
Millets come under the Poaceae family and are considered 
future food crops that can grow in various agro-climatic conditions 
(FAO, 2021). The drought tolerance and comparable nutritional 
composition of millets make their broader acceptability in changing 
climatic conditions (Sharma et al., 2023; Swain et al., 2023). Millets 
are easily adaptable and can be intercropped with other cropping 
systems by considering the varieties of short crop durations 
(Sharmili et al., 2021). Millets represent a diverse and nutritionally 
rich group of crops and have superior nutritional profiles of protein, 
fat, fiber, and essential minerals (Wilson and Vanburen, 2021). The 
low gluten content and favorable glycaemic index position make 
millet a healthy choice for combating lifestyle-related ailments 
such as diabetes and obesity (Tripathi et al., 2023). Even though 
millets have a greater nutritional potential and are more resilient 
to extreme climate events they are underutilized compared to rice, 
wheat, and maize (Prajapati et al., 2023). As millets gain importance 
and demand globally, this review so far analyses different varieties 

of millets’ nutritional content, health benefits, and climate resilience 
compared to other cereals under changing climatic conditions. 
Also, this review addresses the possibility of millets in extracting 
bioenergy, value-added products, and the prospects for sustainable 
practices to improve livelihoods and ensure food security based on 
the existing literature. 

MATERIAL AND METHODS

A total of 106 published articles were downloaded from 
various databases such as Science Direct, Scopus, and Google 
Scholar. The articles were collected between the years 2010 and 
2024 using specific keywords such as “millets,” “millets nutritional 
content and health benefit,” “millets climate resilience” and “value-
added products”. All the references used in this study were collected 
from twelve countries (India, China, USA, Italy, UK, Canada, 
Ethiopia, Niger, Senegal, Australia and Indonesia). Among the 106 
studies, 17 are review papers focusing on the importance and scope 
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Millets are multipurpose crops that can grow in diverse climatic conditions and have high nutritional value. However, the nutritional importance 
and various climatic adaptability of millets are not well recognized. The current review emphasizes the response of millet to climate variability, 
the significance of value-added products, and the role of millet agro residues. This review paper is a summary of a total of 106 published 
articles from different database sources. The results revealed that millets are a high source of protein, fat, minerals, and dietary fiber and rich in 
micronutrients which are used to overcome malnutrition and non-communicable diseases. Foxtail millet uses 257 g of water to produce 1 g of 
dry biomass as compared to maize (470g) and wheat (510g) indicating its climate resilience. The study also indicates a potential possibility of 
utilization of millet biomass in the production of bioenergy which in turn promotes the sustainability of renewable energy. Hence, developing 
schemes such as distributing seeds, fertilizer, pesticides, subsidized credit facilities, and promoting various value-added products are the main 
options to promote millet for further cultivation and consumption.          
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of millets in the context of climate variation. 

RESULT AND DISCUSSION

Millet production across the globe

The analysis of the past 11 years of world production of 
millets indicates an increasing trend as per the Food and Agriculture 
Organization Statistical Database (FAOSTAT, 2023), with a 
decadal increase in the production of 4.2 tons (Fig. 1). According 
to (FAOSTAT, 2023), India is the primary of output of millet, 
with a production of 13.21 million tons, followed by Niger (3.4), 
China (2.7), Nigeria (2), and Mali (1.8). A total of 76 countries are 
cultivating millet globally (Fig. 2).  

The area of production, the percentage contribution to 
global production, and the cropping season of the top producers are 
presented in Table 1 (USDA, 2023). In most countries, the season 
starts in May, and harvesting starts in September. However, the 
millets can be cultivated throughout the year, regardless of season 
(Junior et al., 2023). 

 The area under millet cultivation, as presented in Table 
1, indicates a considerable possibility of increasing the production 
within this available cultivated area by integrating advanced 
techniques and sustainable farming practices.  

