


Economic and Environmental Evaluation of IoT-Based Smart Irrigation Systems for Rice Cultivation in South Korea
Abstract : 
Rice serves as a primary food source for more than half of the world’s population, but its production demands large amounts of water, raising concerns about food security. This study examines the impact of IoT-enabled smart irrigation systems (MIS) in South Korea, focusing on paddy field areas and rice yields across different provinces. Implementation of MIS led to a 20–50% reduction in water usage, up to an 88% decrease in labor requirements, and lower fuel and energy consumption, while boosting rice yields by around 39% and reducing the water footprint per unit of production by 29%. Despite these benefits, high initial costs and technical complexity may limit adoption among small-scale farmers. Overall, the results highlight the potential of MIS to enhance economic efficiency, environmental sustainability, and productivity, contributing to climate-smart and sustainable rice cultivation.









1. Introduction
Only around 0.01% of the Earth's water is readily accessible for human use, underscoring the extreme scarcity of water resources. As a result, conserving water in agriculture has become a pressing global challenge. Rice, in particular, is a staple for more than half of the world’s population and requires a large volume of water for cultivation (Vijayakumar et al., 2022). Rising water demand in rice-growing regions, coupled with limited availability, poses a significant threat to food security. With agriculture accounting for roughly 70% of global freshwater use, intensive groundwater extraction and the energy needed for irrigation impose a substantial burden on farmers, particularly in arid and semi-arid areas (Udimal et al., 2017; Sarker et al., 2021).
Since the pre-industrial era, atmospheric CO₂ levels have climbed from 250–300 ppm to over 410 ppm after 2020. This rise in greenhouse gases drives climate change, affecting agricultural water availability through shifts in precipitation, temperature increases, and more frequent extreme weather events. Higher temperatures accelerate evaporation, lower soil moisture, and can exacerbate drought conditions. Additionally, industrialization, urbanization, water pollution, and land-use changes intensify competition for freshwater, further straining supply (Teng et al., 2011; Surendran et al., 2021; Vijayakumar et al., 2021).
Traditionally, paddy field irrigation has been managed manually, requiring farmers to operate water gates on-site. This approach poses challenges, especially during hot summers, making coordinated water management difficult. Conflicts may arise when multiple farmers compete for water, and fieldwork during the rainy season can be hazardous. Furthermore, rice cultivation is a notable source of methane, a greenhouse gas with more than 25 times the global warming potential of CO₂. Methane emissions tend to increase with deeper water levels, highlighting the need for careful water depth management to mitigate environmental impacts.
In response, IoT-based smart irrigation systems have gained attention, enabling farmers to manage water levels remotely and more precisely. These systems deliver water according to crop needs, enhancing irrigation efficiency while reducing water and energy consumption. Equipped with IoT sensors, farmers can monitor soil moisture, temperature, and humidity in real time and control irrigation equipment from a distance. Compared to conventional methods, automated smart irrigation can cut water wastage by up to 95%, whereas traditional irrigation may waste 20–70% of water (Pernapati, 2018; Rajkumar et al., 2017).
Nevertheless, the successful implementation of smart irrigation depends on farmer acceptance, cost-effectiveness, and designs suited to local soil and climate conditions. This underscores the need for thorough evaluation and system optimization (García et al., 2020; Mallareddy et al., 2023). Recent advances in IoT technology have greatly enhanced the potential for developing smart irrigation solutions by enabling real-time data collection and analysis of crops and farming infrastructure, facilitating efficient resource use and optimized water and energy management (López et al., 2021).
Against this backdrop, the present study investigates the design and feasibility of IoT-based smart irrigation systems and proposes strategies to enhance both water and energy efficiency in agriculture. The goal is to identify practical solutions that support sustainable agricultural production while addressing the global challenges of climate change and limited freshwater availability.


