewer spent grain hydrolysate in muffins 
manufacturing increased radical scavenging activity six times higher compared to the 
control sample without any hydrolysate addition and increased α- glucosidase and 
α-amylase inhibition with values of 40 and 88%, respectively [61]. With respect to 
the sensory attributes, an addition of 2% brewer spent grain hydrolysate in muffins 
manufacturing obtained a similar score for overall acceptance, color, texture, flavor, 
and general aspects as the control sample [61].

On the other side, the utilization of the selected by-products in gastronomy prod-
ucts is displayed in Table 1. The use of wheat bran extract in a percentage of 0.8% in 
beef meat hamburgers significantly increases the global antioxidant response and the 
product oxidation stability [68] with possible benefits on human health. It is worth to 
mention also that wheat bran was used in percentages of 5, 10, 15, and 20% in low-fat 

By-products New product Maximum 
addition

Improvement on the final product

Bakery and pastry products

Brewer spent grain Bread 20–25% ↑ phenolic content; ↑ soluble and insoluble 
fiber; ↓ bread texture; and ↑ hardness [64]

Brewer spent grain Bread 5–20% ↑ mineral, protein, fiber, and fat [65].

Brewer spent grain Dry pasta 10 g/100 g ↑ protein, dietary fiber, antioxidant activity, 
and β-Glucan [66]

Gastronomy products

Wheat bran Chicken meat 
biscuits

5% ↑ oxidative stability; ↑ crude fiber and ash 
contents [67]

Wheat bran extract Beef meat 
hamburgers

0.8% ↓ the formation of oxidation products; 
↑antioxidant potential [68]

Wheat bran Meatballs 5–20% ↓ total fat content; ↓ total trans fatty acids; ↑ 
ash, protein; and ↓ moisture [69]

Corn bran Turkish 
meatballs

10–15% ↓ weight losses; ↑ protein content; and ↑ fiber 
amount [70]

Brewer spent grain Bratwurst 
sausage

3% ↑ protein content; ↑ color, chewiness, 
appearance, and pastiness [71]

Brewer spent grain Chicken patties 3% ↑ dietary fiber; improve the cooking loss [72]

Brewer spent grain Smoked 
sausages

3% ↑protein, ash; ↑ freshness [73]

Brewer spent grain Beef 
frankfurters

1–5% ↑ total dietary fiber [74]

Spent malt rootles Sausage 10% ↓ cooking losses; ↑ fiber content [22]

↑ increase; ↓ decrease.

Table 1. 
Effects of by-products cereal addition in different products.
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meatballs and highly improved the weight loss, the nutritional content of the meat-
balls (protein, ash), color attributes, decreased the salt content, and registered the 
lowest moisture. From the sensorial characteristics, the samples with 20% wheat bran 
addition encoded the biggest firmness, probably because the addition of wheat bran 
decreased total fat content [69].

It is worth mentioning that these by-products could be successfully used in gas-
tronomy, specifically in the meat manufacturing products. For instance, the utiliza-
tion of brewer spent grain in the meat products was mentioned by Talens et al., [71] 
who demonstrated that brewer spent grain could be used as a source of protein in the 
hybrid sausages, whilst, Kim et al., [72] used brewer spent grain in the chicken patties 
in a percentage addition of 3%. Corn bran improves the fiber of cooked Turkish meat-
balls and decreases their fat content [70], meantime, a 3% addition of brewer spent 
grain does not affect the textural and sensorial characteristics of the smoked sausages 
[73]. In the beef frankfurters manufacturing, brewer spent grain could be used as a 
fat substitute for produce products with high dietary fiber and low-fat content [74].

5. Health impact of cereal by-products consumption

The main positive effects of cereal by-products consumption on human health 
are presented in Figure 3. The major antioxidants from rice bran are γ-oryzanol, 
phytosterol from which campesterol, sitosterol, and stigmasterol are the major ones, 
and tocols (tocotrienol and tocopherol). Tocols, also entitled vitamin E are known to 
be natural antioxidants with positive effects on certain cancer cells and to reduce the 
cholesterol concentration, [76] as shown in Table 2. Rice bran is also a rich source 
of B-complex vitamins, carotenoids, phenolic compounds, octacosanol, and also 
squalene [82]. It is worthy of note that in rice bran and its products, more than 100 
antioxidant compounds were identified from which 12 phenolic acid and several 
flavonoids such as tricin, quercetin, luteolin, kaempferol, and apigenin [82].

Cyanidin-3-O-glucoside and peonidin-3-O-glucoside were the main compounds 
identified in glutinous black rice varieties with higher anti-inflammatory and 

Figure 3. 
Main human positive effects of cereal by-products consumption.
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Cereal 
by-products

Bioactive 
compound

Beneficial properties

Rice bran Bioactive peptides control of hypertension, oxidative stress, type 2 diabetes 
mellitus, and various abnormal cellular processes [77].

Wheat germ Wheat germ extract fermented wheat germ extracts beneficial effect against ovarian 
cancer with anti-inflammatory and immunomodulatory effects 
[78].

Wheat bran Arabinoxylan 
oligosaccharides

Improve glucose tolerance, insulin sensitivity mechanism, and 
gut fermentation improved [79].

Wheat bran Arabinoxylans and 
β-glucans

Play a key role in reducing the susceptibility to type II diabetes, 
colorectal cancer, as well as cardiovascular and diverticular 
diseases, [29]

Wheat bran Phenolic acid Ferulic 
acid

↑ Antioxidant properties, protection against heart diseases and 
cancer [80].
Cardiovascular diseases, chronic diseases [31].

Corn bran Arabinoxylans Prebiotic effect, improve bowel movement, improve the 
development of colonic microbiota, and the production of 
exopolysaccharides [5].
Improve gut microbiota modulation [81]

Corn bran Dietary fiber 52 g/day reduce triglyceride content, glycosylated hemoglobin, 
and very low-density lipoprotein cholesterol [12];
↑ fecal bulk, ↓ gastrointestinal transit time, and ↑ colon health 
[12]

Corn bran Hemicellulose 10 g/day for 6 months improve obese individual’s glycemic and 
insulinemic responses [12]

Rice bran γ-oryzanol Antioxidant activity, lipid-lowering effect, antidiabetic effect, 
and anti-cancer properties; improve kidney and liver functions 
in rats [15]

Rice bran γ-oryzanol, tocols, 
phytosterols

Antioxidant, hypocholesterolemia effects; ↓ serum cholesterol 
concentration [76]

Rice bran Polysaccharides Weight reduction, antihypertensive, and hypolipidemic  
activity [15]

Rice bran Dietary fiber Prebiotic characteristics [15]

Rice bran Phenolic acid and 
flavonoids

Antioxidant and antimicrobial effect [82]

Rice bran Arabinoxylan and 
β-glucan

Functional polysaccharides with immunomodulatory effects 
on mammary tumors, gastrointestinal cancers, and Lewis lung 
carcinomas [82]

Rice bran Oryzatensin Bioactive peptide with immunomodulatory effects [82]

Black bran 
extracts

Cyanidin-3-O-
glucoside
Peonidin-3-O-
glucoside

↑ antioxidant and anti-inflammatory properties [14]

Brewer spent 
grain

Phenolic compounds ↑ Antioxidant activity, immunomodulatory effect; antimutagenic 
effects and DNA-protective [17]

Brewer spent 
grain

β-Glucan ↑ colon functionality [82]
↓ plasma cholesterol [64]

Brewer spent 
grain

Peptides Thrombin inhibitory activity [83]
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antioxidant effects than non-glutinous rice varieties [14]. The oral administration of 
a formulation comprising powdered black rice and bran among a group of healthy 
individuals aged between 65 and 75 years resulted in a reduction in the levels of the 
inflammatory marker IL-6 and C-reactive protein [14].

In a study where hemicellulose was extracted from corn bran, rice bran, and wheat 
bran, using the same extraction method, and submitted to human fecal microflora 
for the in vitro fermentation, revealed that corn bran hemicellulose exhibited higher 
fermentability, yielding significantly greater quantities of acetate, and propionate 
compared to hemicellulose from rice and wheat bran. These variations can be attrib-
uted to differences in their monosaccharide compositions, derivative-unit distribu-
tions, and molecular weights.

The effective fermentation of corn bran hemicellulose, leading to the production 
of short-chain fatty acids (SCFAs), suggests its potential to contribute to colon health 
benefits upon consumption [12].

Brewer spent grain β-glucan molar mass is highly influenced by the proteolytic 
enzymes of the gastrointestinal tract, enhancing its functional role in the colon [83]. 
Briefly, it seems that proteins could be linked to β-glucan and therefore could affect 
the molar mass where a key role in the β-glucan hydrodynamic size is played by the 
enzymatic treatment [85]. Peptides hydrolysates of brewer spent grain are able to 
inhibit coagulation factors in the blood coagulation pathway and inhibit the thrombin 
action, thereby preventing the fibrin conversion to fibrinogen [83].

Protein hydrolysates extracts from spent malt rootlets grain treated with different 
enzymes showed a high angiotensin-converting enzyme (ACE) inhibitory activity 
and could also have an antihypertensive effect [84].

6. Conclusion

The ever-increasing demand for healthy food correlated with the need of a 
sustainable future economy, gained researchers’ attention, and increased the utili-
zation of by-products in food manufacturing process. Cereal by-products are rich 
sources of several bioactive compounds such as dietary fiber, protein, amino acids, 
minerals, phenolic acids, flavonoids, and vitamins. Unfortunately, there are several 
antinutrients factors and macromolecular complexes (such as that of protein and 
fiber) that influence in a negative way the bioaccesibility and biodisponibility of the 

Cereal 
by-products

Bioactive 
compound

Beneficial properties

Brewer spent 
grain

Arabinoxylans ↓ serum cholesterol; ↑ calcium and magnesium adsorption; 
antioxidant properties [64]

Brewer spent 
grain

Ferulic acid Antioxidant, anti-inflammatory, and antimicrobial [36]

Brewer spent 
grain

Protein hydrolysate Antioxidant and antidiabetic effects [61]

Spent malt 
rootlets

Protein hydrolysates ↑ antihypertensive activity [84]

↑ increase; ↓ decrease.

Table 2. 
Human benefits of cereal by-products bioactive compounds.
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aforementioned bioactive compounds. Moreover, from the technological point of 
view, some cereal by-products lead to undesirable texture profiles of the final prod-
ucts such as increased hardness and cohesiveness values and a decrease in gumminess 
and chewiness attributes.

A way to tackle this drawback is the use of pretreatments such as submerged 
fermentation or solid-state fermentation of cereal by-products with different lactic 
acid bacteria strains or even enzymatic treatments. Moreover, extrusion is a new tool 
that could improve the fiber solubility with no negative effects on other bioactive 
compounds. The further valorization of these by-products in bakery, pastry, and 
gastronomy products represents a shift toward a circular food economy system and 
improves the nutritional value of the final products. This chapter is an important step 
in the journey toward a new possibility to valorize cereal by-product.
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Chapter 4

Exploring the Impacts of Climate 
Change on the Nutritional 
Properties and Food Security of 
Various Cereal Grains
Maha Khalfalla and Zoltán Győri

Abstract

Climate change substantially influences agriculture, affecting food security and 
agricultural production. To address the current concerns, it is essential to address 
climate-smart agricultural methods, such as crop rotation, integrated pest control 
and enhanced nitrogen fertilisation techniques, to assist farmers in adjusting to a 
shifting climate. Furthermore, an ongoing review is being conducted to investigate 
the potential effects of climate change mitigation and the contribution of agriculture 
to reducing greenhouse gas emissions abroad. This investigation encompasses various 
aspects such as agricultural practice and crop varieties, particularly crop relocation, 
soil nutrient management and innovative nitrogen fertiliser techniques. Restricting 
the discourse to the crop and N fertiliser selection options and the implementation of 
various strategies, such as identifying the most resilient crop for climatic fluctuations, 
implementing a crop relocation system as conventional and modern agricultural prac-
tices, minimising the reliance on pesticides and enhancing the nutritional qualities 
of better cultivars, in addition to the grain drying process and storage, may influence 
the nutritional composition of cereal grains. All the above adaptation mechanisms 
depend on the local context, area or country. Ecologically, low-impact solutions that 
modernise agriculture include biodiversity-based and climate-smart farming. These 
initiatives aim to effectively enhance agricultural incomes and production while 
addressing the interrelated challenges of climate change and food security.

Keywords: agriculture practice, grains, buckwheat, crop rotation, proso millet, 
nutritional contents

1.  Introduction

Fluctuations in climate patterns, including factors such as temperature, rainfall 
and the occurrence of frosts, can either enhance or deteriorate agricultural conditions 
throughout different regions of the globe. Increased temperatures and elevated CO2 
levels may enhance crop yields in some areas or vice versa [1]. Nevertheless, changes 
in precipitation patterns, severe weather occurrences and decreased water availability 
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might lead to a decline in agricultural production [2]. The yearly emissions from 
the global food system, mostly attributed to methane and nitrous oxide emissions 
from agriculture, account for around 21–37% of total emissions [3, 4]. To ensure 
food security and sustainable production amidst significant environmental changes, 
farmers and the agricultural sector may use many ways to adjust to these emerging 
circumstances [1]. Research suggests that a temperature increase of 2.0°C might result 
in a 20–40% decrease in cereal grain output due to the impact of climate change, 
particularly in Asia and Africa [5]. The growth of grains such as wheat, maize and rice 
is very susceptible to temperature variations [6]. Several management strategies are 
suggested to guarantee food security and sustainable production in the face of climate 
change. These include the development of innovative crop varieties, the implementa-
tion of efficient cropping systems and the optimisation of nutrient management [5]. 
Developing climate-resilient crops is a commonly employed approach to breed and 
grow crop varieties that can withstand the negative impacts of climate change, such as 
flooding, drought and extreme heat, which can help farmers adapt to changing environ-
mental conditions [7, 8]. Implementing diversified cropping systems and crop rotation 
techniques in agriculture contributes to ensuring food security and advancing sustain-
able production in response to the challenges posed by climate change [9, 10]. Prior 
European study investigated the occurrence of pest insects in different agricultural 
environments by the use of a multiple-choice methodology [11]. The study evaluates the 
suitability of crops, the impact of weed species and the effectiveness of crop rotation 
as a management strategy [12]. By using agricultural diversification practices such as 
implementing varied crop rotations, utilising cover crops and practising intercropping, 
it is possible to enhance ecosystem services, minimise environmental damage and main-
tain crop yields while safeguarding quality [13]. The simulation results demonstrate 
that the application of nitrogen fertilisation, the timing of planting and the provision of 
irrigation substantially influence the production of sorghum and millet. These findings 
indicate that implementing appropriate crop management strategies could effectively 
reduce the risks associated with climate change [14]. Sorghum, millets and pseudo-
cereals are crucial grains for establishing resilient and sustainable food systems in the 
context of climate change. These grains possess the ability to withstand harsh weather 
conditions and are highly suitable for dry and semi-arid agroecosystems [15, 16]. 
Previous research has shown that a crop rotation consisting of wheat, maize and millet 
and fallow periods during a 4-year cycle in Colorado yields better results than tradi-
tional methods to enhance food security and build resistance to climate change [17]. 
Another investigation performed in Canada discovered that cultivating forage sorghum 
within a traditional rotation of wheat and grain sorghum and fallow land resulted in 
enhanced productivity and profitability of the cropping system [18]. Research done in 
Western Ethiopia revealed that the practice of rotating sorghum and finger millet crops 
was widespread in the study region [19]. In South Africa, sorghum is often irrigated in 
rotation with other crops, exacerbating nutrient and water depletion [20]. In Europe, 
Hungary has optimal conditions for cultivating early and intermediate-maturity 
sorghum hybrid. Sorghum production is advantageous for crop rotation [21]. The 
European Union’s Green Deal sought to achieve climate neutrality in Europe by 2050. 
This will be accomplished via the promotion of sustainable food systems, the advance-
ment of organic farming practices and the facilitation of market entry for alternative 
crops. The European Union’s Green Deal aims to achieve climate neutrality in Europe by 
2050. Promoting sustainable food systems, advancing organic farming methods, and 
facilitating market entry for alternative crops will help accomplish this goal, besides 
utilizing conventional and regionally tailored cultivars of crops [22]. In southern 
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Hungary, implementing crop rotation systems has the ability to enhance soil health, 
fertility and nutrient balance, hence favourably impacting the nutritional quality of 
the crops [23, 24]. Sorghum and millets offer potential for improving food nutritional 
value, health and sustainable food systems. Biofortification strategies and unique pro-
tein functionality are essential [25]. By carefully choosing sorghum and millet types for 
a rotation system, farmers may establish a more sustainable and productive agricultural 
system that is specifically suited to their location and market circumstances [26]. The 
studies emphasised the potential for enhancing productivity and profitability via the 
significance of grain quality and planting strategies in the choice of crop varieties [27]. 
Grain storage ensures food security, market stability and profitability. Government 
agencies store grains to uphold quality standards and minimise losses [3].

The objective of the book chapter was to evaluate the impact of agricultural 
practices such as grain drying and storage on the resilience of proso millet, sorghum, 
and buckwheat cereal grains in the face of climate change. Additionally, the chapter 
examines how these practices affect these grains’ nutritional and quality aspects and 
their potential contribution to high-quality production for human food security.

The scientists and breeders have carefully examined the potential implications of 
multiple factors on agricultural practices, which may significantly affect production 
and food security. These considerations are further discussed below.