Types of millets and Agro-ecology

Nowadays millets are cultivated worldwide such as 
sorghum (Sorghum bicolor L.), pearl millet (Pennisetum glaucum 
L.), finger millet (Eleusine corocana L.), foxtail millet (Setaria 
italica L.), proso millet (Panicum miliaceum L.), barnyard 
millet (Echinochloa frumentacea L.), kodo millet (Paspalum 
scorbiculatum L.), little millet (Panicum sumatrense L.), browntop 
millet (Brachiaria ramosa), teff (Eragrostis tef) and fonio (Digitaria 
exilis) (Meena et al., 2021). Sorghum can tolerate agricultural 
drought by extracting water from deeper soil layers due to the deep 
root system. It is suitable in dryland conditions as it can withstand 
higher temperatures at any stage of its growth than other cereal crops 
(Kumar et al., 2018; Meena et al., 2021). Pearl millet is a climate-
smart grain crop and is adaptable to drought and heat stresses. The 
rainfall requirement for pearl millet is 300 to 350 mm but it is grown 
in areas receiving less than 300 mm and can use water efficiently 
compared to sorghum and maize (Ullah et al., 2017). However, 
unlike sorghum, it can’t resist drought, but in such conditions, it can 
shorten its life cycle and come to maturity earlier. Finger millet is 
much more popular, can tolerate salinity, and can grow in areas with 
less than 400 mm of rainfall (Sharma et al., 2023). Foxtail millet is 
a drought-tolerant crop and is grown in drylands under conditions 
with higher CO2 abatement opportunities and stands out with its 
rapid ripening mechanism and efficient photosynthesis, and it can 
achieve a good yield within a short duration by withstanding low 
soil fertility (Maitra, 2019; Nadeem et al., 2020). Proso millet is 
one of the underutilized millets and has been selected as a climate-
resilient crop. It is also a short-duration crop with low moisture 
requirements, and it thrives in various soil types and climates (Bhat 
et al., 2019; Wimalasiri et al., 2023).

Barnyard is one of the minor millets and is cultivated 

widely in China, Japan, India, Pakistan, Nepal, and Africa 
(Renganathan et al., 2020; Sood et al., 2020). This drought-
tolerant crop excels in marginal lands, matures rapidly, offers high 
nutritional content, and can possess various health benefits (Bhatt 
et al., 2022; Sood et al., 2015). Kodo millet is the coarsest cereal 
globally, exhibiting remarkable drought resistance among minor 
millets (Ranjan et al., 2023). Known for yielding well within a short 
growth period (70–90 days), it adapts to drought, high temperatures, 
and poor soil conditions (Goutam et al., 2023). A short-duration 
little millet also withstands drought and waterlogging (Dey et 
al., 2022). With grains resembling rice, its elevated fiber content 
positions it as a nutritious rice substitute, abundant in vitamin B and 
essential minerals (calcium, iron, zinc, and potassium) (Sushmita et 
al., 2020). Among these, foxtail millet is getting wider attention due 
to its resilience to insects and salinity. Also, it is a short-duration 
crop compared to other varieties (Sharma et al., 2023). Fig. 3 below 
shows images of different millets. 

Nutrition and health benefits of millets  

The temporal shift in the total number of undernourished 
people in millions is illustrated in Fig. 4, which shows an increasing 
trend from 2018 to 2022 (FAOSTAT, 2023). Undernourishment 
leads to various diseases, so exploiting locally available, easily 
adaptable crops like millet is important to overcome malnutrition 
and ensure nutritional security (Louhar et al., 2021).  

The highest protein content (12.61g per 1000g), the 
highest fat content (4.28), and total mineral (4.77) are recorded 
in the proso, pearl, and little millet, respectively (Table 2). The 
undernourishment can be bridged by promoting millet as they have 
the same or superior nutritional profile as rice and wheat (Kumar et 
al., 2018). Proso has the uppermost protein content among millets, 
and lipid content is similar to rice and wheat, with values ranging 
from 1.43 to 6 g/100 g. On average, millets have a carbohydrate 
(56.88 to 72.97 g/100 g), and dietary fiber (78.5%) higher than 
rice and wheat. Little and kodo millets have higher fiber content, 
which makes millet suitable for diabetic patients (Kumar et al., 
2018; Yadav et al., 2023). The micronutrient content in millets 
(1.7 to 4.3 g/100 g) is more advanced than that of rice by 0.6% and 
wheat by 1.5%. The calcium content of finger millet is 350 mg/100 
g, which is higher than that of major cereal crops, and hence, this 
can control osteoporosis (Singh and Sarita, 2016). Due to their high 
iron content, pearl, barnyard, and foxtail millet are good for children 
and pregnant women. Foxtail is also rich in zinc (Chandel et al., 
2014, Kumar et al., 2018). These specialties make these millets in 
maintaining the immunity of the body. 

