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Abstract: Rice is food consumed regularly and is vital for the food security of over half the world’s
population. Rice production on a global scale is predicted to rise by 58 to 567 million tonnes (Mt)
by 2030. Rice contains a significant number of calories and a wide variety of essential vitamins,
minerals, and other nutritional values. Its nutrients are superior to those found in maize, wheat,
and potatoes. It is also recognised as a great source of vitamin E and B5 as well as carbohydrates,
thiamine, calcium, folate, and iron. Phytic acid and phenols are among the phenolic compounds
found in rice, alongside sterols, flavonoids, terpenoids, anthocyanins, tocopherols, tocotrienols, and
oryzanol. These compounds have been positively linked to antioxidant properties and have been
shown to help prevent cardiovascular disease and diabetes. This review examines recent global
rice production, selected varieties, consumption, ending stocks, and the composition of rice grains
and their nutritional values. This review also includes a new method of paddy storage, drying,
and grading of rice. Finally, the environmental impacts concerning rice cultivation are discussed,
along with the obstacles that must be overcome and the current policy directions of rice-producing
countries.

Keywords: food security; rice cultivation; rice diversity; rice production; rice nutrient; rice milling

1. Introduction

Rice is a crop that provides food for approximately half of the world’s population.
Rice is a vital crop globally, accounting for over 21% of human caloric requirements and
up to 76% of the calorific intake of Southeast Asian inhabitants [1]. Figure 1 shows that
global paddy rice production increased from 1994 to 2019 [2]. According to the United
States Department of Agriculture (USDA) [3], the primary rice production for 2020/2021 is
148.30 million tonnes (Mt) in China, followed by 120.00 Mt in India, 35.30 Mt in Bangladesh,
34.90 Mt in Indonesia, and 27.10 Mt in Vietnam. Furthermore, Thailand produced 18.6 Mt,
the Philippines produced 12 Mt, Japan produced 7.62 Mt, Pakistan produced 7.60 Mt, Brazil
produced 7.48 Mt, the United States produced 7.23 Mt, Nigeria produced 5.04 Mt, the
European Union produced 1.96 Mt, Malaysia produced 1.83 Mt, and Turkey produced
0.59 Mt. Figure 2 illustrates rice and paddy production (average 1994–2019). Asia produces
90.6% of the global rice production, making it the world’s largest producer [2,4].
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per year in the previous decade. Asia is expected to account for up to 65% of the projected 
rise in world rice consumption; however, the growth rate will decrease by −0.15% per 
annum (Table 1). Rice consumption is predicted to increase significantly in Africa, while 
remaining stable or declining in all other regions. Future rice demand will be driven 
primarily by Africa, owing to a combination of population growth, dietary changes, and 
yield improvement on existing land (intensification) [6]. 
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According to OECD/FAO [5], rice is primarily a staple food in Asia, the Caribbean
and Latin America, and is becoming progressively popular in Africa. In the decade ahead,
global rice consumption is expected to expand by 0.9% per year, down from 1.1% per year in
the previous decade. Asia is expected to account for up to 65% of the projected rise in world
rice consumption; however, the growth rate will decrease by −0.15% per annum (Table 1).
Rice consumption is predicted to increase significantly in Africa, while remaining stable
or declining in all other regions. Future rice demand will be driven primarily by Africa,
owing to a combination of population growth, dietary changes, and yield improvement on
existing land (intensification) [6].

Table 1. Rice per capita consumption (kg/person/year) [5].

Country 2018–2020 2030 Growth Rate (% p.a.)

Africa 27.4 31.5 1.2
Oceania 13.5 14.2 0.44

North America 6.3 6.6 0.42
Europe 20.7 25.6 −0.08

Latin America and
Caribbean 28.0 28.1 −0.14

Asia 77.2 77.5 −0.15
Source: OECD/FAO (2021), “OECD-FAO Agricultural Outlook”, OECD Agriculture statistics (database), http:
//dx.doi.org/10.1787/agr-outl-data-en (accessed on 1 October 2021).
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The current review discusses recent global rice production, consumption, and ending
stock, the composition of the rice grain, the nutritional values of rice, rice varieties, the
milling process of rice, the environmental impacts of rice cultivation, and the challenges to
overcoming obstacles and current policy directions.

2. Global Rice Production, Consumption, and Ending Stock

Table 2 shows the FAOSTAT data regarding rice production worldwide in 2019 [2]. In
2020/2021, the world’s rice consumption was 697.09 Mt. However, only 513.7 Mt (milled
rice) was the world’s rice production for that year [7]. Although food consumption is
expected to increase, food consumption growth is expected to account for the largest share
of this annual increase, maintaining world per capita rice consumption at approximately
54 kg/person [8].

Table 2. Production quantities of rice by country worldwide in 2019 [2].

Country Total Rice Production
(Tonnes) Country Total Rice Production

(Tonnes)

Afghanistan 444,452.15 Democratic Republic of the
Congo 557,205.58

Albania 0 Denmark 0
Algeria 438.12 Dominican Republic 721,733.42
Angola 15,556.69 Ecuador 1,426,523.23
Argentina 1,193,141.73 Chile 133,629.04
Australia 772,382 China 195,488,413.9
Azerbaijan 8675.65 China, Hong Kong SAR 0
Bangladesh 42,178,999.19 Egypt 5,555,313.96
Belgium 0 El Salvador 38,195.92
Belize 14,115.96 Estonia 0
Benin 142,182.08 Eswatini 605.81
Bhutan 62,148.04 Ethiopia 60,023.92
Bolivia (Plurinational State of) 390,846.77 Fiji 11,576.42
Brazil 11,225,080.35 Finland 0
Brunei Darussalam 947.15 France 106,261.54
Bulgaria 34,938.38 French Guyana 24,066.54
Burkina Faso 189,713.31 Gabon 1281.96
Burundi 66,475.62 Gambia 36,824.31
Cambodia 6,585,414.31 Germany 0
Cameroon 126,887.38 Ghana 393,680.42
Central African Republic 24,122.92 Greece 204,750.77
Chad 169,578.62 Guatemala 29,947.27
Chile 133,629.04 Guinea 1,507,327.77
China 195,488,413.9 Guinea-Bissau 137,708.42
China, Hong Kong SAR 0 Guyana 580,718.54
China, mainland 193,772,091.5 Haiti 130,727.5
China, Taiwan Province of 1,716,322.38 Honduras 40,117.42
Colombia 2,263,214.04 Hungary 9842.65
Comoros 22,560.42 India 142,410,885.6
Congo 1232.73 Indonesia 54,883,555.81
Costa Rica 213,232.54 Iran (Islamic Republic of) 2,384,846.77
Côte d’Ivoire 1,090,520.46 Iraq 258,179.85
Croatia 0 Ireland 0
Cuba 513,772.5 Italy 1,447,809.31
Cyprus 0 Jamaica 70.31
Czechia 0 Japan 11,337,059.62
Democratic People’s Republic of Korea 2,327,908.92 Kazakhstan 314,242.15

Kenya 72,811.35
Kyrgyzstan 21,005.46 Saudi Arabia 0
Lao People’s Democratic Republic 2,773,653.88 Senegal 439,096.38
Latvia 0 Sierra Leone 702,817.46
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Table 2. Cont.