2.  The implications of climate change on agriculture

Climate stress may harm cereal grains’ nutritional value, reducing nutrient 
absorption and assimilation. The repercussions vary according to the crop’s classifica-
tion, the stress level and the prevailing environmental circumstances. Therefore, it is 
crucial to consider the impact of climatic stress on grain quality while selecting crops 
and implementing farming practices [28]. The biosecurity toolkit developed by the 
Food and Agriculture Organisation (FAO) provided strategic guidance for safeguard-
ing food security, commerce and agricultural practices. It specifically addresses global 
challenges such as environmental and biodiversity difficulties [29].

The diversity of the varieties in agricultural exchange programmes may provide 
useful insights into the abundance of crop diversity region. It also highlights the need 
to conserve and use these varieties for the purpose of sustainable agriculture [29–31].

Climate change is significantly impacting Europe’s agriculture, affecting crop and 
livestock production and posing challenges for farmers in adapting to changing condi-
tions, which can present several negative impacts, as are detailed in the following points:

Climate change has prompted significant adaptations in US agriculture, with 
farmers employing strategies to mitigate crop yields and losses [32]. China’s climate 
change adaptation techniques for maize output are being studied to enhance under-
standing of the challenges of changing climatic patterns in agriculture [33]. France 
is known for its rich history of cultivation diversity in Western Europe. Based on the 
RCP8.5 warming scenario and assuming no changes in growing regions or technol-
ogy, our model ensemble indicates that winter wheat output would fall by 21.0%, 
winter barley yield will decline by 17.3% and spring barley yield will decline by 
33.6% by the end of the century [34]. Furthermore, climate change will increase the 
susceptibility of the EU’s agri-food business to drought in non-EU nations, with over 
44% of the EU’s agricultural imports projected to be at high risk of drought in the 
coming years [35]. China’s evidence earlier predicted climate change impacts global 
agriculture and food production. However, the connection between climate change 
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and national food security must be adequately understood [36]. A study from Africa 
examined the difficulties and potential advantages of sorghum growing techniques in 
the humid agroecology of Western Ethiopia [19].

2.1  Alteration and insertion of adaptive crops for climate change

The FAO/OECD Workshop focused on addressing the problems posed by cli-
mate change in different agro-ecological and socio-economic settings and building 
resilience for adaptation in the agriculture sector. The workshop explored resilience 
from several angles, including biophysical, economic and social dimensions and 
spanning different levels of analysis, from individual farms to the global scale [37]. A 
European exploration study has proposed many techniques that might assist farmers 
and policymakers in formulating suitable adaptation strategies to tackle the problems 
presented by climate change in the agricultural sector [38, 39]. These strategies are of 
the utmost importance, such as:

2.1.1  Climate resilience

Employing climate resilient techniques to improve the capacity of agricultural 
systems to forecast, prepare for, adjust to, withstand and recuperate from the effects 
of climate change and severe weather events [40].

2.1.2  Climate-resilient practices

The collection of climate-resilient practices may help developers and other stake-
holders, and the strategies can be customised to address the individual hazards, levels 
of exposure and vulnerabilities identified throughout the climate risk assessment 
process [41]. Policymakers have discovered the optimal crops that can acclimatise 
to climatic changes and are devising efficient measures to bolster the agricultural 
industry in response to a shifting climate [42].

2.1.3  Crop switching and relocation

The strategic shifting and relocation of profitable crops for agricultural purposes 
to adapt to climate change is a crucial component of climate change resistance pro-
grammes [26, 43]. Implementing crop switching may mitigate agricultural losses 
caused by climate change, while relocation can facilitate the identification of appro-
priate crop adaptation prospects for farmers and policymakers [9]. Implementing a 
diverse crop rotation may be a very successful approach to enhancing the availability 
of soil nutrients and preserving soil health in no-till systems. Conversely, windrow-
burning waste could harm soil fertility [43], as was explained by Figure 1.

3.  Incorporating P. millet, Sorghum bicolor, and common buckwheat into 
crop rotation strategies

P. millet and S. bicolor are scientifically known as the kind of grains that are notable 
for their capacity to thrive in dry and hot environments, making them valuable for 
ensuring food security in desert locations, given the anticipated pattern of increasing 
drought intensity in the Mediterranean region [22, 44]. Buckwheat is a rapidly growing 
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crop that is well-suited for various crop rotation systems, and its nutritional needs should 
be considered when designing such systems [45]. P. millet has been shown to enhance 
overall production and may serve as a substitute for summer fallow in winter wheat-
fallow rotations within crop rotation systems [44]. Studies have shown that S. bicolor is a 
valuable crop in crop rotation systems since it is more likely to achieve the highest yield in 
certain rotations [14]. Which can provide several advantages, including in the following 
section details.

4.  Implication of P. millet, S. bicolor and common buckwheat rotation 
system on soil fertility

Crop rotation, via the cultivation of several crops in a particular area, may miti-
gate the depletion of specific nutrients in the soil, resulting in a more equitable and 
sustainable absorption of nutrients [46].

Crop rotation, which involves the cultivation of P. millet, S. bicolor and buckwheat, 
effectively disrupts patterns of nutrient depletion or surplus by modifying the need 
for certain nutrients. In addition, varied crop rotations enhance microbial diversity, 
which in turn improves soil structure, nutrient accessibility and breakdown of 
organic waste [43, 47, 48]. In addition, implementing crop rotation systems using P. 
millet, S. bicolor and buckwheat has boosted soil fertility by stimulating microbial 
populations, improved soil aggregation and facilitated water infiltration, aeration 
and root development. Consequently, this results in enhanced assimilation of plant 
nutrients and heightened agricultural output [22, 49]. Buckwheat, classified as a 
legume, can capture atmospheric nitrogen via the action of nitrogen-fixing bacteria, 
resulting in the enhancement of soil fertility with this vital nutrient [37]. The wide 
fibrous root structure of S. bicolor, capable of growing to great depths, improves soil 
aggregation and water penetration, facilitating nutrient absorption and enhanc-
ing soil fertility [50, 51]. P. millet’s shallow root system is advantageous for nutrient 
absorption and soil structure enhancement, particularly in less fertile soils [52, 53]. 
Research conducted by Frontier examined the performance of sorghum hybrids with 
enhanced terminal senescence under optimal environmental circumstances, resulting 

Figure 1. 
Switching and relocation system in the agriculture.
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in higher nitrogen transfer from leaves to improve both production and grain quality 
(left), as compared to stay-green sorghum hybrids cultivated in resource-limited 
situations [53]. Sorghum hybrids that possess rapid nitrogen transfer and exhibit 
accelerated senescence in less challenging settings may not need a complex root 
structure [53], as displayed in Figure 2 (left).

Buckwheat has the capacity to improve soil fertility [54]. In addition, the root exu-
dates have the capacity to mobilise nutrients, particularly phosphorus, by solubilising 
them, making them more available [55]. Furthermore, the high efficacy of these crops 
in reducing wireworm populations and promoting soil health is noteworthy [54, 55].

Soil composition, pH levels, and nutrient levels influence cereal grain nutritional 
composition. Additionally, breeding techniques and agricultural methods signifi-
cantly enhance grain quality under different environmental conditions, impacting 
productivity, food security, and human consumption [56]. Table 1 shows that crop 
tissues can absorb essential plant nutrients.

5.  Pesticide and residue utilisation concepts

The excessive use of pesticides can cause environmental pollution and pose risks 
to human health. The Food and Agriculture Organisation (FAO) of the World Health 
Organisation (WHO) establishes maximum residue limits and oversees the use of pes-
ticides in food production to mitigate health and environmental risks [57]. Pesticide 
usage in food production should be monitored to reduce health and environmental 
concerns [11]. Research was conducted to analyse the impact of pesticide residues on 
food safety and the environment to protect consumers’ interests and maintain the 
food supply’s stability [58].

Figure 2. 
The role of root structure in facilitating nutrient absorption, letters refer to (a) Sorghum root structure in the 
soil (b) Sorghum hybrids under favourable environmental conditions (left) and sorghum hybrids grown under 
resource-poor conditions (right). Source: Copyright © 2022 Ostmeyer, Bahuguna, Kirkham, Bean and Jagadish. 
This open-access article is distributed under the terms of the Creative Commons Attribution License (CC BY). 
The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the 
copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with 
accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these 
terms. Correspondence: S. V. Krishna Jagadish, kjagadish@ksu.edu.
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Some foods may retain pesticide residues after washing or peeling. Buying organic 
fruit and growing veggies using Integrated Pest Management (IPM) are the best 
strategies to limit pesticide exposure in food [58].

5.1  Pesticide utilisation in case of P. millet, S. bicolor and common buckwheat

The dynamic crop simulation model focuses on optimising the dynamics of pes-
ticide residues in plant-environment systems, with a particular emphasis on P. millet. 
Drought and heat are excellent methods for minimising residues in P. millet crops, 
making them robust to environmental conditions [59].

Several insecticidal measures were used to control Melanaphis sacchari, which may 
provide useful impacts on pesticide usage in sorghum cultivation. These strategies can 
help create efficient approaches to managing the aphid and minimise its detrimental 
impact on sorghum crops [60, 61].

Based on a comparative investigation, buckwheat showed resistance to weed 
pressure and insect pest damage, making it a good alternative plant for conducting 
semi-field pesticide toxicity evaluations, such as impatiens flowers [62, 63].

6.  Organic and conventional fertiliser concepts in case of P. millet,  
S. bicolor and common buckwheat

Optimised organic manures, chemical fertilisers and bio-priming can enhance 
soil physicochemical characteristics and P. millet yield production [64, 65]. It was 

Elements Chemical symbol Chemical forms uptake by crop

Primary nutrients

Nitrogen N NO3
−, NH4

+

Potassium K K

Phosphorus P HPO4
−, HPO4

2−, PO4
3−

Secondary nutrients

Sulphur S SO4
2−

Calcium Ca Ca2+

Magnesium Mg Mg2+

Micronutrients

Copper Cu Cu+, Cu2+

Iron Fe Fe3+

Zinc Zn Zn2+

Manganese Mn Mn2+

Boron B BO3
3−

Molybdenum Mo MoO4
2−

Nickel Ni Ni2+

Chlorine Cl Cl−

Source: [31].

Table 1. 
The elemental nutrients which crops can obtain from the soil source.
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proposed that using integrated nutrition sources and seed priming techniques 
may enhance the development, production and overall quality of nutri-cereal P. 
millet [66]. The combined use of organic amendments and chemical fertilisers 
has been shown to enhance S. bicolor’s growth, productivity and nutritional value. 
Organic additions are a viable substitute for inorganic fertilisers in improving crop 
yield and soil quality [65]. Moreover, using organic supplements has enhanced pro-
ductivity and superior quality of S. bicolor in semi-arid tropical locations, exceeding 
the advantages of mineral fertilisers. This intriguing method can improve soil health 
and boost crop yield [67].

Favourable results were carried out to evaluate the impact of different farming 
techniques (organic and conventional) on the nutritional properties of buckwheat 
varieties grown in Poland [68, 69].

7.  Concepts of nitrogen fertiliser impact on nutrient absorption

Crop rotation facilitates nitrogen cycling, hence enhancing nutrient uptake by 
crops [69]. However, agricultural land use leads to soil nutrient extraction, affect-
ing yield; insufficient replenishment can lead to low nutrient availability. Solutions 
include fertilisers and crop breeding to overcome this issue [70]. Crop nutrient 
improvement may be accomplished by diverse breeding techniques and genetic 
variation, resulting in enhanced productivity, disease resistance, and adaptability to 
different climates [71].

Nitrogen fertiliser is a crucial component in contemporary agriculture since it has 
been scientifically shown to enhance plant growth and production [72]. Despite wor-
ries about its environmental consequences, including pollution and carbon emissions, 
and the need for more sustainable alternatives, the prevailing agreement is that, until 
superior choices become accessible, farmers necessitate unrestricted availability of 
nitrogen fertiliser to guarantee food security [53]. Nitrogen fertilisers have played a 
crucial role in contemporary agriculture, facilitating fast development and enhanc-
ing productivity in farming [73]. Nevertheless, there are continuous endeavours to 
discover alternate and more sustainable methods, such as nano-enabled fertilisers, 
that may enhance nutrient utilisation efficiency and minimise environmental reper-
cussions in contrast to conventional synthetic fertilisers [74]. Although there are 
difficulties and worries, the need for nitrogen fertiliser in contemporary agriculture 
is generally acknowledged, and continuous research and innovation strive to tackle 
its ecological consequences while guaranteeing an uninterrupted food supply [75]. 
Phenotyping technologies play a crucial role in breeding strategies for sustainable 
agriculture. They are used to evaluate the capacity of cover crops to withstand 
changes in the environment and identify genetic ways for enhancing root properties. 
One such strategy is using buckwheat as a cover crop [76].

The nutritional needs of various crop kinds are determined by their intended 
use and might vary significantly depending on the adaptability of the crop. 
Comprehending these essential nutrient needs is vital for efficient nutrient control 
and for enhancing the ideal development and productivity of various crops [77].

7.1  The employed technologies for efficient N fertiliser utilisation

Modern phenotyping technology and innovative breeding techniques in cover 
crops have the potential to increase these functions. These tactics focus on enhancing 
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nitrogen fixation, nutrient absorption and stress resistance, among other character-
istics, to maximise root growth and performance in agricultural contexts. By incor-
porating root features into breeding programmes, we want to increase the ability 
of cover crops to provide ecosystem services, which will eventually contribute to 
sustainable agriculture and boost soil health [77, 78]. For example, Figure 3 illus-
trates: Nano N fertilisers may be administered to crops via three different methods: 
by being enclosed inside nanomaterials, by being covered with a thin protec-
tive polymer coating or by being supplied as particles or emulsions of nanoscale 
dimensions [79].

Rotating N2-fixing grain legumes with cereals may provide advantages such as 
enhanced seed productivity and quality, augmented family monetary revenue and 
decreased dependence on artificial nitrogen fertilisers [47]. Developing nitrogen fixa-
tion in cereals has been a persistent research obstacle; however, advancements have 
been achieved in the identification of nitrogen-fixing bacteria that have the potential 
to serve as crop inoculants. Scientists are investigating methods to genetically modify 
cereal crops to independently produce nitrogen, potentially decreasing reliance on 
synthetic fertilisers [78].

7.1.1  Optinyte technology

Optinyte technology, developed by Corteva Agriscience, is a nitrogen stabiliser 
that safeguards nitrogen fertiliser and minimises environmental loss by impeding the 
nitrification process and limiting the conversion of ammonium to nitrate. It is used 
in N-Serve and Instinct NXTGEN nitrogen stabilisers to guarantee that the nutrient 
remains in the root zone throughout crucial periods of growth development [80–82]. 

Figure 3. 
Advantages of employing the modern technology of nitrogen fertiliser [79]. Source: Springer Nature. Date: Oct 
12, 2023. Copyright © 2023, The Author(s) Creative Commons. This open-access article is distributed under the 
terms of the Creative Commons CC BY license, which permits unrestricted use, distribution, and reproduction in 
any medium, provided the original work is properly cited. You are not required to obtain permission to reuse this 
article. CC0 applies for supplementary material related to this article, and attribution is not required.
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The Optinyte technology has several advantages in agriculture concerning environ-
mental sustainability and agricultural productivity [81, 82]. Several notable advan-
tages are demonstrated in Figure 4.

7.1.2  Soilgenic Technologies

Soilgenic Technologies, LLC, has developed a pioneering method that enhances 
nitrogen fertiliser efficiency and decreases emissions. Additional technologies include 
the use of slow-release fertilisers, precision agriculture, and cover crops [82].

Slow-release fertilisers gradually release nitrogen over an extended duration, 
hence minimising the chances of leaching and volatilisation. Precision agriculture 
uses data and technology to enhance the efficiency of fertiliser application by opti-
mising rates and timing, thereby minimising wastage and enhancing crop absorp-
tion. Cover crops may effectively scavenge residual nitrogen in the soil and mitigate 
leaching [80, 83, 84].

8.  Implication of N fertiliser on P. millet, S. bicolor and common buckwheat

8.1  Nutrient management

Multiple literature sources have examined the effects of different degrees of 
nitrogen fertilisation on S. bicolor yield and quality characteristics [85, 86]. These 
studies emphasised the utilisation of nitrogen fertilisation in sorghum production 
and its ability to enhance yield and quality features [86]. Nevertheless, it is crucial 
to consider nitrogen fertiliser’s environmental ramifications and long-term viability 
[86, 87].

The 60 kg/ha−1 rate of N fertiliser was recommended for S. bicolor crops after the 
rotation of cowpea and soybeans [87]. The physicochemical qualities of S. bicolor are 
influenced by elevated amounts of nitrogen fertiliser, which vary depending on the 
application stage and the sorghum’s specific variety. These effects have a significant 
impact on the main constituent of S. bicolor grains [88–90].

Figure 4. 
Mechanism of the Optinyte technology for efficient nitrogen fertiliser utilisation [81]. Source: https://www.
thedailyscoop.com/news/retail-industry/two-takeaways-nitrogen-stabilizer-research.
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Studies on P. millet indicated that a lack of nitrogen has a detrimental effect 
on grain production, decreasing nitrogen utilisation efficiency and increasing the 
carbon/nitrogen ratio by lowering the overall nitrogen content and the levels of 
soluble proteins and sugars [52]. Nitrogen fertilisation rates significantly influenced 
the development and yield of P. millet. In the past, the production and consumption 
of small millets declined. Nevertheless, they have a crucial function in guaranteeing 
both the availability of food and a stable source of income, particularly in locations 
vulnerable to climate change and with limited resources [10, 91]. In contrast, now 
benefiting from superior morphological and molecular traits of P. millet crop as 
an emergency crop for human consumption is a target in Mediterranean countries 
[92–94].