2. Current Status of Rice Cultivation and Irrigation Management and Prospects for Smart Irrigation Adoption
2.1. Status of Paddy Rice Cultivation Area and Farmland Area by Province
In this study, the 2024 paddy rice cultivation area and farmland area by province in South Korea were examined (Fig. 1), and their impact on polished rice yield was analyzed (Fig. 2). The results indicate that rice cultivation is heavily concentrated in Jeollanam-Do, Chungcheongnam-Do, and Jeollabuk-Do. Among these, Jeollanam-Do had the largest areas with a cultivation area of 147,714 ha (129,000 ha in 2025) and a farmland area of 161,878 ha, followed by Chungcheongnam-Do (129,786 ha cultivation; 139,686 ha farmland) and Jeollabuk-Do (104,343 ha cultivation; 121,610 ha farmland) (KOSIS, 2024). Correlation analysis showed strong relationships between farmland area and polished rice yield (r = 0.9945) and between cultivation area and yield (r = 0.9955), indicating that larger cultivation areas generally correspond to higher production.
In the major rice-producing provinces, over 85% of farmland is allocated to paddy rice, reflecting a rice-centric agricultural structure. High productivity in these regions is supported by favorable soil quality, adequate water resources, suitable climate conditions, and well-established infrastructure. In contrast, urban areas and Jeju Island, with smaller cultivation areas and lower farmland utilization, do not maintain such a rice-centered structure.
Extensive rice cultivation translates into high irrigation demand, making efficient water management directly relevant to economic outcomes in agriculture. Rice farming typically relies on substantial freshwater irrigation, during which over-irrigation, water losses, and methane emissions can occur. As previously noted, smart irrigation technologies have been shown to reduce water wastage by up to 95% compared with conventional methods. Similar patterns have been observed in ongoing water management studies in Uiryeong, Gyeongsangnam-Do, where traditional irrigation reportedly wastes 20–70% of water (Pernapati, 2018).
In South Korea, average paddy field sizes are approximately 2,700 m² or 5,000 m². For larger fields (5,000 m²), introducing IoT-based irrigation systems is expected not only to decrease water and labor inputs but also to enhance yield potential. For small- to medium-sized fields, 3–4 fields can be managed per unit by utilizing elevation differences or, in flat terrain, a single water gate can control 3–4 fields. By implementing real-time soil moisture monitoring, automated irrigation control, and growth-stage-specific water management, unnecessary irrigation can be minimized, reducing labor and water use while maintaining or improving productivity.
In regions with extensive rice cultivation such as Jeollanam-Do and Chungcheongnam-Do, smart irrigation technology can contribute to water conservation and support carbon-neutral farming. Additionally, IoT-based systems can be integrated with techniques like Alternate Wetting and Drying (AWD) and precision water management, evolving into climate-resilient agricultural practices.
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Fig. 1. Status of paddy rice cultivation area and farmland area by province in South Korea, 2024 (KOSIS, 2024)
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Fig. 2. Correlation between cultivation/farmland area and polished rice yield by province (KOSIS, 2024)

2.2. Current Status of Water Management and Prospects for Smart Irrigation Adoption
Analysis of paddy irrigation volumes by province in 2022 (Fig. 3) revealed that Jeollanam-Do recorded the highest water usage at 2,294,306 × 1,000 m³ per year, followed by Chungcheongnam-Do with 1,847,975 × 1,000 m³ and Jeollabuk-Do with 1,671,375 × 1,000 m³ (KOSIS, 2022). These findings suggest that provinces with larger cultivation and farmland areas require greater amounts of irrigation water.

Figure 4 summarizes the frequency and duration of water management activities per week (KOSIS, 2024). About 37% of farms managed irrigation fewer than three times weekly, 39% did so three to six times, and 10.5% six times or more, indicating that most farmers irrigate roughly three to six times per week. Regarding time spent on irrigation, 43.5% of farms devoted one to three hours per week, followed by three to five hours (16%) and five to ten hours (12%). Some farms required more than six irrigation events or over 20 hours per week, demonstrating that the labor burden varies depending on field size and regional conditions.

