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A B S T R A C T   

Agriculture is a primary sector of production that is important for providing basic raw materials 
for many sectors. There seemed to be more people practicing it traditionally, and this situation is 
limiting the buoyancy of agricultural productivity. Traditional agriculture cannot fully thrive in 
the 21st century. This is because the global human population is currently growing at an alarming 
rate that is much higher than the agricultural productivity requirements to strike a balance, 
especially between food demand and supply. Hence, there is a need to take advantage of tech-
nology and incorporate it into agriculture with a view to bridging the gaps created by traditional 
agriculture. In this review paper, agricultural productivity information as it relates to the human 
population is presented. Also presented was background information on digital technology and its 
connections to agriculture through the use of some existing digital technology devices for 
improved productivity. Furthermore, matters relating to the rice value chain, with specific 
attention to Nigeria, were given extensive consideration. The circular economy (CE) approach 
was presented as a means of converting the three (3) major rice value chain by-products or wastes 
(straw, husk, and bran) to other value-added products. The CE will protect the environment and 
make it more friendly. Also, it will improve productivity, increase income, and create better living 
conditions for those in the rice value chain in Nigeria.   

1. Introduction 

Agriculture is an important contributor to the economic prosperity of both developed and developing nations [1]. Also, it is the 
sector providing raw foods and agro-based raw materials to human beings and industries. The world population will rise above 9.8 
billion by the year 2050 [2,3], with an annual growth rate of about 1.1 % [4]. The projected population explosion is posing a serious 
threat to the provision of food to match the alarming population growth projection. Consequently, this has led to a growing tension 
between food demand and supply worldwide [5]. In Nigeria, agriculture contributes about 24 % to the national Gross Domestic 
Product (GDP), with the involvement of about 70 % of Nigerians [6–8]. Nigeria has the highest population in Sub-Saharan Africa [7], 
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and the population keeps growing, with the aftermath effects of an increase in demand for food and the escalation of hunger. In the 
space of 21 years (2000–2021), the hunger index of Nigeria declined from 39.5 to 28.3 points [9]. These indices signified a respective 
move from an alarming situation to a more serious situation. Hence, there is a need to pay urgent attention to the food systems, with a 
view to averting famine and also for the achievement of goal 2 of the Sustainable Development Goals (SDGs) of the United Nations 
(UN). 

Food systems are the ways humans organize themselves, in space and time, to obtain and consume their food [10]. Globally, food 
systems are experiencing rapid changes caused by extrinsic and intrinsic factors. Among the extrinsic factors are climate change and 
chain organization, whereas intrinsic factors include innovation and a reduction in the number of farmers [4]. According to FAO [11], 
the future of food and agriculture from a global perspective rest on two pivots: knowing whether the existing food systems will sus-
tainably and efficiently feed everyone beyond 2050 and also meeting the non-food demand for agricultural products. Globally, about 2 
billion people are experiencing food insecurity. Approximately 690 million people and 340 million children are malnourished and 
suffering from micronutrient deficiencies, respectively [12]. The use of advanced technologies in agriculture is a means of substantially 
harnessing the benefits of intensifying agriculture and food security [12]. 

Rice (Oryza sativa) is a major food for about 50 % of the world population and is usually cultivated by peasant farmers on plots of 
not up to 1 ha [13]. It is supporting the livelihoods of 3.5 billion consumers [14]. The origin of rice cultivation has been traced to China 
[15,16]. Oryza sativa is the common species of rice; it has indica and japonica as sub-species, with 13 % japonica and the bulk of indica 
making up the higher percentage of the global rice production [13]. The African rice is a special variety botanically known as Oryza 
glaberrima [17]. Some of the improved varieties of rice that are grown in Nigeria are: NERICA 8, FARO 52, FARO 60, FARO 61, and 
FARO 44 [18]. There are four broadly defined ecosystems that can support the growth of rice: irrigated land, rain-fed lowland, upland, 
and deep-water rice. Irrigated rice, lowland rice, and upland rice account for 50, 35, and 9 % of global rice production, respectively 
[13]. About 90 % of the global rice crop is grown in Asia [19,20]. India and China are the highest producers of rice globally, both 
providing more than 50 % of the global rice supply [19,20], although Thailand (the 5th highest producer) exports the highest quantity 
of rice in the world [21]. Rice is the most consumed crop globally and ranks third in terms of cultivation. Also, the total global trade 
value of rice was $28.4 billion in 2021, and it would reach about 700 million metric tons in 2025 [14]. 