The maximum yield was achieved with the highest nitrogen fertilisation rate, 
highlighting its importance for promoting sustainable agriculture and ensuring food 
security in Mediterranean areas [94]. Another Mediterranean research demonstrated 
a distinct impact of nitrogen fertilisation rates on P. millet morphology, productivity 
and phenology. Utilising nitrogen impacted protein content and all other variables, 
except for the weight of 1000 seeds [94].

Common buckwheat (Fagopyrum esculentum M.) is a pseudocereal that plays a 
crucial role as a catch crop in crop rotation systems [76]. Buckwheat, a crop grown 
by traditional farmers, has the potential to support smallholder farmers and rural 
communities [3]. Buckwheat is vital as catch crops can enhance nutrient cycling in 
cropping systems and reduce nitrogen leaching [48]. The choice of catch crop species 
and mixture can impact nutrient uptake and carry-over potential, and the growth 
conditions can also affect nutrient conservation and losses [49, 95]. Legumes can 
undergo nitrogen fixation by forming a mutually beneficial relationship with rhizo-
bia, while cereals often rely on synthetic nitrogen fertilisers [95].

The utilisation of buckwheat in cover cropping and sorghum grains presents 
both opportunities and challenges in sustainable agriculture systems in Southern 
Australia, specifically in Mediterranean climatic conditions. Further evaluation 
and identification of appropriate cover crop species for the region are necessary 
[47, 96].

9.  Implication of variety diversity role on nutrient management

Various crop varieties have distinct capabilities for absorbing and utilising nutri-
ents, which might influence the effectiveness of nutrient management techniques. 
Legume crops may effectively mitigate the excessive reliance on chemical fertilisers, 
particularly nitrogenous fertilisers, in cereal-based cropping systems [97, 98]. The 
sustainable preservation of genetic resources is essential for enhancing the resilience 
of the ecosystem, boosting food production and ensuring nutritional security. That 
requires extensive initiatives to gather and save cultivated varieties, landraces and 
wild accessions.

Each crop has a distinct nutritional need for achieving optimum development and 
exhibits different nitrogen, phosphorus and potassium requirements [98], as shown 
in Table 1.

Grain crops such as wheat, barley, oats, rye, and triticale possess unique 
nutritional demands, with various cultivars within the same crop category some-
times exhibiting diverse requirements, varying from millets and pseudocereal 
requirements [77].
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9.1  Implication of P. millet, S. bicolor and common buckwheat variety diversity on 
nutrient management

S. bicolor germplasm exhibits high genetic diversity, offering potential for 
cultivar development, breeding strategies and conservation efforts. Genetic 
regions under selection may contain genes for improved production and adaptation 
[99, 100]. The discussed factors can contribute to understanding the plasticity and 
stability of grain sorghum varieties, which can be valuable for developing new cul-
tivars and improving sorghum production in different climatic conditions [100]. 
The genetic diversity and heritability of sorghum traits provide insights into breed-
ing and conservation efforts and contribute to the knowledge of sorghum genetic 
resources in the region [101, 102].

Prior investigation indicated that the growing site does not significantly influ-
ence the features of P. millet. However, the selection of a certain variety may impact 
its nutritional and functional qualities, which can benefit farmers and researchers 
[52, 103, 104]. The P. millet exhibits a wide range of nutritional characteristics, 
including protein content (9.5–17%) and vital vitamins and minerals such as vitamin 
B, iron, calcium, potassium, zinc and magnesium. The farmers and breeders were 
encouraged to improve the cultivation and development of P. millet varieties with 
specified nutritional needs [105–107].

Previous findings focused on the physical diversity of buckwheat landraces that 
originated from Northeast India. The research included collecting buckwheat landra-
ces from various elevations, ranging from 103 to 2971 m. The results indicated signifi-
cant genetic variation within the germplasm of both common buckwheat (Fagopyrum 
esculentum M.) and Tartary buckwheat (Fagopyrum tataricum) [97]. In addition, 
researchers from Europe and Asia used simple sequence repeats (SSR) markers to 
examine the genetic diversity of several buckwheat species, such as Fagopyrum escu-
lentum and Fagopyrum tataricum. For the examination of plant genetic diversity, the 
creation of genetic maps, gene mapping, and cloning are essential due to their locus 
specificity and co-dominant inheritance, facilitating precise identification and manip-
ulation of target genes [108, 109]. Diverse crop varieties enhance farmers’ productivity 
and sustainability by adapting to changing environmental conditions, as seen in higher 
yielding common buckwheat varieties with determinate growth habits [110].

9.2  Distinction between the varieties through morphological properties

The variety of the crops is a significant factor to consider when evaluating the 
multi-element composition of cereal and legume crops [111]. The distinction between 
cereal grains and a variety may be made by examining their morphological qualities, 
including grain size, shape, colour and texture [112]. Furthermore, considering the 
presence of endosperm tissue, kernel hardness and other physical characteristics 
could help identify cereal grain varieties. The plant’s morphological traits are deter-
mined by its genetic composition and environmental variables [95, 109].

Geographical origin, variety, harvest season and their interactions are just a few 
variables that may impact the authenticity of grain and legume crops. These variables 
may influence the elemental composition of crops, and their impacts can differ based 
on the particular crop and environment. Gaining comprehension of these aspects and 
their interplay may aid in evaluating the quality and verification of these agricultural 
products [95, 109].
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10.  Comparing the essential nutritional composition of P. millet, S. bicolor 
and common buckwheat

The nutritional makeup of P. millet, S. bicolor and buckwheat may vary depending 
on the specific type. However, all three are nutrient-rich grains with a well-rounded 
combination of macronutrients, vitamins, minerals, and antioxidants. As such, they 
are beneficial complements to a balanced diet.

Table 2 shows the ranges of the essential nutritional contents in P. millet, S. bicolor 
and buckwheat in the whole grains.

11.  Implication of handing and storge process on nutritional properties 
and grain security

The process of drying and storing cereal grains is essential for preserving their 
quality and preventing any deterioration. The drying process minimises losses caused 
by factors such as time, infestations or storage and also prolongs the duration during 
which the crop may be used. The following are key factors to consider while drying 
and storing cereal grains [96, 113].

Dryness: The dehydration procedure eliminates moisture from cereal grains, 
guaranteeing optimal safety and minimising agricultural losses. Grain dryers use 
heated air to provide optimal drying of grains, avoiding the potential for decay and 
the development of mould or aflatoxins. The drying process must reduce the moisture 
content of the grain to a range of 10–15% to ensure safe storage [114].

Storage conditions: To store cereal grains safely and for an extended period, it is 
essential to maintain proper storage conditions. The warehouse should be adequately 
ventilated and have a moisture level below 50%. Temperature and moisture changes 
during storage can affect the quality of cereal grains [96, 113].

Nutrient Proso millet Sorghum Buckwheat

Energy (kcal/100 g) 354 339 355

Fat (g/100 g) 3 3.3 7.4

Protein (g/100 g) 12.5 10.4 12

Carbohydrates (g/100 g) 70 75 72.9

Dietary fibre (g/100 g) 2.2 6.3 10

Phosphorus (mg/100 g) 285 287 330

Potassium (mg/100 g) 195 350 450

Magnesium (mg/100 g) 114 165 390

Calcium (mg/100 g) 8 28 110

Iron (mg/100 g) 0.8 4.4 4

Zinc (mg/100 g) 1.5 1.8 0.8

Source: [52, 95, 109].

Table 2. 
The essential nutritional content in P. millet, S. bicolor and common buckwheat based on the whole grains.
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Packaging: Clean and dry cereals may be kept for 3 years, provided they have 
undergone appropriate drying treatment; it is important to use specialised agricul-
tural technology to eliminate moisture, which may harm the storage process. Grain 
dryers use heated air to achieve optimal drying of grains, hence guaranteeing utmost 
safety and minimising crop wastage [115].

Drying and storage methods: Various methods are used to dehydrate and preserve 
grain crops for commercial purposes. The choice of the suitable technique relies on 
variables such as the cereal variety, the accessible resources, and the required level of 
excellence in the end product [96, 113].

Effective grain storage is crucial for maximising income for farmers and guaran-
teeing a steady food supply. It is also crucial for maintaining optimal grain quality and 
minimising storage losses, which are vital to ensuring food security. Hence, managing 
storage conditions, particularly in preserving quality and minimising losses, is crucial 
in guaranteeing food security [106].

12.  Conclusion

Ancient cereal grains, such as P. millet, S. bicolor and common buckwheat, have 
several obstacles in their production, including a dearth of enhanced seed variants, 
inadequate infrastructure and fluctuating demand in affluent nations. The crop 
rotation system, including catch crops like buckwheat, P. millet and S. bicolor, can 
effectively replace the negative effects of climate change, pesticide residues and nitro-
gen fertilisers. This strategy is successful in managing nutrients and preserving soil 
fertility. Additionally, using modern technologies such as Optinyte technology and 
innovative nitrogen fertiliser methods can further enhance the efficacy of nutrient 
management—efficient agricultural techniques on a wide scale benefit crop quantity 
and quality, leading to food security. In addition, developing agricultural practice 
standards might be further complicated by the limited expertise and resources avail-
able to smallholder farmers.

However, drying and storage are also crucial issues since conventional approaches 
are often demanding in labour and time. P. millet, S. bicolor and buckwheat are 
vulnerable to insect infestations and sensitive to mould development, making them 
less prevalent in rural regions. Consumer acceptability and cultural preferences also 
impact demand since ancient alternative grains are typically considered inexpensive 
food options in metropolitan settings. Policy and market restrictions also affect the 
agricultural techniques for cereal grain production, storage, packaging and consump-
tion of grains with appropriate nutritional compositions. Government policies often 
prioritise staple crops such as rice and wheat, resulting in restricted allocation of 
resources towards research and development. The fragmented structure of millet 
markets and the absence of standardised quality and price generate confusion and 
distrust among consumers and suppliers.
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Chapter 5

Innovation in Nixtamalization by 
Extrusion Using the Wet Process
Carlos Martín Enríquez-Castro, Brenda Contreras-Jiménez  
and Eduardo Morales-Sánchez

Abstract

Extrusion wet milling nixtamalization (EWMN) is an innovative process that 
combines traditional nixtamalization with wet extrusion technology to produce 
high-quality corn products. As is known, wet extrusion technology is an HTST (high-
temperature short-time) process and nixtamalization is an LTLT (low-temperature 
long-time) process. So, EWMN is the combination of these two technologies. It is 
used in high moisture, low temperature, low screw velocity and the corn grain is 
milled at 3 mm size. EWMN is based on mixing corn with water and lime, creating a 
homogeneous masa that is subjected to an extrusion process using a screw or double 
screw. The operating parameters, such as humidity, cooking time, production speed, 
and shear, are critical in this process and must be carefully controlled to obtain the 
desired product texture and characteristics. After extrusion, the product is dried 
to reduce humidity to safe and desirable levels for storage. This step is essential to 
increase the life of the final product. In summary, corn nixtamalization extrusion 
combines the traditional nixtamalization technique with wet extrusion, resulting in 
high-quality corn products, better digestibility, and efficiency compared to conven-
tional processes. This innovative approach offers a promising solution for corn-based 
food production.

Keywords: extrusion, nixtamalization, corn masa, high-temperature short-time,  
low-temperature long-time

1. Introduction

1.1 Context of nixtamalization

The traditional nixtamalization is a centuries-old technique that involves the 
 cooking of corn in an excess of water (3:1) and lime in a concentration of 1–3% w/w, 
and times from 30 min to 1 h depending on the hardness of the corn. After cook-
ing, the grain is soaked for times from 12 to 24 h in the alkaline solution used for 
 cooking, and a final rinsing of the cooked corn to remove cooking liquid and the 
pericarp of grains. The process discards the water used for cooking, which has a pH 
around 12. The product of nixtamalization, the cooked corn known as “nixtamal” 
is usually ground to create corn masa, the base for making tortillas [1]. Fresh masa 
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is crafted in small local businesses, as well as in modern, highly efficient facilities in 
Mexico, and other countries of the American continent [2]. Additionally, fresh corn 
masa can be dried and ground to produce corn flour, which only needs to hydrate for 
different preparations [3]. The consumption of nixtamalized corn products also has 
been extended to other countries in Europe, Africa, and the Asian continent. The 
interest in nixtamalized products is based on their versatility and also its nutritional 
value, which includes calcium disponibility and important fiber content. On the other 
hand, industrial-scale production of nixtamalized corn flour (NCF) reduces the use 
of water, lime, and steeping time. It involves processing nixtamal, drying it, and sub-
jecting it to multiple milling stages to achieve a fine particle size in the flour, resulting 
in a product that hydrates easily [4].

In our current context of consuming corn flour products, the traditional nix-
tamalization process continues to be an important method for producing corn 
masa, tortillas, and related items. However, industrial processes have evolved to 
optimize efficiency and product quality, making it more accessible to consumers. 
Additionally, there is a growing emphasis on sustainable and resource-efficient 
production methods, aligning with contemporary concerns about the environment 
and health.

The wet nixtamalization process represents a groundbreaking innovation in the 
traditional technique of nixtamalization. This modern approach involves cooking 
corn in a slurry of water and lime, and then using advanced extrusion technology 
to transform it into a versatile corn masa. This innovative method not only reduces 
the consumption of water but shortens processing time considerably. The resulting 
corn masa, rich in flavor and nutritional value, offers a sustainable alternative for 
producing tortillas and various corn-based products. Moreover, the fine particle size 
achieved through extrusion ensures that the masa hydrates easily, making it suitable 
for efficient large-scale production. This groundbreaking approach to nixtamaliza-
tion opens the door to more resource-efficient and environmentally conscious 
methods of meeting the demand for corn flour products in our modern world.

2. Evolution of nixtamalization

Nixtamalization has undergone a significant evolution over the years, transitioning 
from a traditional technique to an innovative technologically driven process [5]. This 
evolution has led to the development of new methods that enhance efficiency [6], 
reduce resource consumption [7], and adapt to the dynamic demands of our contem-
porary world.

Emerging technologies addressing the environmental challenges associated with 
nixtamalization effluents have been introduced. Ramírez-Jiménez and Castro-Muñoz 
[8] have identified valuable applications for nejayote, a byproduct traditionally 
discarded during the washing process. Furthermore, alternative techniques, including 
rotary reactor with steam pressure, ohmic heating, microwave, and extrusion, which 
eliminates excessive water use through dry milling for starch gelatinization, have been 
thoroughly explored. The latter is particularly noteworthy for its ability to rapidly 
gelatinize starch and generate a significant amount of resistant starch, attributed to 
the abrupt changes experienced by starch molecules [9].

Table 1 presents various technologies proposed for use in the nixtamalization 
process. In contrast, the traditional method involves a high quantity of water and 
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an extended processing time, encompassing multiple operations such as cooking, 
steeping, washing, and grinding. The alternative methods proposed operate at the 
industrial or semi-industrial level and aim to address ecological issues related to water 
waste and prolonged processing times, often involving modifications in the energy 
source.

Some of these methodologies are presently used in processing various foods with 
a few applied in industrial-level nixtamalization. However, a substantial portion of 
these alternatives still exists as laboratory prototypes. This is primarily attributed to 
technical challenges, including complexities in installation and difficulties in scaling 
up to an industrial or semi-industrial level. Conversely, accessible equipment, such as 
microwaves, is suitable for the general population, with limitations primarily related 
to processing capacity or accessibility in rural regions.

The methods described in Table 1 show a general overview of nixtamalization, 
and every technique has both advantages and disadvantages. However, of these 
technologies, extrusion is one of the most promising methods due to its versatility and 
its existence of commercial equipment in the market, which makes easier its use with 
different modalities of rate, moisture, particle size, die, temperature control, shear 
rate, and others.

2.1 Importance of innovation in the extrusion nixtamalization technology

In recent times, a groundbreaking innovation has emerged, known as “wet process 
extrusion nixtamalization.” This modern approach combines the principles of wet 
traditional nixtamalization with advanced extrusion technology. It involves cooking 
corn in a slurry of water and lime, and then using extrusion to transform it into a 
versatile corn masa. This innovation not only reduces water consumption but also 
significantly cuts down processing time. The resulting masa is not only efficient for 
large-scale production but also rich in flavor and nutritional value.

This evolution in nixtamalization aligns with our current concerns about sustain-
ability and resource efficiency. The utilization of extrusion technology offers an 
environmentally conscious alternative while maintaining the authentic flavors and 
qualities of traditional nixtamalization. This transformation in the nixtamalization 
process reflects the adaptability and ingenuity of culinary traditions to meet the 
demands of our contemporary society. As we move forward, it is innovations, such as 
these that bridge the gap between tradition and innovation, ensuring that the essence 
of nixtamalization endures while catering to the evolving tastes and needs of our 
world.

3. Nixtamalization in wet extrusion grinding

3.1 Dry process vs. wet process

Nixtamalization is a traditional Mesoamerican food preparation technique used 
for the processing of maize (corn) into various products, most notably masa dough 
for making tortillas and other maize-based dishes. There are two primary methods 
of nixtamalization: the dry process and the wet process. These methods differ in 
their approach and the outcomes they yield. The differences between the two are the 
following:
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Technology Specifications References

Traditional 
nixtamalization 
process

Nixtamalization at home involves cooking whole corn in a pot 
with a water to corn ratio of 3:1, adding 1–3% lime, and boiling 
for 30–60 minutes. After, cooking corn called nixtamal is 
steeping for 12–24 hours, and finally, it is washed and ground to 
create fresh masa.

[10]

The industrial process in Mexico is also rooted in the traditional 
method, utilizing large kettles heated by gas to facilitate a 
semicontinuous process. This results in the generation of 
effluents typical of the traditional process. The nixtamalized 
corn flour industry has managed to reduce resting times to 
4 hours. This reduction is attributed to the subsequent grinding 
of the material, inducing gelatinization through mechanical 
stress, followed by drying to produce instant corn flour.

