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ABSTRACT: The problem of grain conservation continues to be hampered by the existence of post-harvest losses owing to poor storage facilities. The paper introduces the Design and Development of Smart Silo: A New Method for Autonomous Grain Storage Monitoring System with the aim of enhancing storage efficiency through automation and monitoring. In the process of determining key parameters such as temperature, humidity, and gas levels in the storage facility, the system uses the combination of sensors and ESP32 microprocessor. Red lentil, kidney bean, and finger millet have been used as test grains during different conditions. From the results, optimal storage was achieved at 25°C, 45–60% relative humidity, and less than 500 parts per million of gas levels. Maintain a consistent environmental conditions and reducing the danger of rotting. The system was able to detect both early and advanced stages of spoilage and activated control procedures such as exhaust fans and UV lights when environmental factors exceeded set thresholds. IoT-powered remote monitoring and alarms were sent through real-time data transfer. In conclusion, through maintaining environmental stability and reducing spoilage, the proposed intelligent silo system is found to be significantly superior to traditional methods of grain storage. Kidney beans emitted the most gases during the late stages, finger millet was stable at moderate levels, while red lentils were more prone to spoilage. It was found that this technology is reliable, cost-effective, and applicable for practical use.The developed smart grain storage monitoring system represents an innovative and sustainable approach towards minimizing post-harvest grain losses
Keywords: Post-harvest grain losses, Smart grain storage system, Internet of Things (IoT), Gas sensor-based spoilage detection, Real-time environmental monitoring, Blynk IoT Application, UV Sterilization, Automated Ventilation System. 