Country Total Rice Production
(Tonnes) Country Total Rice Production

(Tonnes)

Liberia 203,410 Slovakia 0
Lithuania 0 Slovenia 0
Luxembourg 0 Solomon Islands 2665.62
Madagascar 3,383,336.15 Somalia 5770.42
Malawi 93,924.08 South Africa 3070.85
Malaysia 2,345,032.54 Spain 791,654.73
Mali 1,438,024.58 Sri Lanka 3,341,954.46
Malta 0 Sudan 27,487.5
Mauritania 137,731.69 Sudan (former) 14,913.78
Mauritius 161.08 Suriname 218,101.96
Mexico 288,067.85 Sweden 0
Micronesia (Federated States of) 129.92 Syrian Arab Republic 149.33
Morocco 41,000.62 Tajikistan 62,629.96
Mozambique 163,375.15 Thailand 29,621,346.69
Myanmar 24,700,326.04 Timor-Leste 66,275.96
Nepal 4,294,742.65 Togo 103,441.65
Netherlands 0 Trinidad and Tobago 4232.5
Nicaragua 322,352.46 Turkey 618,820.19
Niger 76,839.92 Turkmenistan 80,366.54
Nigeria 4,464,072.04 Uganda 162,392.73
North Macedonia 18,914.5 Ukraine 90,938.69
Pakistan 8,394,983.38 United Republic of Tanzania 1,519,746.96
Panama 281,628.96 United States of America 9,157,048.46
Papua New Guinea 772.88 Uruguay 1,182,819.15
Paraguay 343,408.69 Uganda 162,392.73
Peru 2,392,461.08 Ukraine 90,938.69
Philippines 15,025,640.73 United Republic of Tanzania 1,519,746.96
Poland 0 United States of America 9,157,048.46
Portugal 158,642.77 Uzbekistan 289,830.31

Puerto Rico 36.38 Venezuela (Bolivarian
Republic of) 852,740.23

Republic of Korea 6,244,369.88 Vietnam 36,613,011.5
Réunion 123.85 Zambia 25,104.19
Romania 29,653.5 Zimbabwe 869.04
Russian Federation 735,256.92
Rwanda 56,898.92

Rice consumption per capita is steadily declining in several Asian countries, due
to changing dietary habits brought about by the influence of the Western diet, such as
increased consumption of meat, dairy, and fast foods [9]. The rice consumption in China is
149,000 thousand metric tonnes (TMT), followed by India, Bangladesh, Indonesia, Vietnam,
the Philippines, Thailand, Burma, Japan, and Brazil, which consume 106,500, 35,900, 35,800,
21,250, 14,400, 12,500, 10,400, 8250, and 7350 TMT of rice, respectively [10]. Even though
rice production is declining, the current population projections show that Asia will need
an extra 8 Mt of rice per year [11]. Due to the increasing number of Asian communities
living in Western countries, the demand for rice in Western world has increased, as has
the awareness and appreciation of the people for rice-based dishes [12]. Therefore, future
rice production will need to significantly improve resource efficiency to meet notably
increasing demand and discerning consumer demands. Figure 3 depicts the world’s total
rice utilisation from 2011 to 2021.

For the foreseeable future, rice is expected to remain a key component of Asian diets.
Rice will also continue to play a significant role in African diets in the future. Africa will
demand more rice due to growing consumer preferences and population increase. African
women find rice to cook easier than coarse cereals, roots and tubers, which are major source
of calorie supply in Africa [13,14].
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As a result, it has always been of concern to ensure that an adequate rice supply is
available to meet this growing demand. By 2030, the total cereal share is expected to reach
18%, primarily due to increased rice trade. However, rice will continue to be a scarce
commodity. Asia has a more significant rice surplus. India, Vietnam, and Thailand will
lead the global rice trade. Myanmar and Cambodia are forecast to expand in rice exports,
while China’s exports will last beyond 2010–2016 [4].
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3. Variety of Rice

In total, 110,000 different cultivated rice varieties are grown globally, but only the
species of Oryza sativa and Oryza glaberrima are widely cultivated. Oryza sativa is also
Asian rice, and Oryza glaberrima is African rice [15]. Oryza sativa is cultivated worldwide.
However, Oryza glaberrima is cultivated exclusively in Africa. Oryza sativa is classified into
subspecies, indica, which produces rice with long-grain, and japonica, rice with a round
grain. Japonica rice is grown and consumed primarily in China, Korea, the European Union,
Australia, Taiwan, Russia, Japan, Turkey, and the United States of America. Rice varieties of
the genus indica are widely grown all across Asia [16]. Additionally, these varieties include
fragrant types sold at a premium price. The leading fragrant varieties are Thai Hom Mali,
Indian (Haryana and Punjab) and Pakistani Basmati (Punjab). Basmati, Jyothi, Joha, Pusa,
Navara, Ponni, Jaya, Sona Masuri, Boli, Palakkad Matta, Kalajiri (aromatic) and others are
widely cultivated in India. The coloured varieties include the following: Himalayan red
rice; Jyothy, Matta rice, Kairali, Asha, Rakthashali, Bhadra from Kerala; Kaivara Samba,
Red Kavuni, Mappillai Samba, Poongar, and Kuruvi Kar from Tamil Nadu [17]. In terms of
length and shape (length and width), rice differs from one region to another. The variation
in the length and shape of rice across regions is depicted. Certain regions prefer a variety
of grain lengths and shapes [18].

In rice markets, granulometric measurements of grain length and whiteness are highly
regarded for grading and quality criteria. The palatability characteristics (e.g., appear-
ance, cohesiveness, tenderness, and flavour) are considered when determining a food’s
quality [19,20]. Figure 4 shows the regular white rice, brown rice, fragrant rice, basmati,
glutinous or waxy rice, japonica rice, weedy rice and the genetically modified rice such as
golden rice.
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3.1. White Rice

White rice is grown with a moderate white kernel and a translucent endosperm. White
rice has a long-grain length of greater than 7.0 mm, an average whole grain length of greater
than 7.0 mm, and a length to width ratio greater than 3.0. After cooking, the grains are
tender but firm, and there is no discernible aroma. It is adaptable to a wide variety of
recipes [21].
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3.2. Brown Rice

Brown rice is also referred to as hulled rice or unmilled rice. Brown rice is composed
of bran layers and embryos, which contain biofunctional components and a variety of
nutritional aspects such as dietary fibre, oryzanol, vitamins, and minerals. Brown rice is
consumed at a lower rate than white rice, due to its inferior texture when cooked. The
rice retains its mild nutty flavour and chewiness. The cooked rice is fluffy and light with a
distinct texture. Brown rice is excellent in making fried rice and pairs well with various
healthy side dishes, such as vegetables or beans. The rice takes longer to prepare because
the bran layer prevents water absorption [22].

3.3. Fragrant Rice

Fragrant rice is famously known for its aromatic characteristics. The crucial ingredient
in fragrant rice that makes it smell good is 2-acetyl-1-pyrroline (2AP). The nithine or
proline, glutamate, 1-pyrroline-5-carboxylic acid (P5C), 1-pyrroline,-aminobutyraldehyde,
and acetyl groups are all essential precursors in the synthesis of 2AP. On the other hand,
enzymes such as 1-pyrroline-5-carboxylate synthase (P5CS, EC 2.7.2.11/1.2.1.41), diamine
oxidase (DAO, EC 1.4.3.22), ornithine aminotransferase (OAT, EC 2.6.1.13), and proline
dehydrogenase (PDH, EC 1.5.99.8) have been reported to be critical enzymes in 2AP bio [23].