[11]

Extrusion for 
nixtamalization 
with a single screw

The electrically powered equipment processes corn with lime 
and moisture, using minimal water for starch gelatinization and 
producing no effluents. It features a short residence time, a single 
screw mechanism with automatic feeding, simultaneous material 
transportation and mixing, all under controlled temperature and 
velocity. The final die shapes the nixtamalized masa for tortillas. 
Material transport and cooking occur in a heated chamber. A 
die induces final gelatinization, producing fresh corn masa. The 
process takes 1.5 to 7 minutes, with temperatures from 70 to 
120°C.

[12]

Steam pressure by 
rotatory reactor

This method employs gas as a heat source to generate steam 
through combustion. The equipment includes time control to 
inject a steam flow, ensuring proper heat distribution in grains, 
with temperatures ranging from 130 to 300°C. Steam supply can 
be continuous or intermittent. Nixtamalization begins at 70°C 
and gradually increases to 90°C, inducing changes in corn grains. 
Additionally, there is a posttreatment step involving the cooling 
of nixtamalized material with water at 55°C.

[13]

Ohmic heating

Operating in batch mode with electric power, the equipment 
ensures temperature control through precise thermocouples and 
systematic power regulation. The principle involves passing an 
electric current through the food, rapidly heating a mixture of 
milling corn with minimal water and lime, resulting in the swift 
production of fresh masa in a matter of seconds.

[1]

Microwave oven

The kitchen-sized equipment operates in batch mode with 
limited processing capacity, incorporating controls for power 
and residence time. It utilizes electric energy to produce radiation 
for cooking corn grits with water and lime. A milling process 
follows to obtain fresh corn masa. However, this system lacks 
temperature control.

[14]

Low-shear 
transport system

This equipment is inspired by extrusion but departs from 
conventional screw-based transportation by utilizing rolls in 
the chamber. This change ensures a gentle mixing process, 
preventing excessive shear rates that could lead to over 
gelatinization. The method effectively produces fresh corn masa 
suitable for tortillas or chips. The raw material consists of ground 
corn mixed with lime and water, and the process operates at 
temperatures ranging from 75 to 90°C.

[15]

Table 1. 
Diverse innovations in corn grain treatment: A comprehensive exploration of techniques.
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3.1.1 Dry process

In the context of food extrusion, the “dry process” can be described as an 
 extrusion method that relies on low water content. Maize kernels (whole or  
partially de-husked) are heated with a few quantity of water, but not completely 
dried or toasted. Therefore, we refer to dry process when humidity added is  
at most 30%. In the extrusion nixtamalization corn processing (ENP), dry milling 
is employed for size reduction, which necessitates a higher level of mechanical 
effort compared to the wet milling used in the traditional nixtamalization process 
(TNP). The elevated temperatures and reduced water content within the extruder  
expedite the gelatinization of starch granules [16]. Both the thermal impairment 
suffered by starch granules during the drying process and the mechanical dam-
age resulting from dry milling significantly impact their functional properties. 
The importance of particle size in corn flour production cannot be overstated as 
it directly influences the gelatinization process and the ultimate quality of the 
product.

Dry milling is employed to produce both flour and germ, allowing for the 
optimal isolation of endosperm. This method exerts an abrasive force while remov-
ing the germ and pericarp layers. The resulting corn flour finds application in the 
production of snacks and extruded foods with semolina and various types of flour 
being the primary products derived from this process [17]. The isolated endosperm 
undergoes a size reduction process and is categorized based on particle size (coarse, 
medium, or fine). The moisture content is kept to a minimum, and the size reduc-
tion technique may involve various types of mills, including ball mills, hammer 
mills, or pin mills [18].

3.1.2 Extrusion in food using a screw

During the milling process, it is crucial to consider the type of force applied, 
whether it be impact, cutting, or compression. The friction generated within the mill 
depends on the spacing between volcanic stones and the time allocated to achieve the 
appropriate particle size distribution. This results in an increase in the temperature of 
the dough, typically ranging from 55 to 85°C, thereby promoting a secondary gelati-
nization process [19]. The particle size obtained, which is larger than that achieved in 
dry milling, allows for starch granules to be broken down or occasionally remain in 
their native state [20].

In contrast to the traditional nixtamalization process, where whole corn  
kernels undergo alkaline cooking, extrusion nixtamalization requires grinding and 
conditioning the corn having low moisture content lime. While this process does 
facilitate chemical interactions between calcium and corn components, it leads to 
more extensive starch damage due to the use of dry milling. The extent of starch 
damage depends on the specific equipment employed and the milling conditions 
applied as dry milling significantly disrupts the crystalline structure of starch 
granules.

3.1.3 Food extrusion using double screw

Food extrusion with double screws is a versatile and efficient food processing 
technique. It combines, cooks, and shapes ingredients simultaneously using twin 
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screws. This process offers control over texture and expands product possibilities, 
making it ideal for snacks, cereals, and various food products. It is energy-efficient, 
adaptable for recipe customization, and allows for the addition of nutritional ele-
ments, all while ensuring consistent product quality through advanced monitoring 
systems [21].

3.2 Wet traditional nixtamalization process

The traditional nixtamalization is considered a wet process because it involves 
boiling maize kernels in an alkaline solution prepared with around three parts of 
water for each part of maize and using lime or ash in 1–3%. The key differences 
and characteristics of the wet traditional nixtamalization process include boiling 
in the alkaline solution, a resting of kernels in the cooking liquor (Nejayote) where 
through steeping time, the outer pericarp of corn grain is softened, and nutrient 
availability improved, such as calcium and essential amino acids [22]. Functionally, 
the pericarp of the corn is more easily removed during washing, and it makes it 
easier to grind into masa dough. All traditional nixtamalization involves a high 
quantity of water, which decreases the shear stress in grains and starch compared 
with the dry method. Besides, this wet process is extensively known in Mexico and 
other countries of America to produce masa with a neutral flavor profile and good 
machinability for applications to applications like making tortillas, or flours, as is 
shown in Figure 1.

During the traditional nixtamalization process, it is possible to have good-
quality masa and tortillas; however, the waste of water is a big problem, as well as 
the loss of fiber of corn which is thrown away in nejayote. On the other hand, the 
functional and nutritional changes in corn grain and starch only can be reflected 
through a long time of cooking and steeping due to the use of whole kernels of 
maize [23]. The functional characteristics of corn masa obtained by nixtamaliza-
tion include machinability to form the tortilla, with textural properties such as a 
high cohesion of corn masa, a medium hardness of corn masa, and low values of 
adhesiveness.

Figure 1. 
Traditional nixtamalization process (adapted from [10]).
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4. Operating factors and parameters in nixtamalization using extrusion

Extrusion nixtamalization in the past has been considered a process that can 
 implicate an excess of shear stress in starch and other components of corn, which 
could negatively affect the quality of corn masa in terms of machinability and func-
tionality. However, changes in the operating parameters can modify the quality of 
corn masa for different nixtamalized products, for example, corn chips or tortillas.

It is well knowing that the advantages of using extrusion for the nixtamalization 
include unit operations like mixing, transport, cooking, and forming, in addition to 
not generating polluting effluents. Furthermore, it leads to a reduction in space and 
energy requirements, minimal water consumption, and the proper mixing of ingredi-
ents [24]. On the other hand, trained personnel are required to handle the equipment, 
the standardization of the process, and the necessary preparation time demand care-
ful attention. Adequate facilities are also needed [25]. Despite these challenges, the 
environmental and operational benefits make extrusion nixtamalization an appealing 
option in food production.

The challenge of applying extrusion for the nixtamalization process lies in the 
accessibility of the equipment, in extruders with different capacities, from home level 
to semi-industrial and industrial levels, acceptability of the population about the 
advantages of use of extrusion, and finally to find the better process parameters for 
production of nixtamalized products.

4.1 Nixtamalized corn masa parameters

The operating factors and parameters in corn masa composition for TNCF and 
ENCF include corn variety and quality. The type and quality of corn influences the 
flavor, texture, and nutritional value of the nixtamalized corn flour. Selecting a 
suitable corn variety with optimal is crucial [26, 27]. The nixtamalization process 
involves treating corn with an alkaline solution, usually lime (calcium hydroxide). 
Factors, such as lime concentration, soaking time and cooking temperature play 
a pivotal role in the flavor and nutritional content of nixtamalized masa [28]. 
Extrusion involves subjecting a whole flour of corn with a variety of particle sizes 
mixed with the lime in concentrations from 0.1 to 0.5% w/w and from 30 to 60% of 
moisture. The masa is mixed, heated, pressured, and transported with the screw and 
passing through a die, which implies a profile of shear forces on the corn components, 
mainly starch, that allow to obtain fresh corn masa. Parameters such as extrusion 
temperature, screw speed, and residence time impact the physicochemical changes in 
the masa, influencing its texture, functional properties, and flavor.

Functional properties are important parameters from a commercial point of view 
mainly for the instant nixtamalized corn flour industry, which demands a high-
water absorption capacity of flours that increase the yield in terms of conversion 
from flour to corn masa for making tortillas [29]. The water absorption capacity is 
also related to the starch damage due to the process, and it significantly affects the 
textural properties such as hardness and adhesiveness of corn masa, and therefore 
the tortilla quality. The corn masa should have cohesiveness and low adhesiveness to 
ensure easier molding [30]. The grinding of nixtamalized corn is a critical step that 
influences the particle size and distribution in the resulting flour, functional proper-
ties, and machinability. A consistent grind ensures uniform hydration and texture in 
the dough. The grinding of nixtamalized corn is done through wet milling, leading 
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to increased gelatinization and the release of hydrated granules. During this phase, 
water absorption primarily rises initially, facilitated by the removal of the pericarp 
(90%), allowing rapid calcium diffusion into the starch within the first 8 hours [31]. 
In the dry nixtamalization process (ENP), dry milling is employed for size reduction, 
requiring greater mechanical effort than wet milling used in the TNP. The starch 
granule undergoes thermal damage during the drying process, and mechanical dam-
age occurs due to dry milling, significantly impacting its functional properties.

Corn kernels are cleaned and selected, and all parts, including the pericarp, are 
milled together. Achieving an appropriate particle size with a uniform distribution 
is crucial to prevent flow issues when introduced into the hopper. Dry milling is the 
commonly used technique for size reduction. A complete diagram of ENP is shown in 
Figure 2.

For the ENP, the selection of the base corn flour is crucial. Characteristics, such 
as particle size, moisture content, and starch properties, influence the extrusion 
process and the quality of the final product. Controlling the water content during the 
nixtamalization process and subsequent grinding is vital. It affects dough consistency, 
masa hydration, and the overall quality of the final product. Maintaining optimal 
moisture content in the extrusion process is essential for achieving the desired product 
attributes. Insufficient moisture can result in a dry texture, while excess moisture can 
lead to stickiness. So, the ground grain is combined with 0.3% (w/w) lime and has a 
moisture content ranging between 15 and 30%, depending on the purpose and operat-
ing conditions. The conditioned grain is then refrigerated for 12 hours at 5°C [9].

Another point to consider is the use of additives. Some traditional recipes include 
additives, such as salt, to enhance flavor or other ingredients to modify texture. 
Balancing these additives is crucial for achieving the desired characteristics in the 
nixtamalized corn flour. Some products, such as NEX-PLUS a dough conditioner 
available with or without bleach, facilitate a softer texture during the cooking and 
steeping of corn [32]. This additive extends the shelf life of the dough and tortillas 
without compromising taste or aroma. Its key features include preventing brittle 
edges, reducing sticking, and enhancing elasticity, and it does not interfere with lime. 

Figure 2. 
Extrusion nixtamalization process (the authors). SS: Screw speed. FHS: Feed hopper speed. DS: Extrusion die 
size.
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Discussing the benefits of NEX-PLUS, Enríquez-Castro and Contreras-Jiménez [33] 
achieved positive empirical results by using 40 to 60 g of NEX-PLUS per 25 kg of 
nixtamalized corn grain for producing “gorditas” (a type of corn tortillas filled with 
food or stews) in a commercial food establishment. Although the puffing grade was 
not measured, the clerk confirmed the achievement of a softer tortilla. The use of 
this additive is recommended all year long but is particularly beneficial during dry 
seasons, where almost all of the corn grain is produced through rainfed farming, 
especially in countries, such as Mexico.

In 2022 and 2023, the northern states, responsible for nearly 90% of corn grain 
production, experienced limited rainfall, approximately 27 mm according with the 
National Water Council of México. Consequently, this has led to a reduced corn yield, 
resulting in the production of older and harder grains, which are then sold to the 
corn and masa industry [34]. Incorporating specific additives, such as emulsifiers 
or stabilizers, can influence the rheological properties of the extruded nixtamalized 
corn flour. These additives may alter viscosity, elasticity, and overall dough behavior. 
Depending on the desired product, additives, such as emulsifiers, stabilizers, and 
fortifiers, may be included during the extrusion process. These additives influence the 
texture, shelf life, and nutritional content of the extruded nixtamalized corn flour.

Proper cooling and drying after extrusion are critical to set the final texture and 
prevent moisture-related issues. Careful control of these parameters ensures the sta-
bility and quality of the extruded product. In both traditional nixtamalized corn flour 
and extruded nixtamalized corn flour productions, a comprehensive understanding 
and control of these operating factors and parameters are essential for achieving 
consistent and high-quality results. The rate at which the extruded dough is cooled 
post-extrusion is crucial. It affects the setting and final rheological properties of the 
product. Proper cooling ensures the development of the desired texture [26].

Figure 3 displays two extruded corn pellets obtained with the same formulation 
but with different water content. This indicates that starch with lower moisture 
levels may undergo greater dextrinization and a darker coloration, which can affect 
the quality indicators of the ENCF. This type of flours exhibit reduced particle size, 

Figure 3. 
A detailed image featuring two varieties of dried extruded corn pellets, each with the same composition but 
different moisture content (the authors).
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facilitating rapid water absorption into molecules. Several researchers attributed 
increased water absorption capacity in nixtamalized flours to the combined effects 
of milling and the extrusion cooking process [ 1 ,  25 ]. Thermal processing, a vari-
able contributing to heightened damaged starch content, promotes resistant starch 
formation due to the loss of crystallinity during extrusion cooking [ 26 ]. Temperature 
fluctuations lead to significant resistant starch formation through hydrolysis and 
retrogradation. The amylose-amylopectin ratio in corn starch, and the impact of 
moisture content and temperature, play crucial roles in influencing the functional 
properties of nixtamalized flour, showcasing a high dependence on these factors in 
evaluating physical and rheological properties [ 18 ].  

   4.2 Rheological properties 

  4.2.1 Traditional nixtamalization process (TNP) 

 Corn flour in TNP is intricately tied to the variables of time and temperature. The 
duration of the cooking process (8–12 h) and the temperature range (90–96°C) during 
nixtamalization significantly impact the rheological properties of the resulting dough. 
These properties, closely linked to viscoelastic parameters, such as elastic modulus and 
viscous modulus, play a crucial role in determining the quality of the final product [ 2 ]. 

 Optimal conditions are paramount to ensuring the proper gelatinization of starch 
and protein interactions. The corn-to-water ratio during nixtamalization (1:3) directly 
influences the hydration of starch and proteins, thereby affecting the rheological behav-
ior of the dough. The steeping step is a critical consideration; without proper attention, 
extended cooking times and prolonged steeping can lead to an increase in gelatinized 
starch and lower enthalpy values [ 35 ]. Allowing the nixtamalized corn masa to rest after 
preparation is essential for optimal rheological development. This resting period allows 
for hydration and relaxation of the masa structure. This, in turn, raises the gelatiniza-
tion temperature and results in a more reorganized starch molecule, contributing to a 
higher degree of crystallinity retrogradation, shortening, and syneresis [ 28 ]. 

 The particle size distribution following the grinding of nixtamalized corn is a key 
factor influencing dough viscosity and texture. The particle size distribution obtained 
in the traditional nixtamalization process generates particles ranging from medium to 
coarse.  This allows for the presence of starch granules in their native structure, in contrast 

  Figure 4.
  Detailed image showcasing the milling and conditioning process of corn masa (with Tortillería Aguanaval 
permitted authorization).          
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to dry corn milling, where the content of fine particles is higher, potentially causing greater 
damage to the internal conformation of the starch molecule. A more uniform grind gener-
ally leads to improved rheological properties. The theoretical expertise of the operator 
is particularly crucial in achieving optimal granulometry, as seen in Figure 4.

4.2.2 Extrusion nixtamalization process

One of the factors that significantly impacts the process is the rise in temperature, 
as an elevated temperature entails a greater heat flow through conduction. This 
increase accelerates the fusion rate, resulting in a consequent reduction in the mate-
rial’s viscosity, and consequently, the starch structure can be modified [9].

Extrusion is performed with low moisture levels (<30%), emphasizing that starch 
transformation relies more on the mechanical stress inside the extruder than on mois-
ture. Moisture levels below 30% promote granule fragmentation and dextrinization, 
resulting in heightened extrudate expansion at the cost of crucial functional proper-
ties such as rheological, structural, and physicochemical characteristics. Notably, 
this includes impacts on solubility and water absorption rates [35]. According to 
Palanisamy et al. [36], an increase in barrel temperature and feed moisture leads to a 
reduction in the material viscosity within the extruder, directly affecting die pres-
sure. In this scenario, the protein content played a significant role in influencing the 
response of the extruder.