In Nigeria, rice is one of the major cereal crops used as food by all tribes, and it has economic values and creates sustainable food 
security [22]. Ilu [23] reported rice as the fourth largest cereal crop grown in Nigeria and listed it as the second most important food 
security crop in Nigeria. It is an important food commodity and generates income for small-scale farmers in rural areas. About 80 % of 
the rice crop is sold to generate income to purchase other foods. Rice is cultivated in almost all agro-ecological zones of the country, 
with about 2.8 million metric tons of annual production capacity [21]. Rain-fed lowland, rain-fed upland, irrigated lowland, and 
deepwater rice contribute 50 %, 30 %, 16 %, and 4 %, respectively, to rice production systems in Nigeria [24]. In the 1960s, the 
cultivation of rice was less than 150,000 ha. However, in 2011, there was an appreciable increase in rice cultivation (2.17 million 
hectares), but the production increase experienced did not meet the consumption needs of Nigerians, and this resulted in the annual 
importation of about 2.5 million metric tons [21]. Nigeria is both Africa’s leading producer and the leading consumer of rice. Also, 
Nigeria occupies the second position in rice importation worldwide, with about 6 % of the global rice trade [23]. The growing demand 
for rice in Nigeria will reach 36 million metric tons by 2050 [8]. In 2007, six (6) states in Nigeria (Niger, Kaduna, Benue, Taraba, 
Ebonyi, and Kwara) produced about 1.9 million metric tons of paddy, which was more than 60 % of total domestic output [23]. The 
Agricultural Transformation Agenda (ATA) of 2012, launched in Nigeria, focused on making Nigeria self-sufficient in rice production 
by 2015. This seemed not to have been achieved, with evidence from a report that 1.26 % of the Nigerian budget for 2017 was on rice 
importation [17]. The ATA discouraged rice importation through increased tariffs on imported rice, the importation of 100 new rice 
mills operated by the private sector, and the formation of rice production groups close to the new mills for the production of paddy 
[21]. 

Currently, there is a global effort to reduce poverty and food prices through the formulation of formidable agricultural policies 
[25–27]. Practical steps through publicity and the supply of necessary inputs to small-scale farmers to boost the production of rice in 
Nigeria are being intensified [17]. Around 2007–2022, agriculture contributed to the economic growth of Nigeria by 27 %, while 
manufacturing (a sector that encompassed agricultural product processing—a part of the rice value chain) had an almost insignificant 
value of 1 % [21,28]. The focus of this review paper is to present the extent to which, the concept of digital technology in agriculture 
has been adopted for the improvement of activities (including the circular economy) and productivity of the rice value-chain in 
Nigeria. 

2. Conceptual framework 

The concept of paper refinement strategy was used to search 110 published works of literature in Agricultural Value Chain (AVAC), 
Agricultural Applications (Agri Apps), Agricultural Internet of Things (Agri IoT), Digital Inclusion in Agriculture, Agricultural 
Technologies, Rice, Rice Value Chain and Circular Economy aspects. Out of the 110 published works of literature, 81 most relevant 
were selected and used to prepare this review paper. The selected related works of literature were within the last 28 years to date 
(1996–2024), but only one literature was for 1996. Others beyond 28 years were filtered and dropped. 