3.4. Basmati Rice

Basmati rice is a popular dish with an intoxicating aroma that makes it a popular
choice for cooking [24]. Rice of the Basmati and Jasmine varieties is traded at a premium in
domestic and international markets. It is a long, thin grain of rice with a long, slim shape
originated in India and Pakistan and is now grown worldwide [25]. Although it is white,
the blade shape has a slight curve. When baked, it nearly doubles in size and emits a faint
aroma, but it retains its separation and light texture while keeping separate, and it has a
shiny texture [26].

3.5. Ponni Rice

Compared to other rice varieties, Ponni rice has a plump, shorter and nearly circular
kernel [27]. While still firm, cooked grains have a slight springiness to the bite. This rice,
which has its origins in India, is an excellent choice for everyday cooking [28]. When it
comes to the Indian population, it is well known for being served alongside delicious meals
and spicy curries [27].

3.6. Glutinous or Waxy Rice

Many countries, including the Lao People’s Democratic Republic, Japan, China, Thai-
land, Vietnam, Myanmar, Bangladesh, Cambodia, Malaysia and India, grow glutinous rice
varieties. The Laotians eat glutinous rice as their main meal. It has always been usually
served as a breakfast cereal, dessert, or steamed glutinous rice folded in banana leaves that
is served for breakfast. Owing to the unique starch composition of glutinous rice, the rice
exhibits unique processing properties. The productivity of rice milling and grain quality
can be enhanced through various pretreatments such as tempering during the post-harvest
tempering process and parboiling, which reduces internal slits and increases head rice
output [29,30].

3.7. Red Rice

Red rice is versatile and frequently found in Asian cuisine. In the case of red rice, it
can either be hulled wholly or partially hulled. Its nutritional profile is similar to that of
brown rice. In comparison with white rice, red rice has a high antioxidant content. This rice
is nuttier, chewier, and sweeter than white rice, making it an excellent substitute. Since red
rice takes longer to cook than other types of rice, soaking it for 30 min prior helps soften
the rice texture and speeds up the cooking time [31].
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3.8. Japonica Rice

Japonica is a staple food in Japan. Its shorter, plumper presence recognises it compared
to other plant family members. When grains are uncooked, their appearance is slightly
glassy and translucent. It is tender and moist, and it has quite a sticky texture. Japonica has
lower amylose content than indica [32]. While the rice is excellent at absorbing flavours,
it possesses the characteristics of Japanese Koshihikari and thus is less expensive. This
ingredient significantly enhances the flavour of sushi and other Japanese dishes.

3.9. Weedy or Red Rice

Weedy rice is an undesirable plant in the genus Oryza that exhibits some undesirable
cultivation characteristics and poses a significant menace to the global rice industry’s sus-
tainability. Unluckily, it is now one of the most prevalent weeds worldwide, infesting rice
fields. Weedy rice, also known as red rice, is nearly identical to cultivated rice (Oryza sativa)
appearance [33]. The characteristics are nearly similar to those of cultivated rice. However,
it can be differentiated from cultivated rice by its long and powerless culm, diverse grain
shapes, red pericarp, higher level of seed torpidity, and shattering seed [34].

3.10. Golden Rice

Golden rice is slated to become the first genetically modified biofortified crop com-
mercially available with enhanced quality and micronutrients, particularly vitamin A in
rice [35]. The colour of golden rice is yellow, as is the beta-carotene contained in the
rice. It is believed to be the most cost-effective way to tackle vitamin A deficiency in
millions of people, particularly in developing countries where poorer people eat rice as
their primary food [36,37]. Generic engineers have developed a solution by expressing the
provitamin A precursor in its grain [38,39]. It exhibits comparable resistance to pests and
yields performance to cultivated rice. A study by Mallikarjuna Swamy et al. [40] described
the characterisation of GR2E Golden rice introgression lines in grain golden rice. It was
reported that the best-performing lines found in each genetic background had unique
carotenoids in the milled grains. These lines meet approximately 30–50% of the average
vitamin A need.

4. Composition of Rice Grain
4.1. Rice Anatomy

Rough rice in its mature state (complete grains with intact husks) is composed of a
brown kernel surrounded by a husk. The husk, also known as the hull, is the most visible
element of a rough rice grain. The hull is the outer layer that surrounds the caryopsis and,
while it is inedible, it accounts for approximately 20% to 25% of the total grain weight [29].
The hull acts as a barrier against invasion and environmental changes. Sterile lemmas,
palea, rachilla and lemma comprise the hull. The lemma covers two-thirds of the seed, with
the edges of the palea fitting snugly inside to form a tight seal around the seed. The embryo
and starchy endosperm are contained within the caryopsis, enclosed by the pericarp and
seed coat [41].

4.2. Starch

Approximately 90% of the dry weight of milled rice is starch [42]. Starch is a polymer
composed of D-glucose linked α-(1–4) and typically consists of two fractions: an essentially
linear fraction called amylose and a branched fraction called amylopectin. The ratio of
amylose to amylopectin is vital for the structure, appearance, and eating quality of rice
grains. The normal amylose content percentage in rice endosperm is classified as waxy
(0% to 2%), very low (2% to 10%), low (10% to 20%), intermediate (20% to 25%), or high
(25% to 33%) [43]. Table 3 summarises the various physicochemical properties of starch
fractions. Branches are connected via α-(1–6) linkages. Rice amylose has two to four
chains, a number-average degree of polymerisation (DPn) of 900 to glucose units, and a
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β-amylolysis limit of 73% to 87%. It is a mixture of branched and linear molecules with
DPn values ranging from 1100 to 1700 and 700 to 900 [44].

Table 3. Properties of starch fractions in rice endosperm [29].

Property Amylose Amylopectin

Molecular Structure Linear (α-1–4) Branched (α-1–4; α-1–6)
Dilute Solutions Unstable Stable

Gels Stiff, irreversible Soft, reversible
Films Coherent _

Complex Formation Favourable Unfavourable
Iodine Colour Blue Red-Purple

Digestibility, β-Amylase 100% 60%
Degree of Polymerization 1500–6000 3 × 105–3 × 106

Amylose comprises branched fractions that account for 25% to 50% of the total number
and 30% to 60% of the total weight. Rice amyloses have a 20% to 21% iodine affinity by
weight. Rice amylopectin has a 56% to 59% β-amylolysis limit, chain lengths of 19 to
22 glucose units, a DPn of 5000 to 15,000 glucose units, and a chain count of 220 to
700 chains per molecule. Rice amylopectin has an iodine affinity of 0.4% to 0.90% in
low- and intermediate-amylose rice, but only 2% to 3% in high-amylose rice. Isoamylase-
debranched amylopectin has longer chain fractions (DPn > 100) (9–14%) in high-amylose
samples and a higher iodine affinity than low- and intermediate-amylose samples (2–5%)
and waxy rice amylopectin (0%) [29,45]. Milled rice is classified as waxy (1–2%), very low
amylose (2–12%), low amylose (12–20%), intermediate (20–25%), or high (25–33%) based
on colourimetric starch–iodine colour absorption standards at 590–620 nm [46,47].

The waxy endosperm is transparent and contains air spaces between the starch gran-
ules, resulting in a lower density than the non-waxy endosperm [48]. Although the starch
granule structure remains unknown, crystallinity and staling are ascribed to the amy-
lopectin fraction [49]. It is widely accepted that amylopectin molecules are composed of
short amylose chains containing 6100 glucosyl residues, and elucidating the fine structure
assembled by these chains is extremely difficult due to their high molecular weight [50].

4.3. Protein

The physicochemical properties of rice are influenced by its protein content [51].
As depicted in Table 4, rice typically has low protein content compared to most cereals.
Additionally, it contains little fibre and lipids. However, rice has the highest net protein
usage and digestible energy compared to all cereals such as wheat, corn, barley, millet,
sorghum, rye, and oat [41].