During the cultivation season, the average labor input for water management in paddy fields was estimated at 15.2 days per person per hectare, representing approximately 11.7% of total working hours (Jung et al., 1995). For upland crops, studies indicate an average of 8.5 labor hours per unit area for irrigation, indirectly confirming that rice cultivation also entails substantial labor demands (Heitkämper et al., 2015).

Consequently, in areas with extensive rice cultivation, both water usage and labor requirements are high, highlighting the importance of efficient water management for maintaining agricultural profitability and productivity. The implementation of sensor-based real-time soil moisture monitoring, automated irrigation control, and growth-stage-specific water scheduling can minimize unnecessary irrigation, reduce labor and water consumption, and sustain or even enhance crop yields.
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Fig. 3. Irrigation Water Use by Province in South Korea (KOSIS, 2022)
[image: ]

Fig. 4. Weekly frequency and duration of water management activities (RDA, 2025)
2.3. Evolution of Irrigation and Drainage Systems in Korean Rice Cultivation
Historically, farmers managed paddy irrigation by manually digging water channels on bunds using shovels or similar tools. With the introduction of chemical products and nylon materials, items such as fertilizer bags or plastic sheets were also employed to control irrigation and drainage. These approaches, however, were labor-intensive and made precise water-level management challenging. Up until roughly a decade ago, more advanced systems incorporating stainless steel water gates were used. In recent years, IoT-based irrigation systems leveraging remote sensing technology have been developed and tested, allowing a single farmer to simultaneously manage irrigation and drainage for anywhere from 20 to 100 paddy fields.
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Fig. 5. Conventional mid-separating manual device (left) and individual water irrigation gate in Milyang-City, Korea.
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Fig. 6. Smart IoT based irrigation and drainage system in Uiryung-Gun, Korea.
3. Efficiency, Economic, and Environmental Benefits of IoT-Based Smart Irrigation Systems
Traditional rice cultivation has often relied on continuously flooding entire paddy fields, which results in excessive water, labor, and energy consumption and leads to high costs relative to productivity (Kumar et al., 2019). Such unnecessary flooding also increases fuel use, labor demands, and greenhouse gas emissions (Siopongco et al., 2013; Nalley et al., 2015).
In contrast, IoT-enabled smart irrigation systems (MIS) employ soil moisture and water-level sensors, automated valves, and remote monitoring technologies to assess field conditions and weather in real time, allowing irrigation to be precisely adjusted according to crop growth stages. This approach minimizes over-irrigation, reducing water use by 20–50% compared with conventional methods (Kazuyuki Yagi et al., 1996). Fuel consumption per growing season has been reported to decrease by up to 30 L ha⁻¹ (Siopongco et al., 2013). Automated water management also substantially lowers labor requirements, with reductions of 82–88% for flush irrigation and up to 57% for traditional flooding (Binayao et al., 2024; Smarter Irrigation for Profit, 2021), alleviating labor burdens significantly.
Laphatphakkhanut et al. (2021) reported that MIS can increase yields by roughly 39% compared to conventional flooding while using less water. The water footprint per ton of rice was 2,343 m³ under MIS, approximately 29% lower than the 3,310 m³ per ton observed with traditional irrigation. These improvements reflect the system’s capacity to reduce unnecessary water loss and maintain optimal water levels, even during high-temperature periods, thereby enhancing both productivity and resource efficiency.
Additionally, real-time monitoring and automated alerts enable farmers to promptly identify and resolve irrigation issues, reducing costs associated with management errors. Dependence on manual labor is also decreased, allowing optimal water management that supports higher yields and improved crop quality. Overall, automated irrigation systems not only conserve labor, water, and energy but also contribute to long-term farm profitability (Masseroni et al., 2017).
In summary, IoT-based smart irrigation offers clear advantages over conventional flooding, including improved water conservation, labor and energy efficiency, enhanced productivity, and greater climate resilience, highlighting its potential as a sustainable solution for rice cultivation and agricultural water management.