Millet is used for controlling different non-communicable 
diseases (diabetes, cardiovascular diseases, cancer, inflammation 
and wound, coeliac disease, ocular diseases, and disorders) and also 
keeps our body from fattiness/obesity, anti-microbial activity, and 
aging (Fig. 5). It’s worth noting that the phytochemicals present in 
various millet grains have become increasingly significant due to 
their potential health benefits, particularly for individuals with type 
II diabetes mellitus (TDM) (Ren et al., 2016). Millets are packed 
with essential nutrients like phosphorous, potassium, iron, and 
magnesium, with a glycemic index of 54 to 68 (Dayakar et al., 2017; 
Sathiya and Chithra, 2019). The glycemic index (GI) measures 
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how quickly carbohydrate-containing foods raise blood glucose 
levels (Viguiliouk et al., 2018). Their significant dietary fiber, 
protein, and mineral content contribute to stabilizing blood sugar 
levels and promoting overall health (WHO, 2018). The presence of 
antioxidants, including beta-glucans, flavonoids, anthocyanidins, 
tannins, lignans, and policosanols are instrumental in lowering 
LDL cholesterol effectively. Incorporating millet flour into the diet 
or having millet for breakfast can play a substantial role in weight 
loss, particularly in reducing the Body Mass Index (BMI) of obese 
individuals (Abdali et al., 2015). The phytochemicals found in 
millets showcase antiproliferative effects, reducing the formation 
of cancer cells in the colon, breast, and liver, all while ensuring 
the well-being of normal cells without causing any damage and 
sorghum modifies the effect of fluoride that causes dental fluorosis 
(Janakiram et al., 2011). In addition to its nutritional importance 
the existence of silver and silicon in a foxtail millet is used to 

prepare anti-microbial action such as ciprofloxacin and ampicillin 
antibiotics (Darshitha et al., 2022).   

Millets for climate-resilient agriculture 

Millets have a remarkable ability to withstand diverse 
ecological conditions which can be attributed to their adaptability, 
demonstrated by reduced water requirements and diminished 
dependence on synthetic fertilizers (Serba et al., 2020; Tadele, 2016). 
Millets are a type of C4 plant and possess high photosynthetic rates 
in warmer temperatures superior to C3 plants due to the capacity 
of high water and nitrogen use efficiency (W& NUE) (Zhang et 
al., 2021). For instance, foxtail millet demonstrates significantly 
superior WUE, to harvest 1 g of dry biomass needs only 257 g of 
water in compared to maize and wheat, which demand 470 and 510 
g, respectively (Challa et al., 2023). In addition, millets show a 
flexible biomass distribution and decreased hydraulic conductivity 

Fig. 1:  The trend in the world production of millets (tons) from 
2011 to 2021 (FAOSTAT, 2022) Fig. 2: World production of millets: Data source: (FAOSTAT, 2023)

Table 1: The global percentage contribution and seasons of millet cultivation (USDA)

World rank      Country World production (%) Area harvested (1000 ha) Cropping Season

1 India 40 9,500 May-October
2 Niger 11 7,000 March-December

3 China 9 900 March-October
4 Nigeria 7 2,000 March-December
5 Mali 6 2,100 March-December
6 Sudan 5 2,500 March-December
7 Ethiopia 4 450 March-December
8 Burkina Faso 3 1,200 March-December
9 Senegal 3 1,000 March-December
10 Chad 2 1,180 March-December

Table 2: The nutrient profile of millets

Nutrients Foxtail Little Barnyard Kodo Proso Pearl Finger
Protein (g/100g) 11.02 9.44 10.45 9.07 12.61 11.86 7.41
Fat 4.01 3.72 3.50 3.22 3.08 4.28 1.71
Total minerals 3.38 4.77 4.23 3.16 2.85 2.25 2.70
Mineral elements (mg/100g)
Fe 2.64 1.43 5.07 1.17 0.92 6.85 4.82
Zn 2.43 3.61 2.13 1.62 1.38 2.82 2.45
Ca 34.19 17.17 22.31 14.58 13.41 24.93 350.33
Mn 0.44 0.32 1.10 0.47 1.25 1.60 3.86
Cu 0.20 0.38 0.34 0.27 0.47 0.54 0.69