Table 4. Protein and fibre content of cereal [29].

Property Brown
Rice Wheat Corn Barley Millet Sorghum Rye Oat

Protein (N × 6.25) (%) 7.3 10.6 9.8 11.0 11.5 8.3 8.7 9.3
Fibre (%) 0.8 1.0 2.0 3.7 1.5 4.1 2.2 5.6
Net protein utilization (%) 73.8 53.0 58.0 62.0 56.0 50.0 59.0 59.1
Digestible energy (kJ (100 g)−1) 1550 1360 1450 1320 1440 1290 1330 1160

Brown rice has a protein content ranging from 6.6% to 7.3%, milled rice has a protein
content ranging from 6.2% to 6.9%, and milled basmati rice has a protein content ranging
from 8.2 to 8.4%. Certain wild rice varieties found in China and North America contain
a significant protein. These varieties may contain between 12.0 and 15.0% protein. The
proportion of protein and fat in food reduces proportionally as the degree of polish increases.
This component is primarily found in the outer layers of the kernel [29].
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Endosperm (milled rice) contains several protein fractions, including 5.0–8.0% pro-
lamin, 15% albumin plus globulin, and the remaining portion of glutelin [52]. Rice bran
proteins contain more albumin than endosperm proteins and are found in the aleurone layer
and germ as distinct protein bodies called globoids [53]. The shapes differ from endosperm
protein bodies [54]. A recent study discovered that purple rice bran included anthocyanins
and proanthocyanins. Anthocyanins are antioxidants that are used to modulate immune
responses. They may help prevent Type 2 diabetes, cardiovascular disease, and even some
cancers [15,55].

The endosperm protein is found primarily in sizeable spherical protein bodies in
the endosperm (PB). Proteins are typically estimated to be between 0.5 and 4 microns
in size. The glutelin-rich crystalline protein bodies (PB-II) and the prolamin-rich large
spherical protein bodies (PB-I) are found in abundance in the crystalline protein bodies [56].
Using immunofluorescence microscopy, the PB-I in rice endosperm comprises a core region
containing 10 kDa prolamin, an inner layer containing 13 kDa prolamin, two middle layers
containing 13 and 16 kDa prolamin, and an outermost layer containing 13 kDa prolamin.
It was discovered that the 13 kDa prolamins were a large group of prolamins found in
rice [57].

4.4. Lipids

Indica and japonica rice varieties contain a diverse range of lipid groups in nearly
identical proportions [58]. However, they are not distributed uniformly across the rice.
Additionally, endosperm lipids contained a significantly higher amount of polar lipids.
Rice contains the majority of its lipid or fat content in the bran fraction (20% on a dry
basis), specifically as lipid bodies or spherosomes (0.1–1 m) in the aleurone layer and bran;
however, about 1.5–1.7% is present in milled rice, primarily as non-starch lipids extracted
with ether, chloroform-methanol, and cold water-saturated butanol [59,60].

Additionally, the protein bodies, particularly the core, contain a high concentration of
lipids. These lipids are primarily composed of linoleic, oleic, and palmitic acids [61]. Rice
oil contains between 29 and 42% linoleic acid and between 0.8 and 1% linolenic acid as
essential fatty acids [62]. While grains’ essential fatty acid content is likely to increase with
temperature, the total oil content will likely decrease. Palmitic and linoleic acids are the
primary fatty acids in starch lipids, with a trace of oleic acid [63]. The majority of starch
lipids are monoacyl lipids [64]. The starch–lipid content of waxy starch granules is the
lowest (0.2%) [65]. It is highest for rice with a moderate amount of amylose (1.0%) and
might be slightly less for rice with a high amount of amylose. Waxy milled rice contains
a higher concentration of non-starch lipids than non-waxy milled rice. However, starch
lipids contribute only small energy to the rice grain.

4.5. Non-Starch Polysaccharides

Non-starch polysaccharides contain both insoluble and soluble and dietary fibre [66].
They may form a complex with starch and exert hypocholesterolemic properties. The
endosperm contains less dietary fibre than the rest of the brown rice [67]. The values
obtained for neutral detergent fibre range from 0.7 to 2.3%. Additionally, the endosperm
or milled rice cell wall contains a small amount of lignin but a high amount of pectic
substances or pectin. Endosperm pectin contains more uronic acid than other grain tissues
but has a lower arabinose-to-xylose ratio. Additionally, endosperm’s hemicellulose has a
lower arabinose-to-xylose ratio than the other three grain tissues [68].

Non-starch polysaccharides are typically long polymeric carbohydrate chains con-
taining thousands of monomeric units [69,70]. They are primarily composed of celluloses,
hemicelluloses, and pectins, while fructans, glucomannans, and galactomannans are less
abundant in the plant [71]. Mucilages, alginates, exudates, gums, and b-glucans are all
classified as non-starch polysaccharide constituents [72]. Non-starch polysaccharides are
used as a marker in dietary guidelines to provide useful information about food labelling
to consumers [73]. In terms of health benefits, non-starch polysaccharides are effective
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at softening stool and are believed to help prevent diabetes, atherosclerosis, and high
cholesterol levels. Non-starch polysaccharides are used as functional ingredients in the
food industry, particularly in bakery products, to alter the rheological properties and dough
characteristics [74].

4.6. Phenolic Compound

Rice grains contain various chemical compounds, including anthocyanins, oryzanol,
flavonoids, terpenoids, sterols, phenols, phytic acid, tocopherols, and tocotrienols. Rice
grain total phenolic content is positively correlated to antioxidant properties [75]. Addi-
tionally, the total phenolic content is used to regulate blood lipid levels, which aids in
preventing the spread of cardiovascular disease and diabetes [76].

Numerous studies have demonstrated the antioxidant properties of phenolic com-
pounds [77]. Antioxidants help prevent and mitigate damage caused by reactive oxygen
species (ROS) in foods by delaying the oxidation process, thus further extending the qual-
ity and shelf-life of functional foods [78]. Additionally, phenolic compounds, ascorbic
acid, and beta-carotene all play critical roles in inflammation reduction, human ageing,
and the prevention of certain cancers [79]. Unfortunately, these compounds, including
anthocyanins, phenolic acids, and proanthocyanidins, are the most abundant secondary
metabolites in rice grains. They are found in pigmented grains and are widely regarded as
the most potent antioxidants found in nature [80]. The most common phenolic components
are described further below.

4.6.1. Phenolic Acids

Phenolic acids are found in both insoluble and soluble forms in rice grains [81]. The
insoluble form, referred to as bound phenolics, adheres to the cell walls [82]. However,
the soluble form, which includes the conjugated and free forms, can be extracted using
solvents such as ethanol, acetone or aqueous methanol, while the conjugated form can be
hydrolysed from soluble phenolics using alkali. The most abundant phenolic fraction is
insoluble bound phenolic acids, followed by soluble conjugated phenolic acids, and finally,
soluble free phenolic acids, which are the least abundant [83]. Furthermore, phenolic
acids are found primarily in ice bran and trace amounts in the endosperm of various
rice genotypes. Phenolic acids are classified into two subclasses: hydrobenzoic acids and
their derivatives, and hydroxycinnamic acids and their derivatives [84]. Protocatechuic,
p-hydroxybenzoic, syringic, and gallic acids are all derivatives of hydroxybenzoic acid [85].