2.1. Digital agriculture 

Izuogu et al. [29] used two terms to explain the concept of digital agriculture: digitization and digitalization. Digitization is the 
non-theoretical change of analog information into digital messages. Digitalization is the mental, social, and economic process of taking 
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up improved technologies. Migrating to the use of information communication technologies ensures improvements in the aspects of 
generating, collecting, exchanging, aggregating, combining, analyzing, accessing, searching, and presenting digital contents. All the 
aforementioned activities lead to the development of useful applications and services [30]. Digital agriculture is a food system that 
makes use of information and communication technology (ICT) at all levels of agricultural production and its ecosystem [31]. 
Furthermore, digital agriculture can also refer to any of the following terms: smart agriculture, smart farming, or digital farming [32]. 
Smart agriculture (Fig. 1) enables farmers to have access to various tools (internet of things—IoT, cloud computing, drone technology, 
software applications, wireless sensor networks, artificial intelligence-powered tools, and digital analytics solutions) to address several 
agricultural and food production issues [33,34]. Additionally, smart agriculture incorporates the use of data from diverse sources and 
insights obtained through research efforts and agri-food operations. It can structure the information in diverse ways and lead to making 
decisions that enhance agricultural productivity [35]. The global agreement on the definition of digital agriculture focused basically on 
the multiplication of data, parts played by artificial intelligence, connectivity, and automation. However, this global agreement did not 
consider genomics, which involves the collection of data in the laboratory [4]. 

Digital technology was first used in agriculture about five (5) decades ago, and the term “digital agriculture” came into existence in 
the early part of the 21st century [4]. The use of digital technology in agriculture has led to the generation of large volumes of highly 
non-homogeneous data, or big data [36], from different sources (Fig. 2). It can achieve the required innovations in digital agriculture 
with the availability of the following: abundant data, computing capacities leading to the implementation of artificial intelligence (AI) 
and new methods of modeling, and interfaces for connectivity and exchange of information [4]. Yalmaev et al. [37] reported smart 
farms, smart warehouses, smart herds, smart greenhouses, smart processing, and others as the most important technologies in the 
digitization of agriculture. Digital technology in agriculture aids diversification of the service economy, increases the capacity of 
farmers for action, accelerates agricultural transformation, and makes agriculture more appealing to the youth. It also creates systems 
that will support food security, profitability, sustainability, and improve value chains at all levels of production [2,4]. An appropriate 
level of intensive application of digital agriculture operations can lead to increased economic and better environmental performance 
[38]. This can be achieved through an increase in productivity and a reduction in environmental burden and the cost of resources. 

Digital technology development in the agri-food value chain has multidisciplinary dimensions [4]. It affords all the stakeholders in 
agriculture to be part of beneficial changes; it reduces the role of middlemen, expands market opportunities, improves the links be-
tween extension and research centers, and makes the agricultural system and productivity highly efficient [4,29,40]. The incorpo-
ration of digital farming into agricultural development enhances industrial integration and innovation, and supports the revitalization 
of rural areas [41–44]. In connection with the SDGs, digital agriculture is potentially positioned to release economic benefits for the 
betterment of all stakeholders in agriculture. The benefits can be achieved through an increase in productivity, efficient cost man-
agement, and increased market opportunities. In addition, there exist social, environmental, and cultural benefits [2]. Three factors 
affect digital agriculture [2]. These are individual (users of digital tools), institutional (stakeholders responsible for the creation of an 
enabling environment for digital agriculture), and technological (consideration of the suitable type of digital technology to be pro-
vided). Also, it has the constraints of cost, relevance, user friendliness, risk, and trust (Fig. 3). Sulimin et al. [45] reported the three 
general stages of the development and introduction of digital technologies in agriculture. These are: pilot technologies (state of initial 
introduction and monitoring), market saturation (the attainment of critical mass of the technologies and standards in agriculture), and 
integration (proper spreading of well-established standards and solutions). 