Source: (Goudar et al., 2023)
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per leaf area unit during high temperatures and shortage of water, 
these distinctive attributes position millets as promising crops for 
the future, prompting research endeavors to explore their climate-
resilient traits (Amelework et al., 2015; Krupa et al., 2017). 
Similarly, millet responds to biotic stresses, such as elevated levels 
of antioxidants, and scavenging enzymes (catalase and superoxide), 
and produces osmolytes and stress-related proteins (Ajithkumar 
et al., 2014; Meng et al., 2024). Zhang et al. (2012) conducted 
phylogenetic and evolutionary analyses on carbonic anhydrase 
homologs across all five grass genomes, emphasizing the high 
expression of the genome sequence of foxtail millet (Ft_CA1) in the 
mesophyll. Furthermore, millets swiftly establish deep and fibrous 
root systems, enhancing water accessibility and ensuring resilience 
to environmental fluctuations (Ashoka et al., 2023). In summary, 
a combination of high specific leaf area, net assimilation rate, and 
root-to-shoot ratio contributes to an overall enhancement in the 
relative growth rate of millets (Lenka et al., 2020).  

All the listed millet varieties in Table 3 have drought 
tolerance; In addition, sorghum, finger millet, and little millet 
have the resilience to salt. Only sorghum and teff can withstand 
waterlogging. Heat tolerance is observed with pearl millet and 
brown top millet. Among different varieties, little millet requires 
a very low amount of water (150 mm), and kodo millet requires 
the highest amount of water (800 mm) for the cropping season. 
The overall crop growth period is from 3 to 4 months, which is 
beneficial to farmers by supporting them with more crop seasons 
irrespective of the climatic conditions, ensuring food availability. 
The extensive and deep-reaching root system of millets, extending 
up to 2 meters, emphasizes their resilience, adaptability, and drought 
resistance (Ashoka et al., 2023). These characteristics position 
millets as robust crops capable of thriving in diverse climatic 
conditions, presenting them as valuable contributors to addressing 
the challenges associated with global climate change. 

Fig. 3: Types of millets: Source: ( https://americangardener.net/types-of-millet/)

Table 3: Climate resilience of millets 

Millets 

                                                Influences  
Drought tolerance Salt tolerance Water logging Heat toler-

ance
Water requirement 
(mm)

Crop period 
(months)

Sorghum Yes Yes Yes  - 450-650 3-4
Teff Yes   - Yes  - 300 2-5
Finger Yes  Yes  -  -  350 3-6
Pros Yes  -  -  - 200-300 2-3
Pearl Yes  -  -  Yes 250-350 2-3
Fonio Yes  -  -   - 250-350 2-3
Foxtail Yes  -  -   - 300 2-4
Japanese Yes  -  -   -  310 2-3
Kodo Yes  -  -   -  800 4-6
Little Yes Yes  -   -  150 2-5 
Browntop Yes  -  -  Yes  440 2-3 

Source: https://www.icrisat.org/public/crops/pearl-millet/varieties-developed 
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Heat unit requirement of millets related to other cereal crops 

A crop heat unit requirement refers to the total accumulated 
amount of heat, typically measured in “degree days” (DD), needed 
for a plant to reach maturity (McMaster et al., 1997). This is used 
to assess the suitability of a region for the production of a particular 
crop, estimating the growth stages of crops. Different crops have 
varying heat unit requirements depending on their variety and the 
climate conditions in which they are grown. The heat requirement 
of millet differs from other cereal crops like wheat, rice, and maize 
as summarized in Table 4.  

Millet is considered a thermophilic crop, requiring higher 
temperatures for optimal growth but has a lower overall growing 
degree day (GDD) requirement compared to wheat, maize, and 
rice, making it suitable for regions with shorter growing seasons, 
unpredictable rainfall, arid and semi-arid conditions or tropical and 
subtropical regions. According to the study by Bhuva and Detroja 
(2018) pearl millet required approximately 1,200-1,500 OC days 
from sowing to maturity and the finding highlights the adaptability 
of pearl millet to high-temperature environments compared to other 
cereals. Pradhan et al. (2018) reported the GDD requirement for 
maturity in case of little millet is 1794–1848-degree days, and it is 
the highest (3057–3164-degree days) for finger millet.