The screw configuration significantly impacts melting efficiency, with three sec-
tions—feeding, transition, and metering. To minimize friction, a simple screw design 
with a large blade angle is crucial. The length-to-diameter ratio (L/D), measuring 
the enclosed screw portion, typically falls between 24:1 and 30 or 32:1. However, the 
appropriate ratio depends on the specific process and application. This ratio correlates 
with starch granule damage, with a higher L/D ratio causing more thermo-mechanical 
impact [37]. Figure 5 presents the sections of a single screw extruder used in the 
elaboration of foods and cereals.

Three regions are located inside the extruder: transport, increase in volume 
(swelling), and melting/degradation. This third stage is where the greatest damage 
to the starch structure is generated. The effect produced by the use of heat com-
bined with the application of mechanical stress weakens the structure of the starch 
granules, favors gelatinization, and increases the water absorption capacity [39, 40]. 
Another factor to consider is the moisture content used. Unlike wet milling that uses 
excess water, dry milling uses little water, which eliminates the protective effect of 

Figure 5. 
Sections of a single screw extruder (https://www.globalseafood.org [38]).
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water [18]. Understanding and optimizing these operating factors and parameters 
are essential for achieving the desired rheological properties in both TNP and ENP. 
This knowledge is fundamental for ensuring consistent quality and meeting specific 
product requirements.

5. Relationship between nixtamalization and wet extrusion

5.1 Benefits of combining techniques

Utilizing nixtamalization in conjunction with extrusion enhances the bioavailability 
of calcium and niacin, facilitating the gelatinization of starch and the absorption of 
these compounds [41]. The extrusion nixtamalization process (ENP) reduces water 
activity, thereby extending the stability and shelf life of the products. The ENP 
achieves a more homogeneous and soft texture. Enríquez-Castro et al. [9] conducted 
a study comparing the texture of tortillas produced through two distinct processes. 
The measurements were taken at intervals of 2, 24, and 48 h. Surprisingly, there was 
no discernible difference in texture between the two processes at these time points, 
indicating that consumers did not perceive variations in palatability between the 
products. Notably, an important observation emerged after the initial measurement 
period. Extruded tortillas, when stored in the refrigerator, exhibited greater flex-
ibility compared to their traditionally nixtamalized counterparts. This increased 
flexibility persisted for up to 7 days, highlighting the potential impact of extrusion on 
the extended shelf life of tortilla products (unpublished data). Importantly, there was 
no decomposition of the extruded tortillas within this timeframe, underscoring the 
significance of extrusion not only in maintaining texture but also in enhancing the 
overall durability and quality of the product over an extended period.

Extrusion is a rapid and efficient process that enables high-scale production, 
offering potential benefits to the food industry in terms of cost-effectiveness and 
enhanced performance. The combination of these two processes allows for the 
adjustment and personalization of corn masa properties, including texture, flavor, 
and nutritional profile, in line with consumer preferences. The study conducted by 
Platt-Lucero et al. [25] on the production of tortillas using ENCF revealed that vari-
ous factors significantly influence the ultimate quality of the product. Among these 
factors, particle size, the milling process, and water absorption capacity play crucial 
roles. It is evident that the starch molecules, when subjected to successive milling, 
result in increased damage to the inner structure. This damage has a direct impact 
on the texture of the final product, highlighting the intricate relationship between 
these processing variables and the overall quality of the tortillas. Another advantage 
of using this technology is the reduction of mycotoxin levels in corn grain and the 
potential elimination of other pathogenic agents. Extrusion provides greater control 
over the production process, resulting in a more uniform corn masa with respect to 
both physical and nutritional characteristics.

5.2 Difference between HTST process and LTLT process

Extrusion cooking is a high-temperature short-time (HTST) method that utilizes 
temperature, pressure, and shear force to transform damp starchy and protein-
aceous raw materials in low-density products with unique physicochemical charac-
teristic [42].
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In extrusion processing, HTST principles can be applied by subjecting the product 
to a rapid and intense heat treatment for a short duration. The extruder uses high 
temperatures, often exceeding 100°C, and the product spends only a brief time in 
the extrusion chamber. This approach is effective for achieving microbial reduction 
and ensuring food safety while preserving the sensory qualities of the product [43]. 
Conversely, LTLT principles in extrusion involve using lower temperatures during the 
extrusion process but extending the processing time. This allows for a more gradual 
heat application, potentially impacting the flavor, color, and texture of the final 
extruded product.

Choton et al. [44] conducted a study involving diverse extrusion treatments, 
revealing a direct correlation between the phenolic compounds content (TPC) and 
finger millet, as well as sorghum. Their findings indicated that by adjusting process-
ing parameters such as feeder speed, moisture content, screw speed, and temperature, 
higher TPC levels could be achieved for both flours. Specifically, they reported values 
of 966.32 mg FE/100 g dw for finger millet and 506.71 mg FE/100 g dw for sorghum. 
This observation aligns with the conclusions drawn by other researchers, including 
Neder-Suárez et al. [45], Escalante-Aburto et al. [46], and Menchaca-Armenta et al. 
[47] who similarly identified the impact of processing parameters on the anthocyanin 
content in nixtamalized blue corn flour.

5.2.1 Impact on product quality in extrusion

HTST extrusion is commonly favored when maintaining the original characteristics 
of the product is crucial. It helps retain flavors, colors, and nutritional content, mak-
ing it suitable for applications where sensory attributes are a priority. The extrusion 
process does not produce effluent, such as cooking liquor called nejayote. So, valu-
able compounds are retained, producing a whole corn flour to produce nixtamalized 
products. Enríquez-Castro et al. [9, 42] proved instrumental information in assessing 
and contrasting the texture and palatability of tortillas crafted from ENCF in com-
parison to commercially available corn flour and traditionally processed corn flour. 
Remarkably, the researchers identified no significant differences between the two 
products, noting consistent values in terms of texture and rollability across varying 
time intervals—specifically at 2, 24, and 48 hours.

The LTLT approach in extrusion may be chosen when a longer processing time at 
lower temperatures is acceptable or desired. It is crucial to recognize that prolonged 
exposure to heat can exert a significant impact on the quality of the product, poten-
tially leading to variations in flavor profiles or textures. Additionally, when low-shear 
extrusion dominates the processing conditions within the extruder and is not appro-
priately established, there is a heightened likelihood of increased starch damage, 
ultimately yielding dextrinized starch. This underscores the importance of meticu-
lously managing and optimizing extrusion parameters to ensure the desired product 
attributes and prevent undesirable alterations in starch composition [15].

5.3 Applications in extrusion

HTST extrusion is suitable for a range of heat-sensitive products, such as 
 cereal-based snacks, where preserving the original attributes of the product is essen-
tial. LTLT extrusion may find applications in products where a more prolonged heat 
treatment is acceptable or where achieving specific textural or flavor modifications 
is desirable. The preconditioning phase of corn, undertaken prior to the extrusion 
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process, proves highly effective in elevating the texture and rheological properties of 
the flour. This preparatory step is crucial as it sets the foundation for the subsequent 
transformation into masa, eventually leading to the production of tortillas [2]. The pre-
conditioning stage in corn processing closely resembles the traditional steeping phase 
in nixtamalization. However, it deviates by utilizing a reduced amount of calcium, 
effectively eliminating the subsequent risk of contamination or discharge of cook-
ing. Employing this meticulous technique not only optimizes the final texture of the 
product but also minimizes starch damage, resulting in a superior-quality end product.

The selection between HTST and LTLT principles in extrusion depends on the 
desired final product goals. HTST is favored for its efficient microbial reduction 
without compromising product quality, while LTLT is considered when extended 
processing time at lower temperatures aligns with the desired product characteristics. 
Adherence to regulatory standards and careful consideration of sensory attributes 
are paramount in making informed decisions, mirroring best practices in food 
processing.

In recent years, significant innovations in food extrusion and nixtamalization 
have emerged, revolutionizing the production landscape. A key focus has been on the 
development of novel products, cleaner production processes, and energy-efficient 
operations. One notable innovation lies in the creation of new food products through 
extrusion and nixtamalization. Researchers and food technologists have explored 
diverse raw materials and formulations, resulting in a wide array of extruded and 
nixtamalized products with enhanced nutritional profiles, textures, and flavors. 
These advancements have expanded the possibilities for offering consumers unique 
and healthier alternatives.

Cleaner production processes have also become a priority in the field. Efforts have 
been made to minimize environmental impact by optimizing resource utilization, 
reducing waste generation, and incorporating sustainable practices. Innovations in 
cleaning-in-place (CIP) systems, waste recovery, and efficient water and energy usage 
have contributed to a more environmentally friendly approach in both extrusion and 
nixtamalization processes.

Energy efficiency has become a central theme in the evolution of these technolo-
gies. Researchers have developed new extrusion and nixtamalization systems that 
maximize energy utilization while minimizing waste. This not only reduces opera-
tional costs but also aligns with the global push toward sustainable and eco-friendly 
practices in the food industry.

One groundbreaking development is the integration of nixtamalization and 
extrusion as a novel wet process for producing nixtamalized products. This combined 
approach leverages the benefits of both techniques, enhancing the nutritional quality 
and sensory attributes of the final products [48]. The synergy between nixtamaliza-
tion and extrusion allows for more efficient processing, reduced cooking times, and 
improved textural characteristics, ultimately providing consumers with products that 
maintain traditional flavors while meeting modern dietary preferences [49].

Extrusion nixtamalization has been managed with a maximum of 30%, resulting 
in increased starch dextrinization due to the inflicted thermo-mechanical damage. 
Therefore, tests have been conducted to reduce the speed (rpm) while increasing the 
moisture percentage. This approach achieves maximum cooking, enhancing protein 
digestibility. Such extruded products may be ideal for formulating third-generation 
foods for fish, pets, pasta, and snacks. However, ongoing efforts are directed toward 
making it more suitable for the production of nixtamalized products. Additionally, 
implementing this technique in twin-screw extruders allows its use in producing 
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high-protein meat analogs. When handling “chunked” corn kernels, the particle size 
is larger than that used in traditional nixtamalization. In this manner, broken corn 
kernels are processed, even though the moisture content can increase up to 45%, and 
cooking cycles may be repeated up to two or three times. Simultaneously, the equip-
ment gradually reduces the temperature, requiring less water and lime than those 
used in the traditional process [50].

6. Conclusion

The continuous innovations in food extrusion and nixtamalization reflect a 
 commitment to developing healthier products, adopting cleaner production pro-
cesses, and achieving energy efficiency. The integration of nixtamalization and 
extrusion as a wet process further exemplifies the industry’s dedication to pushing the 
boundaries of traditional food processing, offering exciting possibilities for the future 
of food technology. The integration of extrusion and nixtamalization processes plays 
a pivotal role in transforming raw ingredients into a diverse range of food products. 
The choice between dry and wet processes, coupled with meticulous attention to 
dough composition, influences the quality and characteristics of the final extruded 
products. Various factors, including temperature, moisture content, and screw speed, 
significantly impact the efficiency of the extrusion process. Furthermore, in the 
corn and masa industry, a nuanced comprehension of the HTST and LTLT methods 
is indispensable. Each method offers specific advantages tailored to the unique 
requirements and desired outcomes of corn-based products. The intricacies of these 
techniques directly influence the quality, safety, and shelf life of masa, ensuring that 
the industry meets stringent standards and consumer expectations. Altogether, these 
considerations underscore the multifaceted nature of extrusion and nixtamalization 
in the food industry, highlighting their paramount importance in shaping the sensory, 
nutritional, and safety attributes of the end products.
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Abstract

Addressing global malnutrition requires improving the nutritional quality of 
major crops and promoting nutritionally rich crops. However, breeding for improv-
ing nutritional traits is challenging, particularly in the absence of rapid and precise 
phenotyping of these parameters. Quick phenotyping is crucial as it allows breed-
ers to select lines with high nutritional value alongside yield and other important 
traits while advancing the generations. Traditionally, grain nutritional and quality 
assessments have relied on wet-lab analytical services, which are slow, costly, and 
often inaccessible. To overcome these limitations, rapid and cost-effective sensor-
based technologies have emerged as a promising solution. Interdisciplinary research 
combining sensor technology, AI, biochemistry, and crop science has significantly 
advancing the grain composition analysis, and post-harvest trait evaluation. Tools like 
near-infrared spectroscopy (NIRS), X-ray fluorescence (XRF), and computer tomog-
raphy (CT) are increasingly getting utilized to ensure quality standards in trade, 
nutrition, and food safety. These technologies focus on key traits precisely, time, and 
cost-effectively, with early findings highlighting their potential for scalable solutions. 
Such advancements are essential for nutrition-sensitive breeding and improving food 
safety, quality-based payments for farmers, and supporting global efforts against mal-
nutrition. The swift adoption of these technologies in breeding programs, supported 
by public-private partnerships, is crucial for sustainable development.

Keywords: malnutrition, rapid grain quality assessment methods, sensor-based 
technologies, near-infrared spectroscopy, X-ray fluorescence, computed tomography, 
food safety
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1.  Introduction

Nutrition-inclusive breeding programs play a crucial role in addressing global 
malnutrition. In many developing and underdeveloped nations, economic growth 
has yet to result in better nutritional diets, leaving malnutrition a persistent issue. 
The effects of climate change further intensify food insecurity in these regions. In 
India, where over half of the population depends on agriculture for their livelihood 
and income, the impacts of climate change on food production and nutritional health 
are especially significant. Without action to promote nutrition-sensitive agriculture, 
the remainder of the twenty-first century could see a sharp rise in malnutrition. The 
United Nations designated 2023 as the International Year of Millets (IYM 2023) to 
raise global awareness of the nutritional and health benefits of millets, while promot-
ing their production as climate-resilient, nutrient-dense cereals. In response, several 
developing nations have implemented policies and initiatives aimed at addressing the 
malnutrition crisis by encouraging the cultivation and consumption of these tradi-
tionally grown, nutritionally rich crops.

India’s “Millet Mission” [1–3] and Kenya’s “Blending Policy” [4, 5] are prominent 
examples of government-led initiatives aimed at addressing nutritional security. In 
addition, the inclusion of millets as “Nutri-Cereals” has significantly boosted their 
market value [6]. The Indian Council of Agricultural Research (ICAR), beyond its 
research and development efforts, has launched several projects in partnership with 
agrifood business sectors to promote nutri-cereal-based products such as cookies, 
ready-to-eat foods, and multi-grain flours, helping to reintroduce and popularize 
millets in the consumer market.

Despite these efforts, more interventions are needed to improve the overall nutri-
tional status of the population. The challenge of ensuring access to adequate nutrition 
has been a central focus of agricultural research. In response, the Consultative Group 
on International Agricultural Research (CGIAR; One CG) is aligning crop improve-
ment programs across institutions and regions to drive initiatives that develop 
nutritionally enhanced crops and advocate for nutrition-sensitive agriculture.

2.  Breeding for nutrition in cereals

Crop breeding programs have expanded their focus from merely increasing yield 
to enhancing the quality of that yield. While boosting the productivity of calorie-
dense staple cereals remains a priority, modern breeding efforts also emphasize 
improving the nutritional content. Achieving significant genetic gains requires 
an ongoing refinement of methods and strategies. For effective selection and crop 
improvement, it is crucial to understand both the extent and the dynamics of geno-
typic and non-genotypic variation, as these factors influence the potential for breed-
ing success and adaptation to changing environmental conditions.

The yield component in cereals has been extensively investigated through research 
on genotype × environment × crop management (G × E × M) interactions [7–13]. 
However, a critical aspect that remains underexplored is the nutritional quality of 
cereals, which similarly responds to variations in environmental conditions and 
management practices. Nutritional components—especially those pertaining to 
both grain and stover quality—are crucial for improving human nutrition as well as 
livestock feed quality, which is mainly crop residue [14–17].

This gap has significant implications for the overall food system, particularly in 
regions where smallholder mixed crop-livestock systems are prevalent. In sub-humid, 
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semi-arid, and arid tropics and subtropics, where the majority of the world’s poorest 
cereal producers and consumers reside, the nutritional value of cereals plays a dual 
role: providing sustenance for humans and feed for livestock. The nutritional quality 
of staple cereals like rice, wheat, and millets directly influence human diets, as these 
grains often constitute the primary source of calories and essential micronutrients 
for vulnerable populations. At the same time, the quality of stover and crop residues, 
which serve as livestock feed, impacts the productivity and health of animals, fur-
ther contributing to household food security through milk, meat, and other animal 
products.

In this context, enhancing the nutritional quality of both cereal grains and stover 
is essential not only for combating malnutrition among human populations but also 
for sustaining livestock-based livelihoods. As smallholder farmers often rely on both 
crops and livestock, improvements in crop nutrition can lead to a virtuous cycle of 
better livestock health and productivity, which in turn supports improved human 
nutrition through diversified diets and economic stability.

Addressing the nutritional quality of cereals thus requires a broader, integrative 
approach, combining advanced breeding techniques, agronomic practices, and policy 
interventions aimed at promoting nutrition-sensitive agriculture. This involves 
understanding the differential response of nutritional traits across environments and 
management practices and ensuring that the benefits of crop improvement reach 
smallholder farmers and their communities, who are most vulnerable to the impacts 
of malnutrition and food insecurity.

Evaluating cereals for nutritional quality traits within breeding programs poses 
considerable challenges due to the reliance on specialized analytical laboratories, 
which require advanced equipment, specific reagents, and skilled personnel [18–20]. 
The high costs associated with these resources, coupled with limited accessibility, 
further constrain breeders from routinely incorporating nutritional assessments. 
Traditional wet-chemistry techniques, while precise, are both time-intensive and 
laborious, adding to the complexity of the selection process.

This creates a significant bottleneck, as breeders often face the need for rapid 
decision-making to advance crop generations within a short timeframe. Considering 
that the development of a new crop variety can span 5–10 years, depending on the 
species and available resources, delays in nutritional phenotyping can prolong the 
process and impede the timely release of improved varieties [21–24].