There is global change in world agricultural production due to global climate change, growth, and changes in consumption patterns 
associated with an increase in population and well-being [45]. According to USAID [30], there was a world food crisis in 2007–2008, 
which led to the sharpest increase in food prices for the first time in 30 years. The food crisis caused food riots in many parts of the 
world and later drew the attention of the world to the importance of agriculture. This further led the Food and Agriculture Organi-
zation (FAO) to postulate that developing countries (Nigeria included) will have to double food output (70 % rise in food production) 
by 2050 to reasonably close the food demand gap. Agricultural activities have advanced beyond food and plant production to include 
the processing, marketing, and distribution of crops and livestock products in the past 20 years [24]. Digital transformation in 

Fig. 1. Components of Digital or Smart Agriculture. Adapted from Abbasi et al. [33].  
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agriculture can deliver substantial social, economic, and environmental benefits through the use of mobile applications [2]. One of the 
challenges caused by the COVID-19 pandemic was social distancing; this led to the rapid development and use of digital tools in Nigeria 
by extension personnel [46]. The benefits of having access to digital technology for smallholder farmers and other rural business 
owners are numerous. The benefits are in the areas of the provision of useful information and links to suppliers, the harnessing of 
workforce talent by the users, building strategic partnerships along the value chain, accessing support services (legal services, finance, 
and training), and reaching markets and customers [2]. 

2.2. Existing digital technologies in the agric-food sector 

Highlights of some existing digital technologies in the agric-food sector [2, 30] are stated below:  

(i) EMA-i: This App was developed by FAO for animal health workers. It reports early occurrence of diseases of livestock. The 
reports captured by the App will assist in taking timely corrective actions before detected diseases spread beyond control or 
before larger resources will be needed for the control of the diseases. Also, the reports may be useful in future for planning 
livestock diseases preventive control regimes.  

(ii) Dino Agrobot: The robot is a digital tool used by vegetable farmers to perform a high-level precision weeding. The use of this 
robot ensures better working conditions, reduction of time loss during field operation and high profitability.  

(iii) MyCrop: It is an e-commerce platform that supplies farmers with vital information. The use of the information supplied leads to 
increase in productivity, improvement of standard of living and increase in profitability.  

(iv) Smart Brain: This is an AI driven technology in piggery. It uses facial appearance, body temperature and voice of pigs to 
ascertain their health status. Also, this technology can use the sleeping pattern, eating habits and posture of female pigs while 
standing to detect pregnancy. 

Fig. 2. Data Flow for Digital Agriculture. Adapted from Kenny et al. [39].  

Fig. 3. Digital Agriculture Constraints. Adapted from McFadden et al. [30].  
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(v) Walmart Tracker: It is a blockchain platform for monitoring bagged spinach and lettuce head. It gives real-time information on 
the level of contamination of the bagged vegetables as they move from where they are originated (suppliers) to their desired 
destinations.  

(vi) Automated Heat Detector: This technology uses data collected from dairy herd over time to identify cows that are ready to be 
submitted for artificial insemination. It also detects animals that experienced abortion and resumed another heat cycle.  

(vii) Crop Sensors: They are digital tools that are used for improving the conditions of crops. They work by measuring various 
parameters of crops (yield, leaf area, quality, development stage, diseases and pest infections, level of nutrients and others). The 
outputs of the measurements are used for taking decisions or steps that will improve the conditions of crops.  

(viii) Digital Pasture Management Tools: These are set of digital tools equipped with meters, sensors and probes. They are used for 
precisely measuring the temperature and other parameters that affects the health of animals.  

(ix) Milking Robot: It is a complex digital device that milks cows automatically, instead of doing it manually. It has a means of 
detecting the precise time to milk cows. This is achieved based on the previous milking time and other important information 
already collected and stored in the memory of the device and its accessories on the cows.  

(x) Satellite/Drones: It is a remote sensing digital tool with different wavelengths and resolutions. It is used for aerial viewing or 
properly taking aerial images of farms or locations where other agricultural related activities are taking place. Images taken are 
used for decision making after interpreting them. 