4.6.2. Flavonoids

Flavonoids are secondary plant metabolites with a polyphenolic structure similar to
that of phenolic acids that have been shown to have a variety of health-promoting properties
and to contribute to a decreased risk of chronic disease [79]. Rice phenolic compounds,
particularly those belonging to the flavonoid subgroup, are secondary metabolites believed
to be the protective response of plants to these biotic and abiotic stressors. Flavonoids are
the most diverse compounds in the plant kingdom, with a 15-carbon skeleton organised by
a 3-carbon chain (C6–C3–C6 structure). Flavonoids are classified into various subclasses,
including flavones, flavanols, anthocyanins, and isoflavones. The most abundant flavonoids
in rice are flavanols, flavones, flavonols, anthocyanins, and flavanons [86].

4.6.3. Proanthocyanidins and Anthocyanins

Proanthocyanidins and anthocyanins are bioactive compounds found in several rice
varieties [87]. These vibrant bioactive pigments are found in the aleurone layer of the rice
grain. Pigmented rice has a wide range of colours, owing primarily to the high anthocyanin
content of the grain [88]. Numerous pigmented rice varieties have been reported, such as
brown, dark brown, red-grain rice, black, and dark purple, the colour determined by the
type of pigment used [89].
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Proanthocyanidins

Proanthocyanidins are a class of polymeric flavan-3-ol compounds that include afz-
elechin, catechin, epiafzelechin, gallocatechin, epicatechin and epigallocatechin. The tan-
nins are a group of more complex proanthocyanidins that share this very same polymeric
building block. Proanthocyanidins can be classified as A-type or B-type, with flavan-3-ol
units doubly linked via C2-O7 and C4-C6 or C2-O7 and C4-C8 for the former primarily via
C4-C6 or C4-C8 for the latter. B-type proanthocyanidins are incredibly abundant in nature.
Catechin and epicatechin form the proanthocyanidin block unit in red rice. In plants, proan-
thocyanidins are synthesised via anthocyanidins as critical intermediates. Additionally,
these pigmented substances are responsible for rice’s red and purple hues [90].

Anthocyanins

Anthocyanins are a class of water-soluble flavonoids found in pigmented rice and
other cereal grains [91]. Anthocyanidins, or aglycons, are the basic structural units of antho-
cyanins. They are composed of an aromatic C6 (A ring) bonded to a heterocyclic C3 (C ring)
containing oxygen, which is bonded to a third aromatic C6 (A ring) via a carbon–carbon
bond (B ring). When anthocyanidins are glycosidically linked to a sugar moiety, they are
referred to as anthocyanins. They are found in plants as mono, di, or tri-glycosides of
O-glycosides and acylglycosides of anthocyanidins [92]. Individual anthocyanidins differ
in terms of their hydroxyl group count, the type, number, and position of sugars attached
to the molecule, and the presence of aliphatic or aromatic acids attached to the sugar
molecule. Anthocyanins are composed of the six most abundant anthocyanidins (agly-
cones), delphinidin, cyanidin, peonidin, petunidin, pelargonidin, and malvidin. Numerous
anthocyanins have been isolated and identified from pigmented rice, such as cyaniding
3-galactoside, cyaniding 3-glucoside, malvidin 3-galactoside, cyaniding 3, 5-diglucoside,
cyaniding 3-rutinoside, pelargonidin 3, 5-diglucoside, and peonidin 3-glucoside [93]. The
primary chemical structures of the significant anthocyanidin Cyanidin-3-O-glucoside have
been defined as having a significantly higher concentration in black rice than in other rice
varieties [94].

4.7. Volatile Components

The volatile components of rice are of interest for the study of flavour constituents
because they travel to the nose during eating and stimulate the olfactory receptors in the
nasal cavity [95,96]. As a result, the primary sensory qualities of rice are its flavour volatiles,
aroma, and texture [97,98]. Rice volatile materials are considered to fall into various classes,
including aldehydes, alcohols, terpenes, benzenoids, and derivatives of amino acids and
fatty acids [76]. The major volatile compounds responsible for the aroma of traditional
varieties have been identified, including hexanal, octanal, non-anal, (E)-2-octenal, 1-octen-
3-ol, guaiacol, and vanillin [99]. Aromatic rice contains a volatile aroma component with
a popcorn-like flavour. 2-acetyl-1-pyrroline [100]. Volatiles found in cooked rice include
ammonia, hydrogen sulphide, and acetaldehyde. After cooking, all aromatic rice contains
the primary aromatic principle of 2-acetyl-1-pyrroline [101].

Hexanal, pentanal, non-anal, 2-heptene aldehyde, heptanal, octanal, benzene formalde-
hyde, and decyl aldehyde have been found in both indica and japonica [102]. Hexanal
was the most abundant aldehyde, accounting for an average of 13.31% of total aldehy-
des (14.69% for indica and 1.93% for japonica), followed by non-anal at 7.93%. Benzene
formaldehyde, decyl aldehyde, hexanal, pentanal, non-anal, and heptanal were detected at
relatively high concentrations. Some twenty-three different volatile ketones were identified,
with 19 being found in indica rice and 13 in japonica rice [29]. The ketones were significantly
less abundant than the aldehydes [103].

Additionally, Lin et al. [104] examined the volatile compounds present in various
indica and japonica rice varieties. The most abundant volatile alcohols in indica rice were
n-octanol, 2-hexyl-1-octanol, and 3,7,11-trimethyl-1-12 alcohol; n-octanol, 2-hexyl-1-octanol,
and 3,7,11-trimethyl-1-12 alcohol were the most abundant volatile alcohols in japonica
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rice. In other literatures Ashokkumar et al. [76] determined the total phenolic content
(TPC) and profiled all the volatile organic compounds (VOCs) in eight popular traditional
rice varieties cultivated in South India, namely Seeraga samba, Kaiviral samba, Kichili
samba, Mappilai samba, Karuppu kavuni, Kuzhiyadichan, and Kattuyanam, as well as two
modern rice varieties such as CO 45 and CR 1009 cultivated in South India. The majority
of the predominant components identified were not identical, indicating variation among
rice varieties. There were significant differences between rice varieties in terms of total
terpenes (12.6 to 30.7%), total aliphatic alcohols (0.8 to 5.9%), total phenols (0.9 to 10.0%),
total alkanes (0.5 to 5.1%), total alkenes (1.0 to 4.9%), and total fatty acids (46.9 to 76.2%).
Palmitic acid, elaidic acid, linoleic acid, and oleic acid were all found in concentrations
ranging from 11.1 to 33.7%, 6.1 to 31.1%, 6.0 to 28.0%, and 0.7 to 15.1%, respectively. Palmitic
acid content was higher in modern varieties (26.7 to 33.7%) than in traditional varieties
(11.1 to 20.6%). However, all traditional varieties contained a higher percentage of linoleic
acid (10.0 to 28.0%) than modern varieties (6.0 to 8.5%). Traditional varieties contained
significant amounts of phenolic compounds such as butyric acid, stearic acid, and glycidyl
oleate, which were lacking in modern varieties.