Carbon footprint of millets

FAO (2019) noted that, within the global agri-food 
systems, 7.2 billion tonnes of greenhouse gas (GHG) emissions were 
produced within the farm gate, constituting a significant portion of 
the total emissions amounting to 16.5 billion tonnes. Millets, among 
significant cereals like wheat and rice, offer a means of mitigating 
the impacts of climate change due to their lower carbon footprint 
(Shah et al., 2024). Fig. 6 illustrates the carbon emission equivalent 
(CEE) and the global warming potential (GWP) of millet, wheat, 
and rice. This indicates the suitability of millet as a climate-smart 
crop in reducing greenhouse gas emissions compared to the major 
food grain crops (rice and wheat). 

Processing and value-added products of millets 

Naturally, millets contain a higher concentration of anti-
nutritional (polyphenols, tannins, phytates, trypsin inhibitors, and 
oxalates) as compared to wheat and rice. Anti-nutritional factors 
can interfere with nutrient absorption, resulting in decreased 
nutrient bioavailability and utilization (Dayakar et al., 2017; Bora 
et al., 2019). Consuming raw foods that contain antinutrients and 
chemicals is harmful to humans. This can cause bloating, nutrient 

deficiency, and malnutrition. Therefore, to improve the nutritional 
and sensory properties, it is better to process the millet before 
consumption by removing the anti-nutritional factors and inedible 
portions (Dayakar et al., 2017). There are primary and secondary 
processing methods in millet. Primary processing (cleaning, 
washing, soaking, germination, drying, dehulling, roasting, 
polishing, milling, and refining) and secondary/modern processing 
methods (fermenting, parboiling, cooking, puffing, propping, 
malting, baking, flaking, and extrusion (Pradeep and Sreeram, 2015; 
Rathore et al., 2019). The processing of millet-based value-added 
food products improves digestibility and nutrient bioavailability 
but, may result in a significant nutrient loss or degradation during 
each processing step (Birania et al.. 2020; Nazni and Devi, 2016) 
and the processes cause physicochemical changes that alter food’s 
nutrition, function, and physical characteristics (Gowda et al., 
2020). Also as described by Yousaf et al., (2021) processing is used 
to make grains edible, extend shelf life, and improve texture, flavor, 
taste, palatability, nutritional quality, and digestibility. Paschapur et 
al., (2021) provided a detailed list of value-added products that can 
be extracted from millets in the Indian context. This includes puffs, 
extruded snacks, extruded flakes, instant idli mix, upma mix, laddu 
mix, semolina, millet flour, millets vermicelli, cookies, bread, cake, 
pizza base, sorghum bran peda (sweet), energy bars, bran fryums, 
pasta, and biscuits. Later, Paschapur et al., (2021) and Deshpande 
and Nishad, (2021) provided a list of technologies available to add 
nutritional value to millets in India, such as milling, puffing, baking, 
flaking, and extrusion. The major value-added millet products are 
composite flour, baked products, fermented products, extruded 
products, dairy products, malting and weaning foods, pasta, and 
noodles, and puffed and flaked millets (Jindal and Nikhanj, 2023). 
Table 5 illustrates the nutritional profiles of value-added millet 
products.   

Role of millet grain processing on the nutrient contents   

The processing methods can have both positive and 
negative effects on the nutrient and antinutrient content. According 
to the results of different studies, processing has more positive 
effects on traditional and modern health foods (Bora et al., 2019; 
Gowda et al., 2022). Roasting proso millet can increase its protein 
content by 9.5% (Nazni and Devi, 2016) and the process of puffing 
or popping kodo millet can increase its protein from 7.92% to 

Table 4: Cereal crops’ heat requirement 

Types of crops Base temperature Heat requirement 
(GDD), OC-days

Millet (pearl millet) 12OC 1, 900-2,300
Wheat 4-5OC 1,800-2, 200 
Rice 10OC 2, 000-3500
Maize 10OC 1, 000-2800