3. Rice value chain in Nigeria 

The value chain is the description of all the required activities, from the conception of a product to its delivery to end users and 
beyond [47]. Also, it is the process of augmenting the existing value of products by diversifying their outputs through strategic product 
processing, upgrading, and marketing for the delivery of added value to customers [48]. Similarly, the value chain is the full range of 
activities that are required to bring a product or service from its conception to its end use [49]. The value chain is both an analytical 
and an operational model consisting of relevant stakeholders responsible for product or service delivery. Hence, the agricultural value 
chain (Fig. 4) is simply the people and activities that bring a basic agricultural product from the field to consumers [49]. Furthermore, 
value chain analysis is a useful analytical tool that helps to understand the overall direction of industrial reorganization, identify agents 
of change, and leverage points for policy and technical interventions [50]. The value chain serves some of the following purposes: it 
provides an important means to understand business-to-business relationships; it serves as a mechanism for increasing efficiency and 
productivity; it increases market links; and it adds value to products and services [51]. The value chain is needed for the growth and 
equity dimension of the modernization of agric-food systems [51], and it exists when all the stakeholders along the chain act in ways 
that will maximize value generation in the chain [23]. The major drawback to achieving rice value chains across the world is climate 
change, which has led to erratic rainfall patterns, overflooding of arable land, and drought [52,53]. 

The value chain for rice produced in Nigeria is presently controlled by a largely fragmented production and milling industry, with 
limited attention to creating new investments in either production or processing [39]. The presence of multiple participants in the 
traditional value chain is greatly reducing the expected accrued benefits. On the other hand, the private sector-driven model (e.g., 
Olam and Veetee rice mills) can compete with imported rice and contribute to a more efficient value chain that improves food security 
in Nigeria. Also, the public-private partnership idea of “Lake Rice,” which is primarily an agro-business partnership between Lagos and 
Kebbi states (Lake: La-Lagos and Ke-Kebbi); the Imota rice mill in Lagos State; and others are good initiatives that can reduce the 
importation of rice in Nigeria. This will go a long way in taking Nigeria many steps forward in achieving self-sufficiency in rice 
production, creating more employment opportunities, revamping other industries associated with rice production, and increasing the 
country’s GDP if well managed and sustained. 

According to Tinsley [13], the rice value chain in a typical Nigerian community is divided into three primary components: pro-
duction, processing, and marketing, with many interlinks (mainly transportation) between them. Generally, the following links exist in 
the rice value chain in Nigeria: Farmers to village buyers (bulk purchase of paddy) to traders and transporters to processors to 
wholesale market to retail market. Consumers usually buy from retailers. It is important to note that, there are some instances in which 

Fig. 4. Agriculture Value Chain. Adapted from Abbasi et al. [33].  
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the aforementioned links of the value chain may not be strictly followed as presented. In these situations, some actors in-between the 
links are bypassed, and two or more activities are eliminated or handled by a single actor. Sometimes, farmers (producers) may sell 
directly to processors or consumers or marketers. Likewise, it is possible for traders to sell directly to processors or wholesale marketers 
or retail marketers or consumers. Processors can also sell directly to retail marketers without involving wholesale marketers. Lack or 
poor accessibility to some actors, cost and time saving strategies, inadequate facilities, shortage of some value chain actors, lack of 
market dynamics information and deliberate attempt to eliminate the bad influence of middlemen are some of the reasons for 
bypassing some actors along the value chain. Production involves the following activities: land preparation for the establishment of 
crops, selection of variety and quality of seeds to be planted, planting, fertilizer application, crop protection, harvesting, threshing, 
drying (on-field drying to a level that can take place after harvesting and before threshing), and winnowing and on-farm storage (at a 
safe moisture content of about 14 %). Processing starts with parboiling (a combination of soaking and heating), drying, milling to 
remove husks and bran (single stage or double stage), and destoning. Marketing is the final component of the value chain. The pro-
cessed rice is sold under wholesale or retail arrangements to consumers or other traders. About six (6) hectares of land are needed for a 
Nigerian rice farmer to be regarded as a full-time farmer in the rice value chain. In another development, quality improvement along 
the value chain could be accompanied by an increase in production and processing costs. However, the financial burden will be passed 
on to consumers (most of whom are low-income earners), who may not be able to easily afford the cost. Also, it was observed that the 
price of local rice per kilogram in the Kano open market in 2009 was almost the same as small packages of rice in the major USA 
supermarkets; therefore, rice was reported to be relatively expensive in Nigeria. 