5. Nutritional Value of Rice

Rice is regarded as an energising and reviving food, similar to other cereals [105].
While white rice is a significant source of calories, it also contains various essential min-
erals [1,39,40]. Table 5 shows the chemical composition of white and brown rice. Carbo-
hydrates, mainly starch, account for approximately 80% of the dry matter of the grain,
while proteins account for approximately 7%. The amino acid profile of rice reveals a
high aspartic acid and glutamic content, with lysine being the limiting amino acid [106].
Brown rice contains polyunsaturated fatty acids such as oleic acid (18:1), linoleic acid (18:2),
linolenic acid (18:3), and Eicosenoic (20:1). Polyunsaturated fatty acids can help prevent
osteoarthritis, cancer and autoimmune disorders [107]. Additionally, brown rice is higher
in dietary fibre, vitamins and minerals, particularly the B group such as Thiamine (B1),
Ribofavin (B2), Niacin (B3), Pantothenic acid (B5), Pyridoxine (B6) and Biotin (B7). Another
recent finding illustrates that B vitamins’ anti-inflammatory properties prevents from tau
hyperphosphorylation and cognitive impairment caused by 1,2 diacetyl benzene [108].
The higher fibre content of brown rice compared to the white rice may help with appetite
control and weight loss, as well as contribute to the reduction in LDL cholesterol [109].

Table 5. Nutritional composition of rice. Modified from [1,29].

Nutrient Brown Rice Milled Rice

Digestible carbohydrates 84.8–88.2 89.1–91.2
Crude protein 6.5–10.0 7.3–8.3
Crude ash 1.2–1.7 0.3–0.9
Crude fat 1.9–3.9 0.3–0.65
Crude fibre 1.6-2.8 0.3-0.5
Carbohydrates 85.2–88.9 91.07
Water (% of fresh weight) 11.37–16.4 12.31–15.5
Starch 77.2 90.2
Free sugars 0.8–1.5 0.3–0.5
Neutral detergent fibre 4.5 0.8–2.7
Dietary fibre/insoluble 0.5
Total dietary fibre 3.9 0.5–2.8
Crude fibre 0.7–1.2 0.2–0.6
Hemicelluloses 0.1
Pentosans 1.4–2.4 0.6–1.6
Lignin 0.1
Energy (kJ/g) 17.2–18.7 17.0–18.1
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Table 5. Cont.

Nutrient Brown Rice Milled Rice

Protein fraction (% of total protein)

Albumin (soluble in water) 2–5
Glutelin (soluble in aqueous
alkaline solution) 60–65

Prolamin (soluble in alcohol) 20–25
Globulin (soluble in salt
water) 2–10

Amino acid composition (% of
dry matter)

Aspartic acid 0.59–0.96
Arginine 0.52–0.88
Alanine 0.37–0.59
Cystine 0.15–0.28
Histidine 0.16–0.27
Glycine 0.32–0.48
Glutamic acid 1.06–1.88
Isoleucine 0.22–0.40
Leucine 0.51–0.85
Lysine 0.26–0.40
Methionine 0.14–0.34
Phenylalanine 0.32–0.55
Threonine 0.23–0.38
Proline 0.25–0.46
Serine 0.30–0.53
Tyrosine 0.21–0.51
Tryptophan 0.05–0.13
Valine 0.37–0.59

Fatty acid component (% of total fatty acids)

Myristic (14:0) 0.5–1.1
Pentadecanoic (15:0) 0.1–0.3
Palmitic (16:0) 18.2–31.2
Palmitoleic (16:1) 0.1–0.2
Heptadecanoic (17:0) 0.1–0.6
Stearic (18:0) 1.5–2.8
Oleic (18:1) 30.9–40.2
Linoleic (18:2) 26.1–39.0
Linolenic (18:3) 0.9–1.6
Arachidic (20:0) 0.4–0.7
Eicosenoic (20:1) 0.4–0.6
Behenic (22:0) 0.2–0.6
Docosenoic/erucic (22:1) 0.1–0.2
Tetracosenoic (24:1) 0.1–0.3
Lignoceric (24:0) 0.4–0.9
Others 4

Macro-minerals (mg/g dry matter)

Calcium 0.1–0.6 0.1–0.3
Magnesium 0.2–1.7 0.2–0.6
Potassium 0.7–3.2 0.8–1.5
Phosphorus 2.0–5.0 0.9–1.7
Sulphur 0.3–2.2 0.9
Silicon 0.7–1.6 0.1–0.5

Micro-minerals (µg/g dry matter)

Copper 1–7 2–3
Iron 2–60 2–33
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Table 5. Cont.

Nutrient Brown Rice Milled Rice

Manganese 2–42.24 7–20
Sodium 20–395 6–100
Zinc 7–33 7–27

Vitamin (µg/g dry matter)

Retinol (A) 0–0.13 0-trace
Thiamine (B1) 3.4–8.1 0.2–1.3
Ribofavin (B2) 0.2–1.6 0.2–0.7
Niacin (B3) 41–134.7 15–28
Pantothenic acid (B5) 11–17 4.8
Pyridoxine (B6) 1.8–11 0.5–1.4
Biotin (B7) 0.05–0.12 0.01–0.07
Choline, total 1100 450–1020
Folic acid (B9) 0.1–0.6 0.03–0.16
Cyanocobalamin (B12) 0–0.005 0–0.0016
Alpha-tocopherol (E) 8.9–29 Trace-3
Beta-tocopherol 0.5–1.4
Delta-tocopherol 0.1–0.6
Gamma-tocopherol 2.2–4.8

The reduction in the nutritional components including antioxidant activity, dietary
fibre, and other chemical components were found after various milling processes [110].
According to Paul et al. [111], the degree of rice milling has an effect on the loss of zinc
content as well as lower the yield of head rice. Kim et al. [112] suggested that as the degree of
rice milling increased, the phenolic contents in organic, the fatty acid, pesticide-free grains
Vitamin E homolog, and conventional rice grains decreased significantly. 2,2-diphenyl-
1-picrylhydrazyl demonstrated a significant reduction in radical scavenging activity as
a function of degree of milling. Another recent study found that the microstructures
of cooked rice were altered by the degree of milling, which in turn affected the starch
digestibility of cooked rice in vitro [113].

A diet high in wholegrain cereals, such as rice, is healthier than one high in refined
cereals [114]. Consumption of whole grains has been shown in recent epidemiological
studies to reduce obesity and the risk of metabolic disorders, particularly Type 2 diabetes
mellitus [115], cardiovascular disease [116], and certain types of cancer [117].

6. Rice Processing

After harvesting and processing, rice can be classified as either white or brown,
depending on the milling characteristics obtained [118]. As aforementioned, the paddy is
composed of three layers: the husk on the outside, rice bran in the annular portion, and
white rice in the centre [119]. Although there are a wide variety of rice processing methods
available, each of which produces a different rice quality, it has been observed that the
fundamentals of rice production remain the same [120,121]. Rice processing entails a series
of steps that must be completed correctly, using various methods and equipment [122].
Figure 5 depicts the general steps of paddy drying, paddy cleaning, paddy destoning,
husk separation, paddy separation, whitening, grading, packing, and storage in the rice
milling process.