Source: FAO (2010); GDD-Growing Degree Day

Fig. 4: Temporal shift in the total number of undernourished people 
in millions

EJIGU et al.
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8.12%, and germination also shows a substantial rise in the protein 
content of pearl millet (11.4% to 16.3%) (Iyabo et al., 2018) and 
the carbohydrate of foxtail millet increased by 1.29% after 72 hours 
of germination (Chu et al., 2019). Dehulling significantly increases 
the carbohydrate content by around 16% but parboiling significantly 
reduces the total starch of pearl and proso millet by 5-10% (Bora et 
al., 2019). Dehulling millet grains beyond 30% leads to a substantial 
loss of dietary fiber (Yousaf et al., 2021) and the study found that 
fermenting foxtail millet bran increases the ratio of soluble dietary 
fiber to insoluble fiber by 10.9% and 16.8%, respectively (Chu et 
al., 2019). Similarly, malting pearl millet for 24 hours boosts the 
fiber content from 0.77% to 0.87% but puffing and popping decline 
in crude fiber by 1.71% (Chauhan and Sarita, 2018). The mineral 
content of kodo millet increased from 232.82 to 251.73 mg/100 g 
after 36 hours of germination at 38.75 oC (Sharma et al., 2017). 
Fermentation improves Ca by 20%, Fe by 27%, and P and Zn by 
26%, bleaching pearl millet increases Fe from 2.19 to 3.29 mg/100 
g (Pushparaj and Urooj, 2017; Rani et al., 2018), and also roasting 
pearl millet increases its iron content by 274%. (Obadina et al., 
2016) but during the milling/sieving process of finger millet, the 
amount of Fe, Zn, and Ca is reduced to 3.29 mg, 1.98 mg, and 294.8 
mg, respectively (Oghbaei and Prakash, 2016). 

The vitamin content of millet is highly affected by 
decortication and a 67% decrease in vitamin E by decortication is 
recorded (Kundgol et al., 2013), also during the milling and sieving 
of flour thiamine decreased from 0.552 to 0.342 mg per 100 g, and 
riboflavin decreased from 0.243 to 0.196 mg per 100 g (Oghbaei and 
Prakash, 2016) but germination increases vitamin C content from 
0.04 to 0.06 mg per 100 g (Oghbaei and Prakash, 2016). The fat 
content of germinated foxtail millet is 3.6%, while non-germinated 
millet has 4.4% fat content (Sharma et al., 2015), soaking with high 
pressure reduces the fat content by 27.98%, and malting for 24 hours 

also results in a reduction in fat by 6.34 to 5.55% in pearl millet 
(Sharma et al., 2018). Roasting increases fat content, the amount of 
fat content in the roasted grain is (3.2g) greater than the raw (2.9 g 
per 100g) but the fat content in pressure-cooked, germinated, and 
boiled grains is less than the raw ones (Nazni and Devi, 2016). 
Fermentation of crude fat reduces fat value from 2.25 to 1.70% 
(Kaur et al., 2019) but fermentation of pearl millet increases the 
content of crude fat from 1.83% to 3.71% (Yousaf et al., 2021). 
Other studies reported that roasting reduced crude fat by 0.71%, 
puffing and popping decreased fat content by 0.06% and 1.3-0.63 
g/ 100 g, respectively (Yousaf et al., 2021; Saleh et al., 2013). The 
general summary of millet nutrient content response to different 
processing methods is described in Table 6 below.  

Non-food application of millet waste as bioenergy

Biomass resources, readily available locally and capable 
of being transformed into secondary energy carriers, offer a 
sustainable avenue for renewable energy production (Wang and 
Yang, 2016). Unlike traditional fossil fuels, biomass actively 
engages in the carbon cycle by absorbing carbon dioxide through 
photosynthesis during combustion, resulting in minimal CO2 
emissions (Ringsmuth et al., 2016). The utilization of biomass in the 
production of bioenergy promotes the sustainability of renewable 
energy (Singh et al., 2022). A significant share of biomass for 
bioenergy production originates from agricultural residues (Singh 
et al., 2020). According to FAO (2020), India leads globally in 
cropland area with 170 million hectares and a robust agricultural 
sector, India generates considerable agricultural crop residues 
(Venkatramanan et al., 2021). India produces 1043.24 million 
tonnes of crop residue annually, of that, 356.7 million tonnes can be 
used directly for power production (Chauhan et al., 2022). Jowar, 
Bajra, and Ragi are the most produced millets, and their waste is 
being explored for use in polymer applications such as potential 
absorbents, polymer fillers, bioplastics, lightweight building 
materials, and packaging alternatives. It contributes to agro-waste 
and substitutes for depleted petroleum resources such as natural gas, 
coal, and minerals (Handayani et al., 2019). The sorghum straws 
were used to extract xylose, which is then converted to xylitol. It 
was also used to create furfural. The ideal conditions for using acid 
hydrolysis to make furfural from xylose were 300 minutes at 134°C 
and 6% H3PO4, this resulted in approximately 13.7g L-1 of furfural 
(Sun et al., 2013). 