3.1. Importance of digitalization of rice value chain on productivity 

The importance of digital technology application to foods value chain (rice inclusive) cannot be over emphasized. It has the 
tendency to enhance the efficiency of the rice value chain [54]. It helps to know the origins of foods, their true varieties and actors, as 
well as tracking of activities and fraud minimization along the value chain [55]. Also, it increases transparency, data collection for 
decision making and visibility. Its aids efficient use of available resources, and supports circular economy activities [56]. More spe-
cifically, in recent times, it has made global rice trading to be faster, simpler, and with better accessibility to rice value chain actors 
[57]. Furthermore, digital technology can cause significant increase in rice yield with little involvement of human efforts. This sup-
ports social, environmental and economic aspects of sustainability of the rice sector of agric-food operations. In addition, there is 
higher possibilities of product cost reduction and decrease in the quantities of wastes generated [58]. 

3.2. Empirical studies on rice value chain in Nigeria 

There are some empirical studies on rice value chain in Nigeria. These studies were found in Ilu [23], and the respective author(s) 
and major findings are highlighted below: 

Onyenwaku [59]: The northern states in Nigeria had a comparative advantage over the southern states in the land needed to 
produce most grains (including rice). Akande [60]: Nigeria had a comparative advantage in the production of rice. Longtau [61]: There 
was a near-total collapse of large- and medium-scale rice schemes. Also, very low levels of use of modern inputs due to institutional 
failure deprived rice farmers of the needed support systems. Chuma [62] identified Nigeria as the largest importer of rice in the world, 
and it led to a shrinkage of domestic rice markets. It was concluded that a significant reduction in production at the farm level would 
improve the standard of local rice. The majority (95 %) of rice farmers in Nigeria operated on small-scale farms (0.5–1.5 ha). Poor seed 
quality, low fertilizer use, limited irrigation area, and the use of traditional cultural practices led to low rice yields. Erenstein et al. [63]: 
Provision of an enabling environment that would allow access to markets (for inputs, outputs, and information) would make rice 
production in Nigeria more attractive and competitive. Kebbeh et al. [64]: Better utilization of existing infrastructure can to the 
achievement of significant rice production gains. Erenstein et al. [65]: The sustainable way forward for the Nigerian rice sector is to 
allow significant competition to exist (in both price and quality) between local rice and imported rice. USAID [30]: Total sales of rice in 
Nigeria were above $5 billion per year, and $3 billion out of the said sales were from imports. The aforementioned indicated a sig-
nificant rice market in Nigeria. 

Furthermore, a group of researchers conducted the following studies on the rice value chain (processing aspect) from 2017 to 2023, 
with a focus on local varieties of rice in Nigeria: evaluation of the physical, milling and cooking properties of new rice (oryza sativa L.) 
varieties in Nigeria [66]; comparative studies of the effect of processing on cooking and sensory properties of selected rice varieties 
[67]; multi-objective optimization of parboiled rice quality attributes and total energy consumption [68]; modelling and optimizing 
the impact of process variables on brown rice quality and overall energy consumption [69]; rice parboiling using a dual-powered 
parboiler: evaluation of energy consumption patterns and milling quality [70]; evaluation of rice milling quality and energy 
requirement via a developed vibratory rice grader [71]; evaluation of energy consumption patterns in rice processing using Taguchi 
and artificial neural network models [67]; impacts of soaking time and steaming time on proximate, vitro-starch digestibility and 
amylose content of short, medium and long rice grain type [72]; influence of oscillatory motion of a rice dehydrator on energy 
consumption and milling quality of rice [73]. 