1. INTRODUCTION

Ensuring food security is one of the most important issues facing the world at present, more so in developing nations that rely on agriculture for sustenance. Even when food production is rising, large amounts of crops are wasted after harvesting, owing to inefficient processing and storage practices. Inefficient post-harvest grain loss is a major issue affecting many countries, with India being one of them. (Gill, J. S., & Sharma, S, (2021). There is no doubt that significant amounts of grains are wasted owing to inadequate storage facilities. Cereal grains and legumes are some of the crops that are frequently affected by losses caused by various reasons. The failure to monitor grain storage adequately often causes their deterioration without knowledge of the farmer or food processor. Several environmental conditions play an important part in determining the quality of stored grains. Poor management of these conditions increases the rate of degradation of the grains and shortens their shelf life. 
High moisture in storage facilities encourages fungi multiplication and the formation of mycotoxins, which negatively affect the quality of the grains as well as cause serious illnesses in people who consume them. In the same way, temperature changes inside storage structures increase the respiration rate and promote insect infestations. Palumbo, et al., (2019). 
Elevated temperatures provide ideal conditions for insects and microorganisms, hastening grain deterioration. It is necessary, to maintain ideal temperatures and moisture levels to preserve grain quality. Smart grain storage systems integrate sensors, microcontrollers, and automation controls to ensure proper storage conditions. They are built in such a way that they monitor various environmental factors and operate automatically upon detecting abnormalities. For instance, the system may activate ventilation to lower temperatures or apply sterilization techniques to mitigate the presence of microorganisms. (Fizza. et al., 2021).Automating this process eliminates the need for manual interventions and allows for the constant creation of optimal storage environments. Such systems have great benefits for warehouses, silos, ration shops, and small-scale storage facilities.
2. LITERATURE REVIEW 
2.1 Smart Monitoring Technologies in Post-Harvest Grain Management
Losses occurring during post-harvest in India are mostly because of inefficiencies in the value chain and they occur from 8% up to 15% depending on the type of commodity or crop and how the process was done (Gulati et al., 2024). The importance of supply chain systems is demonstrated in that post-harvest losses occur in many stages, including handling, storage, and marketing (Vishwakarma et al., 2023) (Balai et al., 2018). The advanced technology, such as intelligent storage facilities and Internet of Things technology-enabled monitoring, could significantly reduce grain loss (Nath et al., 2024) (Madhukar et al., 2025).
Grain spoilage while in storage was determined to be influenced by insect infestation, moisture penetration, and fungal infection. This was reported in other developing countries where social economic constraints and the absence of technical knowledge were strongly linked to postharvest grain loss. (Kalita et al., 2017).
2.2 Transition from Traditional Systems to Smart Monitoring Technologies
In India, storage of food grains is done by a combination of traditional and modern storage techniques that each differ in their ability to preserve the grains. The use of mud bins, bamboo racks, and jute bags as traditional storage techniques is common practice among farmers, especially in rural areas. These methods are highly susceptible to climate factors such as humidity, temperature, and pest attack, which might lead to significant losses after harvesting. 
The absence of a monitoring and control process in the conventional methods has caused a decline in the quality and quantity of grains. It is imperative to incorporate modern technologies such as IoT for continuous monitoring and early detection of storage issues. (Priyadarsani et al., 2023).
2.3 Insect Infestation in Stored Grains
The presence of insect infestations in stored food items such as finger millet, red lentils, and kidney beans causes significant post-harvest losses that may affect both quality and quantity of food produce. Sitophilus oryzae, Rhyzopertha dominica, and Ephestia cautella insects are capable of causing serious damage to stored grains of finger millet by feeding on them, thus reducing their nutritive value. With improper storage, insects are capable of resulting in losses up to 50%, highlighting the importance of adopting an effective method for pest control. (Kumar et al., 2021). 
It is believed that bruchid beetles such as Callosobruchus chinensis and Callosobruchus maculatus cause severe damages to leguminous seeds such as kidney beans and red lentils when they are stored. Such damage is attributed to financial costs associated with infestation and deterioration of quality by drilling through the seeds, eating their interiors, and reproducing rapidly (Hajam et al., 2022).
2.4 Smart food grain storage system using Internet of Things
In order to reduce post-harvest losses, the project is centered around developing a smart food grain storage system based on IoT. As stated by Priyadarsani et al. (2023), traditional methods for storing grain often rely on manual monitoring, which leads to considerable losses, and cannot recognize early signs of spoilage.
IoT-enabled systems incorporate sensors, microcontrollers, and cloud services to monitor environmental variables such as temperature, humidity, and gases. Stress the advantage of farmers and warehouse operators being able to recognize unfavourable conditions at an early stage and taking corrective measures using automation.
The MQ-135 sensors help in measuring the concentration of gases such as CO2 and ammonia, whereas the DHT22 and SHT31 sensors measure temperature and humidity. Microcontrollers such as Arduino and ESP32 analyse the collected data by the sensors and then transmit it to cloud-based platforms such as ThingSpeak using GSM technologies. In case of exceeding permissible levels of environmental parameters, alerts are immediately sent to facilitate timely action. (Priyadarsani et al., 2023),
2.5 Development of Internet of Things Systems for Monitoring Agricultural Silos
The conventional grain silo structures and warehouses often depend on simple tools and manual inspections. Such factors as the moisture gradient, heat zones, infestation by insects or pests, microbial activities, and gases (such as CO₂, NH₃) cause spoilage, weight loss, and poor quality of grains. The variations in humidity and temperature during storage influenced the extent of weight loss, observed by (Ekuewa et al., 2022),
The ESP32 microcontroller is deployed for the hardware system to analyse the sensor readings and transmit them to the cloud-based platform. IOT-based monitoring helps manage the quality of the grains by maintaining constant conditions inside the container.
In an effort to preserve grain and mitigate post-harvest loss, Rodriguez et al., (2021) have developed IoT-based system for agricultural silos. This research identifies that the major causes of mold, insect infestations, and spoilage of grains within silos are environmental conditions.
3. MATERIALS  AND METHODOLOGY
3.1 System Architecture
The system consists of sensors, a microcontroller, actuators, and a communication module. Sensors measure temperature, humidity, and gas concentration, while the microcontroller processes the data and controls system responses.
3.2 Working Principle
The system operates in a continuous loop where environmental parameters are monitored in real time. The ESP32 microcontroller compares sensor readings with predefined threshold values. Based on this comparison, the system classifies storage conditions into safe, moderate, or critical levels. When abnormal conditions are detected, control actions such as ventilation and UV sterilization are activated. Simultaneously, data is transmitted to an IOT platform, enabling remote monitoring and alert notifications.
3.3 Experimental Setup
The construction of the intelligent silo model involved sensors installed at particular locations. Some of the crops whose samples weighing 2 kilograms each were kept inside the silo included finger millet, kidney beans, and red lentils. Among other vital factors that were continually monitored and documented by the system were the temperature, humidity levels, and weight of the grain. Abnormal environmental conditions like increased humidity levels and temperature were artificially introduced in order to test the system's response. The system reactions, including the operation of the fan and the ultraviolet disinfection unit, were observed. The information from all the sensors was then uploaded to a cloud server for further analysis.