Millet produces residues (cobs, husks, stalks, and straws) 
and to address the challenge of excess residues, farmers often resort 

Fig. 5: Overview of health benefits of millet, sources (Anagha, 
2023; Sabu and Kumar, 2020, Venkateswarlu et al., 2023).

Fig. 6: Carbon foot printing of crops; Source: (Shah et al., 2024) 

Fig. 7:  Amount of fixed carbon in millet and other cereals. Data 
Source (Tagade et al., 2021)

Millets as a dual-purpose crop for sustainable nutritional and energy security
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to the prevalent practice of burning, presenting environmental 
issues. The pyrolysis process is a cost-effective approach to 
converting millet residues into high-energy-density biofuel, making 
it a sustainable closed-loop method for waste management and 
energy recovery (Van de Velden et al., 2010; Vikraman et al., 
2021). This is acknowledged as an eco-friendly technique and 
addresses challenges associated with residue disposal (Tagade et 
al., 2021). Pyrolysis is a process that converts organic materials 
into gas, liquid, and solid products. This unique process offers great 
flexibility (Sharma et al., 2023; Tagade and Sawarkar, 2023). Most 
millet residues such as sorghum straw and stalk, usually contain less 
ash content, typically below 10%. This means that these residues 
are less likely to cause fouling and slagging during pyrolysis. 
Also, there will be a substantial decrease in ash production during 
the process, which can result in a higher energy yield from agro-
residues. Additionally, the ash content in millet residues proposes 
that the fuels generated from these agricultural remnants will have 
better ignition efficiency.  

The concentration of fixed carbon in biomass is a critical 
factor in determining its heating value, contributing significantly to 
the heat generated during combustion (Mishra and Mohanty, 2018). 
As depicted in Fig.7, biomass with higher proportions of fixed 
carbon tends to yield more biochar in the pyrolysis process (Ganesh, 
2016). After careful analysis, it is evident that several millet residues 
have significantly elevated levels of fixed carbon (Tagade et al., 
2021). The substantial carbon content in residues highlights their 
potential for substantial biochar production through pyrolysis (Ding 
et al., 2023; Tagade et al., 2021). Additionally, these millet residues 
surpass the fixed carbon content in cereal: wheat straw (11.47%) 
(Sahoo et al., 2021), rice husk (2.82%) (Singh et al., 2020), rice 

straw (6.3%) (Gautam et al., 2020), corn cob (9.6%) (Biswas et al., 
2017), and corn stalk (7.6%) (Zhai et al., 2022). Among millets: pearl 
millet straw, sorghum straw, and stalk are particularly promising for 
bio-oil production, with sorghum stalk exhibiting a higher heating 
value (Tagade and Sawarkar, 2023). Polymer composites based on 
Sorghum waste into various value-added composites/products are 
sorghum fiber (HDPE and PLA), sorghum stalk as filler in HDPE, 
sorghum bran/recycled LDPE, sorghum straw (PVOH) and particle 
board from sorghum stalk (Mohite et al., 2022).  

 Addressing challenges in millet production

The decadal production change in the top millet producers 
is presented in Fig. 8. The production of millet is showing an 
increasing trend in all the top producers except China, with a range 
of -6 to -8 million tons (mt) decreasing trend. In India and Niger, 
the productivity of millet is increased up to 4 mt within a decade. 
However, emphasis should be given to addressing the current 
challenges by the farming communities in accepting millet as a food 
security crop. Das and Rakshit (2016) reported that extreme weather 
events due to the changing climatic conditions and the conversion of 
millet-growing regions to other crops and cash crops contribute to 
reducing global millet production areas. 