3.3. Circular economy in the rice value chain 

Nattassha et al. [74] reported circular economy (CE) as a system in which the wastes of one process are not discarded directly but 
instead become resources for other means. CE is sometimes referred to as the “reduce, reuse, recycle” model of materials [75]. 
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Agric-food sectors generate a lot of waste that is most often a menace to the environment via pollution and contamination. This sit-
uation is gradually reducing the eco-friendly nature of the environment as well as causing serious economic losses. Conventionally, the 
popular and age-long “take-make-waste” or “take-make-dispose” [75] life cycle of agric-food materials, which is a linear model, does 
not take into consideration other values that can be harnessed from agricultural by-products. Once agricultural raw materials are used 
or some parts not needed for specific purposes are separated, they are not considered as another form of raw material for producing 
other value-added products, but rather as waste or used for less beneficial purposes. These wastes are even sometimes not properly 
disposed, hence creating more harm than good to the environment. The concept of CE is a non-linear model waste management system 
(waste-to-wealth) that has the potential to address the identified challenges of the aforementioned linear model if properly imple-
mented. According to Illankoon et al. [76], CE addresses optimization of the use of available resources. It is also a means of achieving 
equilibrium among the economy, the environment and the society through supporting of closed manufacturing processes. In addition, 
CE takes the following into consideration: sustainable production practices at corporate-level, more awareness on the responsibilities 
of producers and consumers, exploration of the use of renewable materials and technology; and adoption of appropriate, consistent and 
clear policies and systems. The objectives of CE could be achieved through the manipulation or imposition of 9Rs (Fig. 5). It was 
reported that the primary objective of CE was to achieve maximum efficiency in resource use while keeping the production of waste 
and pollutants to a minimum [75]. 

3.4. Rice wastes 

Agricultural wastes are biomass residues and can be classified into two (2) categories: crop residues and agro-industrial residues 
[77]. Rice wastes are both crop and agro-industrial residues. Rice currently generates a high quantity of unavoidable wastes (Fig. 6) 
that are primarily from rice straw, rice husk, and rice bran [14,76]. Rice bran and rice husk account for about 0.05–0.1 kg and 0.28 kg 
of waste, respectively, per 1 kg of harvested rice [78]. Rice husk is mostly used as a heat source for paddy parboiling [79] and can also 
be explored for producing biofertilizer through composting [80]. Rice bran is one of the raw materials for making animal feeds [81]. 
The straws from rice are most often subjected to open burning during land preparation, used as mulch, or allowed to decay and 
insignificantly add to the fertility of the soil. Food loss (associated with rice grains during handling and processing), waste, and 
environmental degradation along the rice value chain are of increasing concern. Rice paddies contribute about 19 % and 11 % of 
methane and nitrous oxide emissions, respectively; these are parts of 43 % of greenhouse gas (GHG) emissions [21]. 

Illakoon et al. [76] reported that there was an increase in global rice production and harvested areas from 2000 to 2018 (Fig. 7). 
Similarly, there was also a progressive increase in rice consumption from 2000 to 2022 (Fig. 8). Considering the huge volume of waste 
and by-products generated along the rice value chain, the sub-sector has a high potential for generating different value-added 
products. However, there is a need to properly look into issues relating to the supply of waste and by-products, appropriate tech-
nologies for treating them, and cost-effective methods of converting them to other value-added products [76]. 

3.5. Compositions of rice wastes and conversion to value-added products 

The composition of the aforementioned three (3) main wastes along the rice value chain are presented in this section in line with the 
information found in Illankoon et al. [76]: 

Fig. 5. A Typical Circular Economy System. Adapted Illakoon et al. [76].  
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3.5.1. Rice straw 
Rice straw is the vegetative part of the rice plant. It consists of the stem, leaves, and pods. The straw is the major by-product 

obtained after threshing harvested rice stands. It contains lignin, cellulose, silicates, waxes, and minerals. The silica concentration 
in rice straw is high, but its lignin content is lower than that of the straws of other cereals. Rice straw can be converted basically to 
fertilizer, energy, animal feed, and other beneficial uses (Fig. 9). Subjecting rice straw to pyrolysis will yield bio-oil, biochar, and 
syngas. In addition, it is used for producing biogas via anaerobic digestion. Furthermore, rice straw is a raw material for making 
polypropylene composite, rice-straw cement bricks for load-bearing walls, and cheaper cement bricks with better mechanical, thermal 
insulation, and fire resistance properties. Also, rice straw is used in the following areas: making ceiling panels, bulletin boards, fiber 
boards, lactic acid, many kinds of enzymes, silage for feeding animals, and low-cost adsorbents for purifying contaminated water. 
Moreso, it can be used as a soil conditioner to replace organic matter, as a growth medium for mushrooms, and to enhance soil 
characteristics. 