4. Economic Evaluation and Cost–Benefit Analysis of MIS
Although IoT-based smart irrigation systems (MIS) involve initial installation costs, the resulting reductions in water, labor, and energy usage can offset these expenses, leading to lower long-term operational costs and improved farm profitability (Palis et al., 2004; Kumar et al., 2019). MIS proves especially cost-effective in areas where water scarcity and energy costs are significant concerns. Additionally, minimizing over-irrigation helps reduce greenhouse gas emissions, such as methane, supporting climate-smart agricultural practices (Siopongco et al., 2013; Nalley et al., 2015; Bwire et al., 2024).
For instance, Champness et al. (2023) reported that in Australia, the initial cost of installing a smart irrigation system was approximately AUD 700 per hectare, while annual savings ranged from AUD 1,600 to 2,000 per hectare, resulting in a payback period of about one year. This demonstrates the technology’s short-term economic feasibility.
In conventional gravity-fed surface irrigation, farmers spend roughly 40% of their daily working hours operating water gates to maintain paddy water levels (Sekozawa, 2010), which increases the need for hired labor and associated costs. In contrast, automated and remotely controlled systems greatly reduce repetitive management tasks, leading to significant labor savings. Platforms such as BayDrive and FarmConnect® also enhance water-use efficiency and limit unnecessary water runoff, further lowering irrigation costs (Gonçalves et al., 2011; Smith et al., 2016).
The economic advantages of MIS can be more rigorously assessed through cost–benefit and sensitivity analyses that take into account factors such as farm size and fluctuations in water and energy prices. These evaluations enable farmers and policymakers to make more informed decisions regarding technology adoption.
Conclusion
[bookmark: _GoBack]IoT-based smart irrigation systems provide distinct economic and environmental benefits over traditional irrigation methods, including savings in water, labor, and energy, higher productivity, economic feasibility, and enhanced climate resilience. These benefits emphasize the potential of MIS as a central tool for sustainable rice cultivation and agricultural water management, while economic assessments of MIS adoption can directly inform policy decisions related to national food security and climate-smart agriculture.[image: ][image: ][image: ]
Fig. 7. Installation of IoT-based irrigation systems in Geochang, Uiryeong, and Hamyang.


5. Limitations of IoT-Based Smart Irrigation Systems and Future Research Directions
IoT-based smart irrigation systems provide notable benefits, including water savings, reduced labor and energy requirements, and higher crop productivity. Nevertheless, several challenges remain. Most previous studies have focused on countries such as India, China, and the United States, and their applicability across a wide range of agricultural environments has not been extensively validated (Abdelmoneim et al., 2025). Research has largely concentrated on technical components, such as sensor technologies, communication protocols, and automation frameworks. Furthermore, effective IoT-based decision-making depends on comprehensive, high-quality datasets; however, in some regions, limited information on soil moisture, weather, and crop growth can reduce the accuracy of predictive models.
High initial costs for devices, sensors, communication infrastructure, and computing resources can discourage adoption among small-scale farmers. The technical complexity of installation and maintenance requires specialized knowledge, which can be a financial and operational burden for smallholders. Continuous operation can also be impeded by constraints such as sensor power limitations, battery life, and unstable electricity or internet connections in remote areas. Additionally, unpredictable factors like extreme weather events, pest or disease outbreaks, and compatibility issues with existing irrigation infrastructure can limit system performance. Cybersecurity risks, as well as data privacy and protection concerns, further complicate widespread adoption (A. Villa-Henriksen et al., 2020; K. Obaideen et al., 2022; Ghareeb et al., 2023).
Future research should address these challenges by integrating IoT systems with emerging technologies such as AI, edge computing, and blockchain, creating more adaptive and predictive irrigation solutions. Empirical validation across diverse agricultural contexts and interdisciplinary collaboration will be essential to develop scalable systems. Studies should also examine the effects of IoT-based irrigation on crop physiology, nutrient status, and soil health, while continuously refining the systems to maximize water and energy efficiency and support sustainable water management. Evaluating cost-effectiveness for small-scale farmers and designing support strategies informed by policy measures will be crucial. These efforts will help advance the practical implementation of smart irrigation technologies and promote long-term agricultural sustainability.
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