Promoting and developing schemes and policies is one 
of the options to promote millet cultivation. Swain et al. (2023) 
reported that government policies are required to promote the 
production and consumption of millet at the macro level, such as 
minimum support price, distribution of seed, fertilizer, pesticide, 
and subsidized credit facilities. Including millets in the government 
distribution system at national and international levels is another 
way to promote the consumption of millets. They also recommend 

Table 5: Nutritional profile of value-added products of millets 

Food Products Protein (%) Fat (%) Dietary fiber (g) Energy (kcal) Carbohydrates (g)
Sorghum puffs 11.9 3.02 13.88
Extruded snacks 12.9 1.7 12.88
Extruded flakes 13.9 1.4 14.88
Instant upma mix 13.4 1.8 1.5 374 78.7
Instant dosa mix 12.4 1.9 - 364 71.7
Instant pongal mix 13.2 2.1 1.54 348 69.4
Sorghum muesli 17.1 2.1 1.7 342.4 75.4
Millets flour 6.1 2.2 1.5
Bajra vermicelli 8.39 1.38 1.88
Korra vermicelli 7.65 1.24 1.32
Millet bread 7.4 12.3 0.8
Millets cake 9.4 25.3 1.8
Millets pizza base 6.4 21.3 4.8
Sorghum bran peda 9.4 18.1 17.8
Zinc rich jowar vermicelli 11.4 0.51 0.52 348.4 75.2
Zinc-enriched jowar pasta 11.4 0.51 0.52 350.4 76.2
Zinc-enriched jowar biscuits 12.4 6.3 2.2 485 76.3
Iron-rich jowar vermicelli 11.4 0.51 0.52 328.4 85.2
Iron-rich jowar pasta 11.4 0.51 0.52 332.4 86.5

Data Source (Deshpande and Nishad, 2021)  
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region-specific farming practices for attaining better crop yield 
for millets. As a primary producer of millets, some of the schemes 
available in India to promote millet cultivation include the National 
Food Security Mission (NFSM), Rashtriya Krishi Vikas Yojana 
(RKVY), National Mission for Sustainable Agriculture (NMSA), 
Paramparagat Krishi Vikas Yojana (PKVY), and Integrated 
Farming System (IFS). UNESCO Intangible Cultural Heritage of 
Humanity, Millets in Food Assistance Programs, Climate-Resilient 
Agriculture Initiatives, Nutrition and Public Health Programs, the 
Global Alliance for Improved Nutrition (GAIN), and International 
Trade and Market Access are some of the international initiatives to 
promote millets for food and nutritional security. The reachability of 
such schemes to the farmer’s level is still lacking, and there needs to 
be more focus so that the stakeholders will get such information and 
can improve their farming system with millet.  

CONCLUSION

Although the production of millet is showing increasing 
trends, and the nutritional value of millet is high, there is a challenge 
in cultivating millet as food security. Therefore, incorporating millet-
based foods in state, federal, and international feeding programs 
can alleviate nutrient deficiencies in poor countries. Additionally, 
educating people on the benefits of consuming these grains can 
lead to a healthier and disease-free life. Improvements to these 
high-value, nutrient-dense grains will benefit people’s immunity, 
fitness, socio-economic status, and overall well-being. Also, further 

policy intervention is needed to promote and develop schemes such 
as the distribution of seeds, fertilizer, pesticides, subsidized credit 
facilities, and creating awareness of the value and nutritional food 
security of millet for further cultivation and consumption in the 
community.   

ABBREVIATION AND NOMENCLATURE 

USDA            United State Developmental Agency 

CO2                Carbon dioxide

LDL               Low-density lipoprotein 

C4                  Corbon four plants 

WUE             Water use efficiency  

CEE              Cation emission equivalent  

GWP             Global warming potential 

FAO              Food and Agricultural Organization 

H3PO4            Phosphoric acid
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Table 6: Effect of processing on the nutrient contents of millets 

 Nutrients Processing methods
Dehulling Milling Malting Fermenting Roasting Cooking Propping

Proteins D D I I I I I
Carbohydrate I NA NA I NA D D
Fiber D D I I D I D
Mineral D D I I I NA ID
Vitamins D D I I NA NA NA
 Fat ID D D ID ID D D

I-Increase; D-Decrease; ID-Increase/Decrease; NA-Not available    
Sources (Gowda et al., 2022; Konapur et al., 2014; Rani et al., 2018; Sharma et al., 2018).  

Fig. 8:  The decadal change in millet production; Source (FAOSTAT, 
2023)

Note:  Decadal change indicates the ten-year trend analysis of 
millet productivity up to 2023.
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