Fig. 6. Rice Value Chain Wastes. Adapted from Illakoon et al. [76].  

Fig. 7. Global Rice Production and Harvested Areas Trends. Adapted from Illakoon et al. [76].  

Fig. 8. Global Rice Consumption Trend. Adapted from Illakoon et al. [76].  
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3.5.2. Rice husk 
Rice husk is the first hard covering on threshed rice grains. The hard covering (husk) is the layer that encapsulates brown rice 

grains. Rice husk is obtained after the milling operation known as dehusking (the removal of rice husk). The rice obtained after 
dehusking is referred to as brown rice. Therefore, rice husk is one of the main by-products of rice milling operations. It can be used to 
produce various value-added products (Fig. 10). It is also referred to as rice hull or rice chaff. Rice husk contains lignin, cellulose, and 
hemicellulose as its main organic compounds. Also, it has a considerably high calorific value (16720 kJ/kg), and about 20–30 % of its 
mass is made up of minerals (calcium, sodium, silica, iron, manganese, magnesium, and potassium). Rice husk is good for water 
treatment, using activated carbon to adsorb heavy metals from industrial effluents. Biochar can also be produced from rice husks. 
Imposing a pyrolysis process on rice husks will produce rice husk pellets, which are an alternative energy source for small-scale power 
plants. Biodiesel can also be produced from rice husks through pyrolysis and gasification processes. Rice husk in combination with 
starch or gum Arabic will give briquettes better burning efficiency than timber. Rice husk mixed with charcoal or sawdust will yield 
high-grade fuel. Rapid pyrolysis and catalytic treatment of rice husk produce boiler fuel oil. Ash from risk husks is used to produce the 
following value-added products: high-quality silica, heavy metal adsorbent, contaminants removal from biodiesel, paper coatings that 
enhance printing quality, cement of better quality, and reinforcing fillers for different rubbers. Rice husk can also improve the quality 
of epoxy paints. 

3.5.3. Rice bran 
It is the immediate outer layer over the white rice grain. The removal of the bran from the surface of brown rice (obtained after 

dehusking) through the milling process will give white rice. Several beneficial products can be derived from rice bran (Fig. 11). Rice 
bran is rich in fiber, carbohydrate (cellulose and hemicellulose), and lipids (about 14–18 % oil). It also has substantial proteins and 
minerals. Rice bran oil can be obtained from rice bran. The rice bran oil can be subjected to a transesterification process to produce 
biodiesel. Bioethanol can be synthesized from rice bran. Lactic acid and water pollutants can also be produced from rice bran. 
Hydrogen, an excellent substitute for conventional fossil fuels, can be produced from rice bran via the fermentation process. 
Fermentable sugars are viable products that can be derived from rice bran via enzymatic hydrolysis. Also, rice bran is a fiber-rich raw 
material for making animal feed. 

4. Conclusions 

The full use of traditional methods in the agric-food sector can no longer be on par with the rate at which the human population is 
growing globally. The tension between food demand and supply can be substantially resolved with the use of digital technology in the 
agric-food sector. The use of digital technology will, to a large extent, bridge the existing gaps in the rice value chain. The major by- 
products from rice processing (straw, husk, and bran), which are wrongly considered as wastes in most cases or underutilized, can be 
converted to other value-added products through the circular economy (CE) approach. The CE will protect the environment and make 
it more friendly. Also, it will improve productivity, increase income, and create better living conditions for those in the rice value chain 
in Nigeria. This review paper revealed that many activities of the rice value chain in Nigeria needs more digitalization attention, in 
order to improve productivity. 
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