3.4 3d design of smart grain silo storage
[image: ]The design of the silo is meant to ensure structural stability and facilitate ease of installation through attaching a storage cylinder to a rigid support structure. This silo has a discharge chute at its base for easy discharge while having an entrance area for filling the silo with grain. Air movement is facilitated through installing an exhaust fan near the ventilator in the silo. To monitor the temperatures, humidity, and gas composition inside the silo, sensors have been installed within the body of the silo. 
                          Fig no 3.1 3D smart grain silo
3.5 [image: C:\Users\hp\Downloads\circuit diagram for silo .jpeg]circuit diagram of smart silo

              Fig no 3.2 circuit diagram of silo
This intelligent silo system ensures integration of all these elements for effective monitoring and management purposes. For instance, LM2596 step-down DC voltage regulator takes care of stepping down 12V into 5V for running of the ESP32 microcontroller and the various sensors including the DS18B20, DHT11, MQ135 and MQ4. In case any reading from the sensors exceeds predefined levels by the data analysis process, the relay operates to switch the exhaust fan and the UV lights. 
4. RESULT AND DISCUSSION 

4.1 Evaluation of Safe and Spoilage Condition of finger millet
For each 2 kg of grains (finger millet, kidney beans, and red lentils), the five experiments were carried out for a valid and trustworthy experimental of design and development of smart silo and a total five trials were conducted for each grain sample to ensure better accuracy and reproducibility and totally 15 trials are conducted for 3 grains .
	S.no 
	Trials 
	Temperature (°C)
	Humidity (%)
	Gas (ppm)
	Action Taken 

	1.
	1
	20
	55
	300
	No action 

	2.
	2
	22
	58
	450
	No action 

	3.
	3
	24
	62
	650
	Fan ON 

	4.
	4
	27
	66
	850
	Fan + UV + Alert

	5.
	5
	31
	70
	1100
	Fan + UV + Alert




     Fig no  4.1 Result for  Finger millet 
	The result successfully captured various phases of grain rotting and identified differences in storage conditions is shown in the figure 4.1.  The research chose 2 kg of finger millet because of its moderate risk of spoiling in storage. Over the period of 5 to 7 days, observations were made at regular intervals of two to four hours.
4.2 Evaluation of Safe and Spoilage Condition of kidney bean 
The observation table for kidney beans demonstrates a steady rise in temperature, humidity, and gas levels throughout the trials. According to preliminary experiments, there is no need for action and safe storage conditions. The exhaust fan is turned on by the system when parameters surpass threshold limits. High gas concentrations at advanced stages successfully stop further spoiling by triggering UV therapy, ventilation, and alarms.
	S.no 
	Trials 
	Temperature (°C)
	Humidity (%)
	Gas (ppm)
	Action Taken 