6.1. Storage of Paddy

There are several aspects that affect rice grain storage strategies: (a) oxygen, tempera-
ture, moisture content as well as relative humidity of the storage condition; (b) must be
protected from insect such as Sitophilus oryzae (Rice weevil) and rats/mice activity, as well
as mould growth; (c) socioeconomic factors such as farmers’ family size, grain storage
duration, route efficiency, grain market price, off-farm income, and grain safety during
storage all need to be considered [123]. Traditional methods of preserving and storing
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rice grains include the use of Silo, Nahu, Camphor, Dole, Motka, jute bags, Obeh and
polypropylene bag [124]. The new method of storing rice grain, which includes hermetic
bags such as the GrainPro, AgroZ, and Purdue Improved Crop Storage (PICS), have been
reported [125–127]. The interest of farmers in hermetic bags has been sparked by the aim
to cut rice grain storage losses due to insect pests and the difficulties (inefficacy) associated
with current storage methods [128,129]. The hermetic bag is made of plastic, which has
a low permeability to O2, CO2 and other atmospheric gases. Inside the hermetic bag,
respiration by grain, insects, and fungi leads to a reduction in oxygen and an increment in
carbon dioxide [130]. Fungal and insect growth become hampered in a short period of time.
Kanta (2016) studied the use of GrainPro bag for paddy storage. Due to the hermetic nature
of the GrainPro bag, the moisture content of stored paddy remained nearly unchanged.
Owing to the absence of insect attack and the high moisture content of the GrainPro bag
containing seeds, the germination rate was enhanced.
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6.2. Paddy Drying

Drying and storage techniques are critical components of post-harvest technology for
improving paddy quality and reducing paddy loss, thereby facilitating nations in achieving
socioeconomic empowerment and food security [131–133]. Oikeh et al. [134] reported the
conventional paddy drying process in rice milling. Paddy is automatically conveyed into
the dryer via a belt conveyor. The paddy is recirculated, and cross-flow hot air passes
through the drier. A heat exchanger is used to heat the ambient air. The most suitable dryer
for a particular drying operation is determined by several factors, including the required
drying capacity, ease of installation and operation, fuel heat cost, and initial acquisition cost.
The most common types are batch-in-bin, recirculating batch, and continuous-flow dyers.

To date, numerous cost-effective drying techniques have been developed, including
solar, infrared, convective, desiccant, fluidised, and spouted bed dryers [135]. Solar dryers
appear to be a promising alternative for small farmers, due to low energy consumption, as
well as reasonable investment and operating costs when compared to commercial dryers
that heat the air with petrol fuels [136]. The infrared drying is believed to extend the shelf
life of brown and white rice by inactivating the lipase enzyme and thus minimising lipid
oxidation by using infrared heating. High drying rates, good milling quality, effective
disinfestation and disinfection of rough rice, an increase in shelf life rice and improved
storage stability of rice bran were achieved through infrared drying [137]. A modified
convective dryer incorporating ultrasound intervention resulted in a significant reduction
in niacin and TPC losses over a shorter drying time [138]. A comparison of fluidised
bed and spouted bed drying for seeds revealed that a fluidised bed dryer had a faster



Agriculture 2022, 12, 741 17 of 28

drying rate, whereas a spouted bed dryer was superior in terms of lower specific energy
consumption [139]. A hybrid drying system combining a heat pump dryer and a fluidised
bed dryer resulted in a significant increase in head rice yield and a decrease in the number
of fissured grains [140].

6.3. Cleaning and Destoning

When paddy enters the mill, it may be contaminated with foreign materials such as
weed seeds, straw and soil. If these items are not removed prior to hulling, the huller’s
efficiency and milling recovery will be reduced [141]. The pre-cleaning procedure is divided
into two stages: cleaning and de-stoning. The paddy cleaner is the most critical piece of
equipment in a rice mill because it removes all impurities such as clay, straw, dust, sand,
and large particles of any size from the paddy [142]. Cleaning removes foreign materials
from the paddy, such as sand, stones, straw, and seeds. The input paddy is highly impure.
These impurities are removed before entering the soaking chamber using a two-stage sieve
and air blasting. The first stage involves the removal of light impurities such as chaff
and dust. Heavier impurities such as stone and brick are removed [143]. Adetola and
Akindahunsi [144] reported the performance of rice de-stoning machines. The de-stoning
efficiency ranged from 40.8 to 99.75%, the capacity ranged from 1.8 to 7500 kg/h, and the
operating speed ranged from 200 to 2980 rpm.

6.4. Dehusking and Separation of Husk

The husks, brown rice, and unhusked rice were separated using a tray-type paddy sep-
arator. The paddy separator separates it from the brown rice by dehusking the paddy [145].
Rice dehusking is the process of removing the husk and bran from paddy rice to produce
head-sized white rice grains that are sufficiently milled, impurity free, and contain as few
broken grains as possible [146]. It is the process of removing the husk from the paddy and
then separating the husk from the paddy with the least amount of damage to the grain.
Husking is carried out with the aid of a rubber-roll huller. The rice is then reintroduced
unhusked to the huller [147].

6.5. Whitening and Polishing

White rice results from rice milling process by machines that involve removing of
husk and bran layers. Abrasion and friction are the two processes used to remove the bran
from the grain. This abrasion removes the bran layers, exposing the rice to be white or
polished [41,148]. On the other hand, polishing refers to removing small bran particles
that adhere to the rice surface following whitening and imparting a shiny appearance
to the rice grains. Brown rice is polished using an abrasive polisher [118,134]. A novel
rice whitening method uses enzymes such as xylanase and cellulase to degrade the rice
grain’s surface structure [149]. According to Xu et al. [150], the rate and duration of rice
polishing affected the rice’s physicochemical and rheological properties. Compared to
unpolished rice starches, the swelling power and solubility index of low- and high-amylose
rice starches elevated with milling speed and duration.

6.6. Rice Grading

The process of classifying and grading rice is vital in determining the quality of the
rice and the subsequent market price [151]. When determining rice grades, two critical
factors must be considered: (a) the grading technique and (b) the grading determinants
used [152]. Numerous advanced approaches have been used to ascertain the characteristics
of rice for grading [153–155]. These include image processing in conjunction with support
vector machines [156], neural networks [153], wavelet packets [157], contact angle analysis
(for separating contacting rice grains), image processing in conjunction with an adaptive
network-based fuzzy inference system (ANFIS) [158], a multi-threshold method based
on maximum entropy (chalkiness) [159], image processing in conjunction with computer
vision and a minimum rectangle (MER) (length and width) [160], and image processing in
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conjunction with neural networks [161]. Another recent study discovered that MATLAB’s
Image Processing Toolbox can be used to grade rice grains, as it aids in extracting the grains’
morphological characteristics [155].

7. Environmental Impacts of Rice Cultivation

According to FAOSTAT [162], the total emissions (CO2eq) including CO2, methane,
nitrous oxide and other anthropogenic greenhouse emissions from rice cultivation were
674,367.27 kilotonnes (kt) (AR5) in 2019, compared to 620,852.75 kt in 1990 (Figure 6). For
almost two decades, it has been an increase of approximately 8%. Figure 7 shows the total
emissions caused by rice cultivation on earth from 1990 to 2019. Figure 8 depicts the top
10 emitters (emissions CO2eq (AR5)) from rice cultivation (average 1990 to 2019). China is
the world’s largest emitter at 148,343.14 kt, followed by India at 128,314.06 kt, Indonesia at
67,670.17 kt, Thailand at 45,545.03 kt, the Philippines at 38,694.92 kt, Vietnam at 36,084.7 kt,
Bangladesh at 30,034.81 kt, and Myanmar at 28,837.39 kt, the United States of America at
11,803.87 kt, and Cambodia at 10,310.73 kt of total emissions (COeq), respectively. Asia
accounts for the largest share of global emissions (CO2eq (AR5)) caused by rice cultivation,
accounting for 88.9% of total emissions.
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Methane is among the most significant greenhouse gases after CO2, accounting for
approximately 15 to 20% of global warming. Globally, rice cultivation is one of the largest
sources of agricultural methane emissions [163]. Flooded rice fields contribute signifi-
cantly to methane emissions, which account for 48% of agricultural greenhouse gas emis-
sions [164,165]. Methane emission from paddy is primarily influenced by water manage-
ment practices and soil conditions [166]. The water from flooded rice restricts oxygen from
permeating the soil, creating ideal conditions for bacteria that emit methane. The longer
flooding persists, the greater the accumulation of methanogenic bacteria. The methane
emission is the net result of two contrasting bacterial processes, production in anaerobic
microenvironments and consumption and oxidation in aerobic microenvironments, which
occur simultaneously in flooded rice soils [167]. Alternate wetting and drying (AWD) have
been identified as one of the most promising techniques for reducing methane emissions
from rice cultivation. Using the methodologies outlined by the Intergovernmental Panel
on Climate Change, the AWD scenario could reduce annual methane emissions by 32%
compared to the continuously flooded scenario [168]. Other strategies for reducing methane
emissions from paddy rice fields include the addition of sulphates and the preference of
rice varieties [169].