Breeders also face several other challenges when working to improve the nutritional 
quality of crops. These include the complex genetic regulation of nutritional traits, 
limited genetic diversity within crop germplasm, negative linkages between nutritional 
and agronomic traits, environmental influences on trait expression, and varying con-
sumer preferences and acceptance. These factors collectively hinder the development 
of crop varieties with enhanced nutritional profiles. However, many of these obstacles 
can be mitigated through the use phenotyping technologies that bridge multiple disci-
plines, enabling large-scale and multiple evaluation and testing of traits [25–27] when 
nutrition phenotyping is a significant bottleneck in terms of cost, time and precision.

To accelerate crop selection for nutritional improvement and product develop-
ment, the integration of advanced phenotyping technologies is essential. These 
technologies, when coupled with rigorous metrics to quantify precise nutritional 
parameters, offer the potential for high-throughput evaluation and faster breed-
ing cycles. This approach will be critical for achieving both the quantity and speed 
required to meet global demands for nutritionally superior, climate-resilient crops 
and accelerate genetic gains [28–32].
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3.  Market potential for nutritional products and quality-based payment

Introducing new crop varieties with enhanced nutritional traits presents 
challenges, particularly concerning consumer acceptance, market demand, and 
cultural preferences. Gaining consumer trust and fostering education about the 
benefits of these new products is critical for their successful adoption. In devel-
oping countries, however, the adoption of such improved cultivars is often slow 
and difficult, especially when enhanced nutritional traits do not result in direct 
economic benefits for farmers. The absence of economic incentives tied to the 
trade of bio-fortified crops hampers their widespread adoption, as smallholder 
farmers, who form the backbone of agricultural systems in these regions, are 
often excluded from premium markets. This is due to the unregulated, localized 
nature of grain trade, which depends heavily on intermediaries and lacks stan-
dardization. Consequently, farmers are disincentivized from investing in seed of 
nutritionally improved varieties.

Additionally, the prevalent issues of food adulteration and contamination further 
exacerbate food safety concerns, limiting access to high-quality dietary sources. 
In these developing regions, assessing grain quality and detecting contaminants 
traditionally relies on costly and time-consuming wet-lab analyses, which remain 
inaccessible to many underprivileged communities. The development of sensor-
based technologies has the potential to revolutionize this landscape by providing 
quick, reliable, and cost-effective measurements of grain quality. These technolo-
gies, adaptable for use both in the field and in markets, offer rapid, environmentally 
friendly solutions that are tailored to decentralized market systems (Figure 1). By 
empowering smallholder farmers, vendors, and crop improvement programs alike, 
these innovations can facilitate better access to premium markets and enhance food 
safety, ultimately supporting improved livelihoods and nutrition across developing 
countries.

4.  Need of new generation technologies for nutrition

Currently, there are only few techniques available for quick, reliable, and 
cost-effective field measurements of agricultural produce qualities that fit the 
context of trading systems in developing countries and allow smallholder farming 

Figure 1. 
Pictorial representation of the interrelationship between agrifood research and industrial sectors. The crop 
breeders and value chain actors are the key drivers for nutrition security-related programs. They also operate in 
the potential spaces for technological interventions such as integrating sensor-based crop quality assessment in 
their processes.
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communities to reap the benefits linked to the quality of their produce [33]. A 
similar situation is observed in the crop improvement programs; in this case, the 
laboratory facilities may be available, but these are usually not rapid enough to 
facilitate efficient selection within the breeding populations. For this purpose, 
research on translating sensors for rapid, robust, cost-effective, yet environmen-
tally friendly grain quality analyses has been initiated (Figure 2) [25, 34]. Also, 
mobilizing sensor-based solutions like handheld devices is critical for catering to 
the needs of the grain-related value chain players and crop improvement pro-
grams that are primarily guided by market-demanded traits, and probably, it can 
trigger quality-based payment in future.

Figure 2. 
A graphical representation of the potential of sensor-based technologies to be integrated in agri-research and 
industrial sectors.

Figure 3. 
A brief overview of benchtop and portable sensors (near-infrared spectroscopy, NIR; X-ray fluorescence, XRF; 
and X-ray computed tomography, CT) that can be deployed in breeding programs as well as value chain pipelines 
for rapid crop quality assessment.
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4.1 Benchtop vs. handheld sensors

The mobility of sensor technology solutions is a critical attribute, particularly 
when considering the needs of grain-related value chain players in the decentralized 
market context of developing countries. Benchtop sensors, while accurate and reli-
able, lack the flexibility and portability required to meet the demands of field opera-
tions and decentralized markets. In contrast, mobile sensors offer the advantage of 
portability and on-the-go measurements, making them well-suited for use in remote 
locations and field settings. This mobility is essential for catering to the needs of crop 
improvement programs, which are increasingly guided by market-demanded traits 
(Figure 3, Table 1). By providing real-time data and analysis capabilities directly in 
the field, mobile sensors empower stakeholders to make informed decisions swiftly 
and efficiently, ultimately enhancing the productivity and resilience of agricultural 
systems in developing countries.

5.  Types of sensors

Several types of sensors are used in various fields like material science, pharma, 
medical, agrifood and feed industry, and agriculture. In this paper, sensors of 
near-infrared spectroscopy (NIRS), X-ray fluorescence (XRF), computed tomog-
raphy (CT), and Raman spectroscopy are discussed (Figure 3) with a special focus 
on NIRS.

5.1 Near-infrared spectroscopy (NIRS)

NIRS operates by exposing samples to near-infrared light, which interacts with 
the molecular vibrations of the sample, producing a unique spectral fingerprint. The 
NIRS machine detects the intensity of light at various wavelengths after it has passed 

NIR Instrument type Benchtop Portable

Application: Screening and identification high and 
low nutritional composition for breeding 
selection and research

Rapid assessment of high nutritional 
samples in field and in crop value 
chain

Spectral range Wide, for example, NIRS 400–2500 nm Narrow, for example, NIRS 
1100–2500

Analyses time: less than 1 minute 1 minute

Throughput 250 whole grain samples per day
100 flour samples per day

200 whole grain samples per day
150 flour samples per day

Portability Low and tedious High and easy

Connectivity Desktop computer Mobile phone or laptop

Prediction Precision High* Low* (compared to benchtop but 
significantly accurate)

References [32, 35, 36] [34, 35, 37, 38]

*Depending on trait, calibration method, crop, and trait variation.

Table 1. 
An example of a benchtop and a portable near-infrared (NIR) spectrometer, X-ray fluorescence (XRF), and 
computed tomography (CT).
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through or been reflected by the sample [39]. By comparing these absorption patterns to 
a pre-established calibration model, which correlates known chemical compositions of 
samples with their corresponding near-infrared absorption spectra, the NIRS machine 
can estimate the organic composition of nutritional traits. This technology has been 
successfully applied to a range of crops for organic traits like proteins, starch, fiber, fatty 
acids, amino acids, and fats. For instance, it has been used to estimate protein and amy-
lose content in rice [40], lignan glucoside content in sesame [41], and oil content in saf-
flower [42]. Both benchtop and handheld NIRS equipment are available, with benchtop 
models typically covering a wider wavelength range from visible light (400–2500 nm), 
while handheld models capture a narrower range (1100–2500 nm). The wavelengths of 
the sensors vary across different manufacturers of portable sensors [43].

5.2 X-ray fluorescence (XRF)

XRF, on the other hand, relies on the principle of X-ray excitation of atoms in 
the sample, causing them to emit characteristic fluorescent X-rays. These X-rays are 
then detected and analyzed to determine the elemental components like metals. XRF 
works with X-ray energies ranging from a few hundred electron volts to several kilo-
electron volts. X-ray ray typically utilizes the band below 400 nm and are used for the 
prediction of inorganic nutritional traits like iron (Fe), zinc (Zn), calcium (Ca), and 
contaminants like aluminum (Al), arsenic (Ar), and lead (Pb). Benchtop standard 
XRF equipment is used to predict the inorganic composition of cereal grains, such 
as wheat and rice [44, 45]. The standard models were used to calibrate the position 
of the sample, particularly inorganic components like metals [46, 47]. The effective-
ness of calibrations from both systems was evaluated by comparing the coefficient of 
determination [2], regression slope, and root mean square error (RMSE).

5.3 Computed tomography (CT)

CT imaging involves taking a series of X-ray images of a sample from different 
angles and using computer algorithms to reconstruct a 3D image. By analyzing the 
attenuation of X-rays as they pass through the sample, CT can provide detailed 
information about the internal structure, density, and morphology of the sample, 
making it particularly useful for non-destructive analysis of materials and biological 
specimens. Each of these techniques operates within specific spectral ranges, and CT 
imaging utilizes X-rays with energies in the range of tens to hundreds of kiloelectron 
volts [48]. The CT applications prove invaluable for quickly evaluating basic grain 
properties—such as size, shape, and damage—especially in crop species with grains 
covered by a hard-to-remove shell, like groundnut and rice [49, 50]. The CT equip-
ment is also available in portable size.

5.4 Raman spectroscopy

Raman spectroscopy is a technique used in analytical chemistry and materials 
science to study vibrational, rotational, and other low-frequency modes in a system. 
It involves shining a laser light onto a sample and measuring the scattered light. The 
shifts in energy, known as Raman shifts, provide information about the chemical 
composition, crystal structure, and molecular interactions within the sample. The RS 
is a spectroscopic method that indirectly measures the vibrational states of samples 
based on the polarity of chemical bonds [51, 52]. Due to its insensitivity to water and 
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Figure 4. 
Matrix of XY-scatterplots depicting the NIR-based grain protein content prediction models along with metrics for 
single species (sorghum) and multiple species (sorghum, pearl millet, finger millet, foxtail millet). The top panels 
represent the calibration or training dataset, and the lower panel represents the cross-validation dataset.

fewer overlapped bands, RS is suitable sensor for accurate qualitative and quantitative 
assessment of liquid samples where NIR measurements are restricted [52]. Also, in 
high moisture-containing samples of grains and oilseeds, the detection of fungal and 
mycotoxin is easier with RS by minimizing inferences from residual components. For 
instance, Yuan et al. [53] utilized surface-enhanced Raman spectroscopy (SERS) to 
quickly detect the mycotoxin deoxynivalenol in corn, kidney beans, and oats. The 
SERS was also used to identify aflatoxin in maize. [54] have used RS to detect carbo-
hydrate, fiber, carotenoid, and protein content in maize kernels.

6.  Recent developments with sensors

6.1 Near-infrared spectroscopy (NIRS)

NIRS has the potential to be a highly effective tool for measuring traits associ-
ated with organic grain composition, provided the calibrations are meticulously 
developed and rigorously validated. For industrial applications, single-species NIR 
calibrations are generally preferred over multispecies calibrations because they 
offer greater accuracy and precision [33, 41, 42]. However, producing single-species 
calibrations can be challenging in certain cases, such as with “minor millet” (includ-
ing pearl, finger, Kodo, Proso, Foxtail, Little millet, Sorghum, and Teff) or “orphan” 
legumes (such as horsegram, lablab, cowpea, mothbean, and adzuki bean), where 
limited diversity may hinder the development of robust calibrations. In these situ-
ations, multiple-species calibrations are used instead (Figure 4). For example, the 
performance metrics of a single-cereal equation for sorghum, built using 96 samples, 
were compared to those of a multiple-cereal equation constructed with 62 samples of 
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sorghum, 26 samples of pearl millet, 20 samples of finger millet, and 20 samples of 
foxtail millet, using various calibration methods (see Figure 5). The sorghum-specific 
calibration, which used a sufficient sample size (96) and a broad range of variation 
(protein: 6.7–14.2%; fat: 1.5–5.4%), predicted sorghum protein and fat more accu-
rately (see Figure 4). However, the multiple-species prediction can still be applicable 
for sorghum, with calibration results showing R2 values of 0.8 for protein and 0.92 for 
fat, and RMSE values of 0.78 for protein and 0.66 for fat. Validation metrics include 
R2 values of 0.85 for protein and 0.78 for fat, RMSEP values of 0.4 for protein and 
0.22 for fat, and slopes of 1.3 for protein and 0.88 for fat. This approach might be 
preferable for crops where the sample size and range of variation are insufficient for a 
single-species calibration.

6.2 X-ray fluorescence (XRF)

XRF-based technologies have traditionally been employed in heavy industrial 
applications, with their use in crop research only becoming more prominent in the 
past decade. Research on pearl millet has demonstrated significant genetic variability 
for iron and zinc (30–140 mg kg−1 Fe and 20–90 mg kg−1 Zn), which can be leveraged 
to develop high-yielding cultivars rich in these nutrients. However, previous breeding 
programs primarily focused on yield improvement, resulting in released cultivars 
and hybrids with lower Fe and Zn content [55]. Recognizing this opportunity, the 
All India Coordinated Research Project on Pearl Millet (AICRP-PM) of the Indian 
Council of Agricultural Research (ICAR) established a threshold of minimum iron 
(42 mg kg−1) and zinc (31 mg kg−1) levels for release of national varieties of pearl mil-
let. This policy promoted biofortified pearl millet in India but also necessitates rapid 
assessment methods for selecting high Fe and Zn lines. Since then, XRF technology 
has been extensively used to screen materials, contributing significantly to alleviat-
ing malnutrition [56]. Similarly, finger millet, which is rich in calcium, required 
breeding efforts to select high Ca content lines. The calibration for estimating Ca 
content in finger millet grains using benchtop standards is currently being optimized 
at ICRISAT. Portable XRF is a non-destructive method that allows comparison with 
high-precision techniques like ICP-MS on the same sample, as demonstrated in rice 

Figure 5. 
Example of NIR-based protein prediction model for grain flour samples of multiple crops (cereals and legumes). 
The XY scatterplot of left presents the metrics of calibration or training dataset and the scatterplot of right 
presents the metrics for the cross-validation used for determining the robustness of the prediction model.
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[45]. This report presents portable XRF measurements for As, Mn, Fe, Ni, Cu, and Zn 
in rice samples, comparing them with ICP-MS results for the first time. While these 
sensors need systematic testing on a broader range of materials, the example of pearl 
millet clearly illustrates that XRF application is feasible, provided the technology is 
rigorously tested and further developed for estimating the elemental composition of 
crop grain material.

6.3 Computed tomography (CT)

It has been widely used in the medical industry as well as in heavy-industry 
applications [57, 58]. Again, the applications for phenotyping of plant-related mate-
rial are a relatively recent development [59–61]. Despite this, CT-enabled information 
could quickly become a game-changing factor that can enable critical information 
for crop improvement programs as well as for estimation of crop value in the market 
systems (rapid in-shell estimates such as grain weight, size and shape, damages, and 
shelling ratio, see Figure 6 for example). CT has been tested to address such demand 
from rice and groundnut crop improvement programs where the time needed for 
grain threshing becomes a significant barrier in the grain evaluation during the selec-
tion process [50]. Similarly, the groundnut processing industries (e.g., Greenforest 
Foods Ltd., Kenya) indicated that rapid access to this information could overcome the 
market barrier between the small-scale producers and the large groundnut processing 
industries. This technology is currently being systematically tested to address these 
particular needs.

6.4 Raman spectroscopy

As an analytical tool, RS can provide molecular insight into mycotoxin [62, 63]. 
Several studies showed promising results for rapid screening of mycotoxin-con-
taminated grains and oilseeds and their products by Raman. Raman spectroscopy 
is sensitive enough to detect chemical functional groups of mycotoxin compounds 
and derivatives. Therefore, we expect to be able to characterize mycotoxin molecules 
through the molecular fingerprint of Raman and further correlate Raman informa-
tion with the levels of mycotoxin contamination, as demonstrated in the quality 
control of cereal products [62]. Raman spectroscopy can be used to analyze the 

Figure 6. 
A two-dimensional X-ray computed tomography image of peanuts showing variations in grain filling that 
translates into key traits for selection in breeding pipeline as well as for deciding the price at agri-commodity 
procurement centers i.e., shelling percentage and kernel weight.
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chemical composition of agricultural products such as grains, fruits, and vegetables. It 
is increasingly recognized for its effectiveness in assessing plant health, crop quality, 
and species, as well as detecting plant maturity, ripeness, freshness, nutritional con-
tent, presence of contaminants or pesticides, abiotic stresses, and diseases [64–66]. It 
supports rapid phenotyping and digital plant selection, facilitating early detection of 
bacterial infections, fungal diseases, insect invasions, and other pathogens in green-
houses and fields [64, 66, 67].

7.  NIRS as emerging powerful technology for nutritional breeding pipeline

Technological tools are available to greatly enhance the nutritional value of breed-
ing programs. However, enhanced nutrition in any breeding program might only be 
achieved if the screening of nutritional traits is handy, economical, and fast. NIRS 
is one of the most proven tools to measure organic grain and stover composition like 
protein, fat, starch, amino acid, polyphenols, phytic acid, amino acid, in vitro digest-
ibility, metabolizable energy, fiber content, etc., in large sample size where chemical 
analysis is time consuming and expensive [33, 42, 68]. NIRS has been advanced to 
sensitize the variations across year, location, variety, time of sowing, etc. [69]. NIRS 
technology holds promising power for nutrition research by accelerating the data col-
lection in crop improvement and understanding the physiology of nutritional traits at 
low production cost to effectively select the best for human and animal nutrition.