	1.
	1
	20
	55
	350
	No action 

	2.
	2
	23
	60
	500
	No action 

	3.
	3
	26
	63
	700
	Fan ON 

	4.
	4
	28
	67
	950
	Fan + UV + Alert

	5.
	5
	32
	72
	1200
	Fan + UV + Alert





The graph represents kidney beans were chosen for the examination because of their modest storage spoiling susceptibility. Over the duration of 6 to 8 days, observations were made at regular intervals of two to four hours. Accurate tracking of changes in temperature, humidity, and gas levels was made possible by this regular monitoring is shown in the figure 4.2 


                                                              Fig no 4.2 Result for kidney bean 


4.3 Evaluation of Safe and Spoilage Condition of Red lentils 
The safe level of the grain is represented by trials 1 and 2, where no action is taken. Good storage conditions are shown by the values staying within safe bounds. Trial 3 of finger millet exhibits an early warning for spoiling detection that prompts action, and trials 4 and 5 amply illustrate how rising temperature, humidity, and gas levels in finger millet identify advanced spoilage and prompt storage system action.
	S.no 
	Trials 
	Temperature (°C)
	Humidity (%)
	Gas (ppm)
	Action Taken 

	1.
	1
	20
	50
	280
	No action 

	2.
	2
	21
	54
	400
	No action 

	3.
	3
	23
	58
	600
	Fan ON 

	4.
	4
	26
	62
	750
	Fan + UV + Alert

	5.
	5
	29
	68
	1000
	Fan + UV + Alert




The graph for red lentils shows a gradual increase in temperature, humidity, and gas levels from Trial 1 to Trial 5. Over the duration of 4 to 8 days, observations were made at regular intervals of two to four hours. Initial trials indicate safe conditions, while Trial 3 reflects early spoilage. Trials 4 and 5 show significant increases, indicating advanced spoilage, where the system activates fan, UV light, and alerts.

                                                                                      Fig no 4.3 Result for Red lentil
	
5. CONCLUSION 
The development and implementation of a monitoring system for a smart silo based on the Internet of Things technology for better storage of grains and reduction in losses post-harvest. This monitoring system that operates using ESP32 technology includes load sensors and other environmental and weight sensors including DHT11 and DS18B20. In experiments, this system has proven capable of tracking temperature, humidity, and the amount of stored grains in real-time. The functionality of the system in automatically starting up the process of aeration and ultraviolet disinfection to ensure favourable storage is highlighted by the creation of abnormality. Furthermore, decisions regarding spoilage can be aided by continuous data collection and monitoring from afar. Being a cost-effective way of enhancing food security, the proposed approach shows great promise in the field of smart grain storage.


6. FUTURE SCOPE
The intelligent algorithm and sensors can be integrated with the smart silo to improve its performance. In future research, the use of advanced gas sensors and highly accurate sensors such as the DHT22 sensor can help detect spoilage gases earlier. Machine learning algorithms can assist in analysing grain decay and identifying anomalies.
To improve energy efficiency in rural areas, solar power can be incorporated into the system. The usability can be improved through developing an exclusive mobile app that allows remote monitoring and alerts. Practicality can be improved by linking the prototype with the warehouse management systems and scaling up to larger silos. In summary, all these improvements will increase the reliability, intelligence, and suitability of the system for agricultural applications.
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FingerMillet - Trial Analysis 
Trial 	1	2	3	4	5	Temperature (°C)	
20	22	24	27	31	Humidity (%)	
55	58	62	66	70	Gas (ppm)	
300	450	650	850	1100	tRAILS

VALUES



Kidney bean - Trail Analysis
Trial 	1	2	3	4	5	Temperature (°C)	
20	23	26	28	32	Humidity (%)	
55	60	63	67	72	Gas (ppm)	
350	500	700	950	1200	TRAILS

VALUES



Red Lentil - Trial analysis
Temperature (°C)	
1	2	3	4	5	20	21	23	26	29	Humidity (%)	
1	2	3	4	5	50	54	58	62	68	Gas (ppm)	
1	2	3	4	5	280	400	600	750	1000	TRAILS

VALUES
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