Climate change is expected to affect rice production and trade. Koizumi et al. [170]
established Rice Economy Climate Change (RECC) model to account for the effects of
climate change on rice production in 24 countries. Climate change is expected to affect
japonica and indica rice, based on RECC baseline projections and scenario simulations. In
particular, the international price of japonica rice is expected to be more volatile compared
to the price of indica rice. Additionally, Firdaus et al. [171] investigated the effects of
climate change, focusing on Malaysia. The analysis demonstrated that the minimum (Tmin)
and maximum (Tmax) temperatures in the granary areas increased by 0.3 ◦C to 0.5 ◦C
and 0.2 ◦C to 0.3 ◦C, respectively, in each decade, using Mann–Kendall and Sen’s slope.
Simultaneously, precipitation has increased, ranging from 133 mm to 200 mm. The findings
indicated that climate change poses a significant threat to paddy production, which will
eventually affect food security, same as reported by other literatures [172–175].

In rice milling, rice husk is an abundant agricultural waste in rice production [176–179].
When rice husk ash is dumped directly into the environment, it contributes significantly to
water and land pollution [180], resulting in various health problems [120]. Environmental
pollution has been linked to rice milling factors producing large amounts of effluent high
in nutrients, solid wastes, and organic matter [181,182]. According to Kumar et al. [183],
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rice mill effluent contains a sufficient amount of pesticides and nutrients to result in
groundwater pollution and eutrophication.

8. Challenges to Overcoming Barriers and Current Policy Directions

According to FAO [184], 45 countries, 34 of which are in Africa, continue to require food
aid from outside sources. The COVID-19 pandemic’s impact, mainly in terms of income
losses, is a significant driver of global food insecurity, worsening and exacerbating already
uncertain conditions. Conflicts, weather events, and pests continue to be major contributors
to the high levels of intense food insecurity [185,186]. Table 6 shows the challenges to the
sustainability of the food production system, with a focus on rice production, as well as
strategies for overcoming those challenges.

Table 6. Challenges to the sustainability of the rice production system and suggested proposed
solutions [187,188].

Challenges to the sustainability of the rice production system

• Increasing food prices
• Depletion of the soil’s nutrient pool
• Degradation of soil health
• Decline in soil structure
• Depletion of ground water supplies
• Rising production costs
• Labour deficit
• Burning of crop waste
• Greenhouse gas emissions
• Climate change vulnerability
• Resistance to herbicides in weeds
• Crop reaction to applied fertilisers has decreased.
• A diverse weed flora
• Increasing labour cost
• Issues with residue management
• Abiotic stresses such as drought, salinity, flood, storm, and very low and high temperatures
• Rice grain quality

How can we overcome the challenges?

• Agricultural diversification
• Conservation agriculture
• Direct seeded rice
• Dry-wet method of irrigation in rice
• Furrow irrigated raised bed (FIRB) system of planting
• Automated irrigation systems
• Early sowing of zero-till wheat
• Sustainable residue/waste management practices
• Precision nutrient management
• Short or medium season rice varieties
• Success in capacity building of the stakeholders
• Integrated weed management with herbicide rotation

Table 7 summaries current government policies designed to increase rice production
and quality by global rice producers. In terms of Malaysia, Che Omar et al. [189] stated
that in the future, agricultural policies relating to food in Malaysia should no longer
be driven solely by production targets. The recommendations include giving farmers
and farm-related organisations equal credit for adopting Malaysia’s Good Agricultural
Practices (MyGAP), efficient water use, and soil management in order to increase paddy
production. At the midstream level, it is advised to recognise stakeholders who follow
Good Manufacturing Practices (GMPs), conduct Hazard Analysis Critical Control Point
(HACCP) analyses, and promote manufacturing and marketing transparency, such as the
use of Blockchain technology.
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Table 7. Current policies development [190].

Countries Date Policy Instrument Summary

China (Mainland) 5.2021 Stock release
After auctioning 1.81 million tonnes of paddy
on 14 May 2021, 155,007 tonnes of paddy
harvested from state reserves were sold.

India 5.2021 Export promotion, trade
facilitation

Rice shipments were inaugurated through
the Odisha state’s Paradip International
Cargo Terminal (PICT).

Mali 4.2021 Price controls

Set a ceiling of XOF 340 (USD 0.63) per kg on
market prices of non-fragrant broken rice. A
limit of XOF 290,000 (USD 537) for each
tonne would implement

Turkey 4.2021 Government procurement,
purchasing prices

Government purchase prices have been
revised for the 2020 season, increasing them
from TRY 3500 to 4750 for each tonne.

Bangladesh 3.2021 Import tariff
Imported non-parboiled (white,
non-fragrant) rice duties and charges
reduced from 62.5% to 25%

European Union 3.2021 Import tariff
Reduced tariffs on imported non-basmati
husked rice from EUR 65 to EUR 30 per
tonne outside of current trade agreements.

Malaysia 12.2020 Import rights
Renewed Padiberas Nasional Berhad’s
(BERNAS) exclusive import rights for
another ten years, beginning in January 2021.

Note: A complete set of rice policy, beginning in January 2011 is available at: https://www.fao.org/
economic/est/est%20commodities/commodity%20policy%20archive/en/?groupANDcommodity=rice (accessed
on 20 December 2021).

9. Conclusions

Although the COVID-19 pandemic and some natural disasters, such as floods, have
posed numerous challenges to global rice production, 513.7 Mt of milled rice have been
produced worldwide in 2020. Rice is such a vital crop that it is a source of high-energy or
high-calorie foods with a high nutritional value. Starch accounts for approximately 90%
of the dry weight in milled rice, along with lipid, protein, non-starch polysaccharide and
numerous volatile components. Furthermore, rice contains phenolic compounds that have
anti-inflammatory, anticancer, and anti-diabetic properties. It contributes significantly to
health benefits and disease prevention for humankind.

The rice milling process includes the process of paddy drying, paddy cleaning, paddy
destoning, husk separation, paddy separation, whitening, grading, packing, and storage.
In order to ensure food security, a substantial persistent quality improvement has been
made in the rice’s quality, post-harvest handling, and the milling process. In 2019, global
emissions due to rice cultivation were 674,367.27 kt (CO2eq (AR5). For almost two decades,
there has been an increase of approximately 8%. Asia accounts for the most significant
global emissions (CO2eq (AR5)), accounting for 88.9%.

The rise in the global population and the effects of climate change in the region
influence the need to boost rice production and improve its quality. The recent food crisis
has also spurred a revisiting of self-sufficiency goals of rice. For sustainability of agriculture,
rice-producing countries have created rice policies that emphasise productivity and quality
growth to ensure adequate food supplies for the people.

https://www.fao.org/economic/est/est%20commodities/commodity%20policy%20archive/en/?groupANDcommodity=rice
https://www.fao.org/economic/est/est%20commodities/commodity%20policy%20archive/en/?groupANDcommodity=rice
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