8.  Physiological basis of nutritional trait: Case study in sorghum

Sorghum, a versatile crop cultivated worldwide for food, feed, and biomass, holds 
significant importance for ensuring food security, particularly in vulnerable semi-
arid agricultural regions. Despite its crucial role, much of the genetic diversity of 
sorghum, preserved in the ICRISAT gene bank in India with approximately 40,000 
accessions, remains underexplored, particularly regarding variations in grain and 
stover nutritional composition. The grain nutritional composition of 3000 sorghum 
accessions with NIRS-based benchtop reveals intriguing insights in Figure 7. The 
density gradient map of each group of accessions, including historic, exotic col-
lection, and ICRISAT Sorghum collections, exhibited distinct positions along this 
relationship. Noteworthy is the trend observed in historical collections, which typi-
cally displayed higher fat content and lower protein content than other groups. Also, 
recently developed materials in breeding programs are able to increase the protein 
content and reduce fat. These findings shed light on the diverse genetic variation for 
nutritional traits available for sorghum germplasm and underscore the importance 
of further exploration and utilization of this genetic diversity in breeding programs 
aimed at enhancing nutritional traits.

Accessing and leveraging the vast variability in crop traits is imperative for driving 
tangible improvements through crop breeding endeavors. Beyond merely identifying 
this variability, a deeper understanding of the underlying biological processes and 
their interactions with the environment is essential. In one of the studies ([1]; unpub-
lished), the stover and grain quality of 18 sorghum genotypes across various factorial 
agronomic treatments (water stress, planting density, and nitrogen fertilization). 
NIR-based leaf, stem, and panicle quality assessments during early growth stages 
showed prediction potential for grain nitrogen content as well as stover quality at crop 
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Figure 8. 
Matrix of XY-scatter plots indicating relationships between grain nitrogen content and in vitro organic matter 
digestibility in different plant parts depicted through different colors (leaf: blue, panicle and grain: red; stem: yellow).

maturity (Figure 8). In addition, significant correlations between leaf senescence 
and stover quality suggest the potential for indirect field assessments of stover quality 
based on visual scoring. The interconnectedness of various plant traits and their 
implications for crop nutritional quality suggests avenues for accelerating breeding 
efforts through indirect methods.

Furthermore, functional links between plant allometry at maturity and grain 
nutrient composition offers insights into predicting grain nutritional content based 

Figure 7. 
Graphical representation of the negative relationship between grain protein and fat content in sorghum 
germplasm collections of ICRISAT.
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on plant parameters ([32], unpublished, Figure 9). Additionally, the observed syner-
gistic associations between stover productivity and quality, as well as grain quality, as 
illustrated in Figure 9. The correlation network analysis revealed interrelationships 
among various parameters, including grain weight (both per plant and per hectare), 
grain size, grain number, stover weight (per plant and per hectare), maximum leaf 
area (at booting stage), leaf area index, senescence score, biomass partitioning index 
(BPi), and the nutritional composition of leaves, stems, and panicles. This method 
aids in visualizing and identifying patterns, revealing key variables and potential 
causal relationships within complex datasets. For instance, biomass partitioning 
(Bpi) is negatively associated with grain weight (Gwt), grain numbers (GrN), stover 
weights, protein content (Prt), and panicle weight. Additionally, grain weight (Gwt) 
is positively associated with grain numbers (GrN) and stover weight, while negatively 
associated with biomass partitioning (Bpi). Furthermore, protein content (Prt) is 
positively associated with stover quality, grain numbers, panicle weight, and grain 
weight, and negatively associated with biomass partitioning (Bpi). Moreover, stover 
quality is positively associated with protein content, grain weight, grain numbers, 
and stem weight, and negatively associated with biomass partitioning (Bpi). These 
findings underscore the importance of integrating multidimensional data from 
field experiments with advanced analytical techniques to inform and expedite crop 
improvement strategies aimed at enhancing nutritional qualities.

9.  Conclusion

Nutrition-inclusive breeding and value chains necessitate adoption of reliable, 
robust, and applicable tools for rapid phenotyping of crop nutritional composition. 

Figure 9. 
Correlation networks depicting the interrelationships between different agronomic and nutritional traits 
(Gwt = grain weight [g plant−1], GrN = grain number per panicle, S_W = stover weight [g plant−1], 
LA_ = canopy leaf area [cm2], Sn_ = senescence score [0–100%], Bpi = Biomass partitioning index, Lf_ = Leaf 
in-vitro organic matter digestibility [w/w%], st_ = Stem in-vitro organic matter digestibility [w/w%], 
pn_ = panicle or grain in-vitro organic matter digestibility [w/w%], Prt = grain protein content [w/w%], 
Fat = grain fat content [w/w%], and Amy = grain amylose content [w/w]. Green lines and red lines in correlation 
networks represent positive and negative correlations respectively. Strength of each line indicates the strength of 
correlation between the pairs. Values within each line in a correlation network represent correlation coefficients.
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Especially for making informed decisions on the choice of crop, farm management, 
product development, and processing, delivery for human as well as animal nutri-
tion and well-being. Advances in instrumentation, computational power, digital 
networking, and internet access can be tailored to the agricultural sector and further 
optimized for different contexts and stakeholders. This book chapter focuses on the 
sensor-based technologies for crop quality assessment in crop breeding programs, but 
this can further be connected upstream and downstream with remote sensing and 
agrometeorological information, econometric modeling, socio-cultural preferences, 
commodity pricing and trading, marketing and certification, integrated farm advi-
sory tools, etc. Agricultural development requires multidimensional systemic inter-
ventions considering diverse players, constraints, and opportunities. Sensors are one 
such tool that can be explored and integrated at various stages of farming to enable 
stakeholders to measure quantity as well as quality, which is essential for streamlining 
nutrition-related breeding and crop value chains. Such efforts are imperative to accel-
erate the development of nutritionally dense grain-crop products, particularly for the 
most vulnerable agricultural systems and stakeholders. Incorporating sensor-based 
technologies like NIRS and XRF into regular breeding programs and crop value chains 
holds promise for accelerating nutrition selection alongside productivity. At the same 
time, it is essential to understand the complexities of nutrition physiology and cas-
cade mechanisms for fully exploiting these tools in breeding endeavors. Establishing 
global networks that unite experts from various fields is crucial for developing and 
implementing sensor-based technologies in agrifood research and industry. This also 
involves co-development of sensors (i.e., testing, calibration, and validation of sen-
sors) with different stakeholders and for the development of nutritionally dense safe 
products tackling malnutrition.
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Perspective Chapter: Advances in 
Modern Cereal Storage Systems
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Abstract

Cereal storage is a critical link in the food supply chain, impacting food security, 
quality, and sustainability. The present chapter provides a comprehensive exami-
nation of cereal storage systems in terms of engineering design, manufacturing 
planning, construction management, technology solutions, and business functions, 
by focusing on four key facility elements: I. factory and plant layout; II. warehouse 
and transportation; III. automation, robotics, and sensors; and IV. postharvesting 
equipment. Through a systematic lens, engineering design principles, construc-
tion management strategies, and technological solutions, etc., are explored. It also 
highlights the interdependence of facility elements and their impact on business 
functions, emphasizing the need for well-planned layouts and integrated technolo-
gies. The chapter delves into advanced manufacturing processes, automation, 
and real-time monitoring as essential components for optimal cereal storage. 
Additionally, it introduces the concept of turnkey projects and one-stop services as 
modern business functions in this domain. Offering practical insights, it can serve 
as a valuable resource for professionals and enthusiasts seeking a holistic under-
standing of cereal storage systems, bridging the gap between theory and practical 
application.

Keywords: cereal storage systems, engineering design, facilities, one-stop service, 
turnkey projects

1.  Introduction

Modern cereal storage systems represent a critical component of the agricultural 
supply chain, playing a pivotal role in ensuring food security, reducing postharvest 
losses, and meeting the demands of a growing global population. These systems 
encompass a range of innovative concepts and technologies designed to optimize the 
storage, preservation, and distribution of cereal crops such as wheat, rice, maize, 
and barley. They are essential for safeguarding food supplies, supporting agricultural 
sustainability, and promoting economic development in both rural and urban com-
munities [1–3].

Viewing the cereal storage system as an exemplary production system allows us to 
conceptualize it as an integrated framework. This framework encompasses personnel, 
equipment, and procedures that work in concert to efficiently manage cereal storage 
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operations. By adopting this perspective, we recognize the interconnectedness of 
various elements within the system and the importance of coordination and optimi-
zation to achieve optimal performance and outcomes. According to the definition of 
the production system [4], the cereal storage consists of two primary components: 
facilities and storage support systems, depicted in Figure 1.

As shown in Figure 1, the physical facilities of the cereal storage system further 
encompass distinct elements:

I. Factory and Plant Layout: The physical arrangement and design of the storage 
facility, including the layout of buildings, machinery, and operational zones. 
It involves optimizing spatial organization to enhance workflow efficiency 
and accessibility for storage and processing activities.

II. Storage and Transportation: The infrastructure dedicated to the physical 
storage and transportation of cereals, encompassing silos, bins, conveyors, 
and transport vehicles. This component emphasizes the hardware elements 
involved in maintaining the integrity of stored cereals and facilitating their 
movement within the facility.

III. Automation, Robotics, and Sensors: The incorporation of techniques such as 
automated systems, robotic devices, and sensor apparatuses. These elements are 
designed to enhance the efficiency of cereal storage operations by automating 
tasks, improving accuracy, and providing real-time data using physical hardware.

IV. Postharvesting: The tools and machinery employed in postharvest processes, 
including cleaning, drying, packaging, and screening equipment. This com-
ponent focuses on the tangible devices and structures utilized in ensuring the 
quality and readiness of cereals for storage and distribution.

To ensure the efficient operation of cereal storage system facilities, a company 
must strategically organize itself to design processes and equipment, plan and control 

Figure 1. 
Cereal storage system structure with components.
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operations, and meet stringent quality requirements. These vital functions are 
executed through storage support systems—comprising both people and procedures, 
which form the backbone of how a company manages its storage operations. Many 
of these support systems do not have direct contact with the cereal itself; rather, they 
plan and control the cereal throughout the entire process.

The cereal storage support systems encompass a sequence of activities that exert 
widespread control or interaction with facilities and their components, as illustrated 
in Figures 1 and 2. These activities involve five key functions that necessitate exten-
sive information flow and data processing:

1. Engineering design

2. Manufacturing planning

3. Construction management

4. Technology solutions

5. Business functions

Figure 2. 
Facilities and storage support systems. (photo courtesy of FAMSUM group Co., ltd.).
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The present chapter will unravel the latest advancements and potential trends 
in cereal storage systems, focusing on the dynamic interplay between physical 
facilities and support systems. Covering factory and plant layout, storage and 
transportation infrastructure, automation, robotics and sensors, and postharvest-
ing equipment, it explores the pivotal roles of engineering design, manufacturing 
planning, construction management, technology solutions, and business functions 
within these facilities. It is accessible to a broad audience by demystifying technol-
ogy-driven solutions like software applications and automation and highlighting 
how these advancements enhance cereal storage efficiency and sustainability. 
Tailored for researchers and agriculture stakeholders, it offers clear insights into 
the collaborative contributions of physical structures and support systems, provid-
ing a concise and user-friendly guide to the evolving landscape of cereal storage 
systems.

2.  Engineering design

In the context of cereal storage systems, engineering design can be defined as 
a structured set of decision-making processes and activities applied to ascertain 
the optimal form and configuration of storage facilities, components, etc. [5]. It 
extends beyond the physical structures to encompass the layout of facilities, the 
selection and design of equipment, and the integration of technologies, by taking 
into account factors such as spatial optimization, structural integrity, and work-
flow efficiency. It involves a dynamic interplay of conceptualization, planning, 
and execution, ensuring that the final form of the cereal storage system aligns 
seamlessly with the intended functions and addresses the complex demands of the 
cereal storage landscape. Table 1 summarizes key engineering design principles, 
applications, and exemplary software/tools associated with the components of 
factory and plant layout; warehouse and transportation; automation, robotics, 
and sensors; as well as postharvesting equipment in the context of cereal storage 
systems.

For the cereal storage systems, the application of engineering design principles, 
methods, and technologies is the most important function in realizing and optimizing 
the efficiency and functionality of various facility components. When conceptual-
izing factory and plant layouts, engineers employ systematic planning to ensure 

Facility components Engineering design principles and 
applications

Exemplary software and tools

Factory and Plant 
Layout

Facility Design, Layout Workflow Design Computer Aided Design 
(AutoCAD, Revit, etc.)

Warehouse and 
Transportation

Facility Design, Logistics Planning, 
Operation Research

Simulation Tools (AnyLogic, 
Simio, etc.)

Automation, Robotics 
and Sensors

Computer Integrated Manufacturing 
System(CIMS) Design, Sensor Design

Robotics Programming 
(Labview, PLC, etc.)

Postharvesting Machine Design, Process Optimization 
Design

Finite Element Analysis 
(Solidworks, ANSYS, etc.)

Table 1. 
Engineering design principles and applications and exemplary software and tools for cereal storage systems.
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seamless processes, minimizing bottlenecks and maximizing space utilization 
[6]. Warehouse and transportation systems need to be designed with precision to 
streamline the movement of cereals, incorporating innovative storage solutions such 
as automated retrieval systems and conveyor belts to enhance operational speed and 
accuracy [7]. Automation, robotics, and sensor technologies play a crucial role in 
cereal storage, with robotic arms facilitating precise material handling, sensors ensur-
ing real-time monitoring of environmental conditions, and automation streamlining 
repetitive tasks [8]. Furthermore, postharvesting equipment is designed and manu-
factured with a focus on gentle handling and preservation of cereal quality, employ-
ing technologies like drying systems and sorting machines to enhance efficiency while 
minimizing losses [9]. The integration of these engineering principles and advance-
ments ensures a comprehensive and optimized cereal storage ecosystem, fostering 
sustainability and resilience in the agricultural supply chain.

Recent advances in the engineering design of facilities for cereal storage systems 
have been characterized by an increased integration of digital technologies, automa-
tion, and data-driven decision-making. Advancements and potential trends in the 
engineering design of various facility components for cereal storage systems based on 
historical patterns and common areas of innovation are summarized (but not limited 
to) below:

2.1  Factory and plant layout

• Flexible layouts to accommodate changing storage needs and product 
 varieties [10]

• Modular and scalable design principles to allow for easy expansion or 
 modification [11]

• Digital twins (DT) technology for virtual modeling and simulation of plant 
layouts for accurate design and operational predictions [12]

2.2  Warehouse and transportation

• Automated guided vehicles (AGVs) and autonomous mobile robots (AMRs) for 
efficient and flexible material handling in warehouses [13]

• Smart conveyor systems with integrated sensors for real-time monitoring of 
grain flow [14]

• Design optimization such as finite element analysis (FEA) of storage containers 
for configurative and structural optimization [15]

2.3  Automation, robotics, and sensors

• Robotics for tasks such as picking, packing, and stacking, improving the speed 
and accuracy of operations [16]

• Internet of Things (IoT) sensors and radio frequency identification (RFID) 
technology for continuous monitoring of environmental conditions, ensuring 
optimal storage conditions [17]
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• Machine learning algorithms (MLA) for predictive maintenance, reducing 
downtime and enhancing the reliability of cereal storage systems [18]

2.4  Postharvesting equipment

• Energy-efficient (renewable energy sources incorporated) and environmentally 
benign drying systems to preserve grain quality [19]

• Optical sorting and computer vision technologies to enhance the precision of 
sorting processes and improve overall cereal grain quality [20]

• Intelligent packaging solutions with built-in sensors for real-time monitoring of 
product freshness and quality [21]

3.  Manufacturing planning

Manufacturing is the process of converting raw materials, components, or parts 
into finished goods that meet a customer’s expectations. Traditional manufacturing 
processes such as casting and roll forming have been playing a crucial role in produc-
ing the structural components for the cereal storage infrastructure like steel silos. 
Manufacturing planning encompasses the strategic selection of materials, manu-
facturing processes, and assembly techniques. Table 2 summarizes manufacturing 
technologies and processes with exemplary applications (illustrated in Figure 3) in 
the cereal storage systems.

3D concrete printing is an innovative fast prototyping technology with possible 
potential to revolutionize factory and plant layout facility in the cereal storage sys-
tems [22]. This cutting-edge method involves layer-by-layer deposition of concrete, 
allowing for the rapid and cost-effective production of complex structures [26]. In 
cereal storage applications, 3D concrete printing offers advantages such as custom-
izable and modular designs, enhanced structural integrity, and the ability to create 
intricately detailed configurations [27]. The technology could facilitate the con-
struction of storage units with optimized geometries for efficient space  utilization 
and tailored features for temperature control and aeration [26]. Furthermore, 3D 
concrete printing minimizes material waste and construction time, aligning with 
sustainability goals in agricultural infrastructure development [26, 27].

Facility components Manufacturing technologies and 
processes

Exemplary applications

Factory and Plant Layout Fast Prototyping Process 3D Concrete Printing and 
Modular Silos [19]

Warehouse and 
Transportation

Materials technologies, Advanced 
Manufacturing Processes

Roll Forming of Steel Silo Wall 
Parts [20]

Automation, Robotics 
and Sensors

Precision Machining and Assembly, 
Electronic Packaging

Robots for grain bin operation 
[21]

Postharvesting Advanced Manufacturing Processes and 
Precision Assembly

Postharvesting Equipment 
Assembly [22]

Table 2. 
Manufacturing technologies and processes and exemplary applications for cereal storage systems.
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In addition to innovative additive manufacturing processes like 3D concrete print-
ing, the progress in manufacturing planning within the traditional paradigm of cereal 
storage systems can be examined concerning advancements in material technology, 
manufacturing processes, and precision assembly. Figure 4 illustrates how typical 
manufacturing planning tackles key decisions such as choosing materials, picking the 
right manufacturing methods, and figuring out how to put parts together. It ensures 
that every step of making something is well prepared, from selecting materials that 
work well together to using efficient manufacturing techniques and assembling parts 
carefully. This thorough planning is crucial for making sure the final product is of 
good quality and durable.

3.1  Material technology

In the realm of manufacturing planning for cereal storage systems, the choice of 
materials plays a pivotal role in determining the longevity and performance of com-
ponents. Advanced material technologies are harnessed to withstand the challeng-
ing environmental conditions and the demands of continuous operation. Selections 
such as corrosion-resistant alloys [28], high-strength composites [29, 30], and 
innovative coatings and paintings [31, 32] are strategically made to ensure durabil-
ity and resilience against the varying conditions within storage facilities.

Figure 3. 
Exemplary applications of manufacturing planning. A. 3D concrete printing for modular silos [22] (photo 
courtesy of Batchcrete international). B. Roll forming of steel Silo Wall parts [23] (photo courtesy of Rishbin Co., 
ltd.). C. Robot for grain barn Shoveling [24] (photo courtesy of FarmShow magazine). D. Assembly of pressure 
control system for post-harvesting equipment [25] (photo courtesy of FAMSUM group Co., ltd.).
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3.2  Manufacturing processes

Traditional manufacturing processes such as casting, forming, and machining 
lie at the heart of manufacturing planning for cereal storage systems. Leveraging 
advanced manufacturing processes, including precision casting, roll forming, and 
CNC machining, facilitates the creation of components with fine dimensions and 
tolerances. Precision casting involves highly controlled processes to create intricate 
and high-quality components [33]. In cereal storage, precision casting may be applied 
to produce critical elements with enhanced accuracy and reduced material waste. 
Roll forming is an advanced process where metal sheets are passed through sets of 
rolls to gradually shape them as shown in Figure 3. In cereal storage construction, roll 
forming is utilized to produce cylindrical sections for silos, ensuring uniformity and 
structural integrity [30, 34].

3.3  Precision assembly

The meticulous assembly of components is a cornerstone of manufacturing 
planning, where tight tolerances and seamless integration are paramount. Precision 
assembly techniques, guided by stringent quality control measures, guarantee that 
each component fits seamlessly into the broader cereal storage system. Robotics are 
increasingly employed in assembly processes, enhancing efficiency and reducing the 

Figure 4. 
Illustration of one-stop service (after [17]).
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margin for error [35]. They will be contributing to the overall reliability of the storage 
infrastructure in the future.

4.  Construction management

Construction management is the strategic planning, coordination, and oversight 
of all phases in a construction project, including design, procurement, and execution 
[36]. The effective construction management in a cereal storage system considers 
not only the physical construction of facilities but also the integration of technology, 
automation, and sustainability principles. This means not only ensuring that the 
construction process is executed efficiently and to a high standard but also leverag-
ing technology and automation to streamline operations, enhance productivity, and 
improve overall performance. Additionally, sustainability principles are integrated 
throughout the construction process to minimize environmental impact, optimize 
resource utilization, and promote long-term sustainability of the cereal storage 
system [37]. By considering these factors in construction management, stakeholders 
can ensure that the cereal storage system is not only well-built but also aligned with 
modern industry practices and environmental goals [37, 38].

4.1  Factory and plant layout

Construction Planning: The construction management process for factory and 
plant layout involves meticulous planning to optimize the arrangement of production 
units, machinery, and storage areas [39]. Attention should be given to create a layout 
that minimizes bottlenecks, allows for efficient material flow, and accommodates 
future expansion.

Modularity and Scalability: Construction teams focus on designing modular struc-
tures that can be easily expanded or reconfigured [40]. This modularity enhances 
flexibility and adaptability to changing storage needs, ensuring a cost-effective and 
scalable facility.

4.2  Warehouse and transportation

Structural Integrity: Construction management in warehouse and transporta-
tion systems emphasizes the construction of robust storage structures and efficient 
material handling systems. Attention is given to the structural integrity of warehouse 
components and the implementation of durable conveyor and transportation systems.

Safety and Accessibility: Construction teams prioritize safety measures, includ-
ing the installation of proper signage, lighting, and safety barriers. Accessibility 
considerations are integrated into the construction of ramps, loading docks, and 
storage racks.

4.3  Automation, robotics, and sensor technologies

Infrastructure for Automation: Construction management for automation, 
 robotics, and sensor technologies involves creating the necessary infrastructure 
to support these systems. This includes installing power and data lines, creating 
secure enclosures for robotic equipment, and ensuring connectivity for sensor 
networks.
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Precision Construction: Attention to detail is crucial to ensure precision in the 
construction of components that house and support automated systems. The con-
struction team works closely with technology specialists to integrate the physical 
infrastructure seamlessly with automation technologies.

4.4  Postharvesting equipment

Specialized Construction: Construction management for postharvesting 
 equipment focuses on creating specialized structures to house equipment like sorting 
machines, dryers, and processing units. The emphasis is on precision in construction 
to accommodate the unique requirements of each piece of equipment.

Energy-Efficient Construction: With a growing emphasis on sustainability, 
construction management incorporates energy-efficient practices. This includes the 
installation of energy-efficient lighting, insulation, and the integration of renewable 
energy sources where feasible.

5.  Technology solutions

In cereal storage systems, technology solutions are essential for efficiency and 
quality. These include but are not limited to automated cleaning, smart pest control, 
and precise drying technology. For instance, robotics help with sorting, ensuring only 
top-quality cereals are stored [41]. Technologies like radio-frequency identification 
(RFID) improve inventory tracking, making order fulfillment more efficient [42]. 
Innovative materials and manufacturing processes, like precision casting, create com-
ponents with high precision [29–35]. Overall, these technology solutions streamline 
cereal storage, from production to distribution.

5.1  Factory and plant layout

Automated Cleaning Systems: Utilizing advanced cleaning technologies, such as 
automated vacuum systems and conveyor-based cleaning processes, within the fac-
tory layout ensures efficient removal of debris and contaminants, maintaining a clean 
production environment [43].

Intelligent Pest Control: Traditional pest control methods for cereal storage typically 
involve physical, chemical, and biological approaches [44]. Physical means maintaining 
cleanliness, ventilation, and sealing storage facilities to minimize pest entry. Chemical 
ways involve the application of insecticides to control insect populations, while biologi-
cal methods utilize natural predators or parasites to target pest species. These methods 
have been used for decades and remain integral to factory and plant layout for modern 
cereal storage systems [44]. Nowadays, intelligent pest control technologies, including 
automated traps and monitoring systems, are incorporated into the factory layout to 
detect and address pest issues promptly, safeguarding stored cereals [44].

5.2  Warehouse and transportation systems

Automated Material Handling: Automated conveyor and robotic systems are 
employed in warehouse layouts for efficient material handling [43]. These technolo-
gies streamline the movement of cereals from storage to transportation points, 
minimizing manual labor and reducing the risk of damage.
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Real-time Inventory Tracking: Warehouse and transportation systems integrate 
real-time monitoring solutions, such as RFID or barcode technologies, to provide 
accurate and up-to-date inventory tracking [42]. This ensures precise control over 
stock levels and supports efficient order fulfillment.

5.3  Automation, robotics, and sensor technologies

Automated Sorting Systems: Robotics and sensor technologies are applied for 
automated sorting of cereals based on quality, size, and other parameters. This 
enhances the efficiency of postharvest processes and ensures that only high-quality 
grains are stored and distributed [45].

Real-time Environmental Monitoring: Sensors for temperature, humidity, and 
gas levels are strategically placed throughout the facility to provide real-time data, 
enabling continuous monitoring of storage conditions and allowing for immediate 
corrective actions if deviations occur [17].

5.4  Postharvesting equipment

Precision Drying Technologies: Advanced drying systems, such as infrared [46] 
and microwave [47] drying, are integrated into postharvesting equipment. These 
technologies ensure precise control over the drying process, preventing over-drying 
or moisture retention, which can impact the quality of stored cereals.

Smart Sorting and Grading: Postharvest equipment incorporates smart sorting and 
grading technologies, utilizing machine vision and artificial intelligence to assess 
and categorize cereals based on quality parameters [45]. This enhances the accuracy 
and speed of the sorting process.

Aforementioned technology solutions collectively contribute to the optimiza-
tion of cereal storage systems by enhancing efficiency, ensuring quality control, and 
enabling real-time monitoring for proactive management of storage conditions. The 
integration of automation, robotics, and sensor technologies across the various facil-
ity elements represents a holistic approach to modernizing cereal storage processes.

6.  Business functions

Business functions for cereal storage systems rely on well-designed facility 
 elements. A smart factory layout, effective warehouse systems, integrated automa-
tion, and advanced postharvest equipment contribute to smooth operations and 
better quality control. Summing up these functions, the approach can be seen as 
a “Turnkey Project” and a “One-stop Service,” showcasing a comprehensive and 
simplified strategy for cereal storage efficiency.

6.1  Turnkey project

The “turnkey” concept represents a comprehensive approach where a contractor 
or a project team takes full responsibility for the entire lifecycle of the storage facil-
ity, from design and construction to commissioning and handover [48, 49]. This 
approach is increasingly applied in the advancement of cereal storage systems to 
provide clients with a seamless and hassle-free experience. Table 3 shows the turnkey 
approach advancements in cereal storage compared with the traditional approach.
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In summary, the turnkey concept in cereal storage system advancements provides 
clients with an end-to-end solution, simplifying the entire process from conception to 
operation. This integrated approach leverages advancements in design, construction, 
technology integration, and ongoing management to deliver efficient, high-quality, 
and fully operational cereal storage facilities.

6.2  One-stop service

In the development of cereal storage systems, “One-stop Service” means  getting 
all services needed for designing, building, and managing the storage facility 
from a single provider [50]. This includes everything from planning and design to 
construction, logistics, installation, and training. It includes various stages such as 
consultation, design, civil construction, manufacture, logistics, installation and com-
missioning, training, service, etc., as shown in Figure 4.

For the consultation stage, a dedicated team of experts typically from the 
company’s consulting department will handle the process. These professionals are 

Traditional approach Turnkey approach

Design and 
Engineering

Clients separately engage 
architects, engineers, and other 
specialists.

Integrated design and engineering services. 
A specialized team is responsible for creating 
a comprehensive design that aligns with the 
client’s requirements and industry standards.

Construction and 
Implementation

Clients coordinates with multiple 
contractors for different aspects 
of construction, such as structural 
work, equipment installation, and 
automation systems.

Streamlines construction by entrusting a single 
entity with the entire construction process. 
This includes site preparation, structural 
construction, installation of storage equipment, 
and integration of automation and monitoring 
systems.

Technology 
Integration

Integrating technologies like 
automation, robotics, and sensor 
systems require coordination 
among various vendors and 
specialists.

Leverage advancements in technology 
integration. The project team ensures seamless 
incorporation of the latest technologies 
for efficient material handling, real-time 
monitoring, and automated processes within 
the cereal storage facility.

Quality Assurance 
and Compliance

Ensuring compliance with 
industry regulations and quality 
standards involve separate 
assessments and inspections.

Prioritize quality assurance and compliance 
from the outset. The integrated team manages 
and oversees the entire process, ensuring 
that the facility meets or exceeds relevant 
regulations and quality benchmarks.

Operational 
Handover

Clients may need to coordinate 
the transition from construction 
to operations, involving multiple 
handovers and potential 
operational disruptions.

Ensures a smooth transition from construction 
to operations. The facility is handed over in a 
fully operational state, minimizing downtime 
and allowing clients to immediately use the 
cereal storage system.

Lifecycle 
Management

Clients may need to independently 
manage ongoing maintenance and 
upgrades.

Include ongoing maintenance and lifecycle 
management services. The contractor takes 
responsibility for ensuring the ongoing 
efficiency and functionality of the cereal 
storage system.

Table 3. 
Comparison of traditional approach vs. turnkey approach [45].
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well-versed in conducting due diligence and investment evaluations, providing 
technical consultations, navigating approval procedures, negotiating contracts, 
estimating project costs, assessing risks, and offering ongoing support. They work 
closely with clients to understand their specific needs and objectives, guiding them 
through every step of the project planning and decision-making process. This col-
laborative approach ensures that clients receive tailored solutions that align with their 
goals while maximizing operational efficiency and minimizing risks.

During the design stage, the emphasis is on creating customer-centric solutions. 
This involves carefully analyzing market trends, evaluating customer needs, and 
assessing feasibility to tailor existing products and develop new solutions. By leverag-
ing market analysis and customer feedback, the design team identifies opportuni-
ties to optimize existing offerings and explore new business avenues. Their goal is 
to unlock new potential by adapting to terrain specifics and delivering innovative 
solutions that address evolving market demands. Through a combination of market 
insight, customer input, and feasibility assessment, the design stage aims to deliver 
customized solutions that meet the unique requirements of each client while also 
driving business growth and expansion.

The civil construction phase focuses on enhancing construction processes to 
achieve improved safety, efficiency, and cost-effectiveness. The primary objectives 
include minimizing construction timelines, refining design elements, lowering 
expenses, and maximizing project benefits. By streamlining construction methods 
and optimizing project management practices, this phase aims to deliver superior 
outcomes while ensuring adherence to budgetary constraints and safety standards. 
Through meticulous planning and execution, the civil construction step strives to 
enhance project performance, reduce risks, and enhance overall project value.

The manufacturing stage is dedicated to ensuring the production of high preci-
sion, quality products through material processing, machining, painting, and assem-
bly. This is achieved by leveraging advanced manufacturing technologies, including 
CNC machining centers, welding robots, streamlined production systems, and 
lean manufacturing principles. Each step of the manufacturing process is carefully 
executed to maintain strict quality standards and consistency. By employing cutting-
edge technologies and efficient production methods, this stage aims to optimize prod-
uct accuracy, minimize defects, and enhance overall product performance. Through 
a combination of advanced machinery and rigorous quality control measures, the 
manufacturing stage is instrumental in delivering reliable and top-quality products to 
meet customer expectations.

The logistics stage is focused on delivering efficient and reliable logistics solu-
tions supported by modern technology. By utilizing advanced supply chain logistics 
information systems and management software, the company ensures seamless 
coordination and management of transportation processes. Additionally, specialized 
packaging designs incorporating barcode technology enhance inventory tracking 
and facilitate accurate cargo management. Through these measures, the company 
is committed to providing fast, precise, and dependable logistics services while 
prioritizing the safety and security of all shipments. This integration of cutting-edge 
technology and strategic logistics planning ensures timely delivery and customer 
satisfaction.

The installation and commissioning stage is dedicated to ensuring the successful 
implementation of projects by leveraging insights from past experiences to drive 
ongoing enhancements. Through continuous learning and improvement initiatives, 
the company strives to refine installation and commissioning processes, addressing 
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any challenges encountered and optimizing project delivery. By drawing upon 
lessons learned from previous projects, the team identifies areas for improvement, 
implements best practices, and adopts innovative approaches to enhance efficiency 
and effectiveness. This commitment to continuous improvement fosters a culture of 
excellence and ensures that each project is executed flawlessly, meeting or exceeding 
client expectations.

The training stage aims to facilitate knowledge-sharing and create positive 
learning experiences for clients. The company organizes specialized training 
sessions led by experts in technology and management, covering various aspects 
such as production, operation, management, and maintenance. These training 
programs are designed to empower clients with the necessary skills and expertise 
to effectively utilize and maintain their equipment. By fostering professionals in 
these fields, the company not only addresses equipment-related challenges but also 
promotes collaboration and knowledge exchange among producers. Through these 
training initiatives, clients gain valuable insights and practical skills while also 
benefiting from networking opportunities and shared learning experiences within 
the industry.

The service stage represents a crucial aspect of the company’s operations, focusing 
on delivering exceptional customer service to enhance the efficiency and value of 
customers’ equipment and operations. Central to this objective is the expansion of 
service capabilities and support worldwide, ensuring accessibility and responsive-
ness to customer needs. Service engineers undergo continuous training, equipped 
with updated tools and support programs to stay abreast of the latest standards and 
technologies. A comprehensive service network is established, comprising local 
offices, spare part warehouses, field service teams, and online support, supplemented 
by remote services for prompt and efficient troubleshooting.

In essence, the company’s customer service offerings encompass various key 
components:

• Spare parts service: Ensuring plant availability through timely access to essential 
components

• Repair service: Prioritizing reliability and minimizing downtime through swift 
and effective repairs

• Maintenance service: Proactively addressing issues before they arise, optimizing 
equipment performance

• Retrofit and reconditioning service: Breathing new life into older equipment, 
extending its operational lifespan

• Training and courses service: Providing enriching learning experiences for 
customers to enhance their skills and knowledge

• Process optimization service: Driving productivity gains and ensuring readiness 
to tackle evolving challenges

• Other services: Offering consulting, installation, commissioning, and other 
tailored solutions to meet diverse customer needs
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By offering a comprehensive suite of service capabilities, the company aims to 
foster long-term partnerships with customers, supporting their success and driving 
mutual growth.

7.  Concluding remarks

In conclusion, a systematic exploration of cereal storage systems is provided to 
unravel the intricate dynamics of facility elements crucial for their efficient function-
ing. Examining the perspectives of factory and plant layout, warehouse and trans-
portation systems, automation, robotics, sensors, and postharvesting equipment, 
the chapter underscores the integrated nature of these components. From the lens 
of engineering design principles to the execution strategies of construction manage-
ment, the symbiotic relationship between these facility elements and their profound 
impact on business functions becomes evident, setting the stage for effective cereal 
storage.

Technological solutions, ranging from precision manufacturing processes to 
real-time monitoring, showcase the ongoing evolution of the field. The introduction 
of turnkey projects and one-stop services exemplifies modern approaches to meet the 
complex demands of cereal storage systematically. The insights presented here will 
pave the way for future advancements and innovations in the ever-evolving landscape 
of cereal storage systems.
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