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Abstract Manuscript Information 

 

Mining industries across the world are increasingly adopting digital technologies to address 

challenges associated with worker safety, operational inefficiency, and environmental 

degradation. Underground mining environments are particularly hazardous due to the presence 

of toxic gases, high temperatures, dust generation, poor illumination, and the possibility of roof 

falls and explosions. The integration of the Internet of Things (IoT), automation, wireless 

sensor networks, and cloud computing has emerged as a transformative solution for developing 

intelligent and sustainable mining systems. 

This research presents an IoT-based smart mining framework designed for real-time 

environmental monitoring, automated hazard detection, and operational control in underground 

mines. The proposed system utilises a Raspberry Pi 3 Model B+ integrated with MQ2 gas 

sensors, DHT11 temperature-humidity sensors, Light Dependent Resistors (LDR), ultrasonic 

sensors, and cloud-based monitoring platforms such as ThingSpeak. The system continuously 

measures methane concentration, temperature, humidity, and illumination levels while 

transmitting data to remote supervisors for continuous monitoring and analysis. Automated 

warning mechanisms including buzzers and LED indicators, are activated when hazardous 

conditions exceed permissible limits. 

The study demonstrates that IoT-enabled mining significantly improves worker safety, reduces 

response time during emergencies, enhances productivity, and minimizes environmental 

impacts through optimized energy consumption and predictive maintenance. Furthermore, the 

research highlights the environmental benefits of smart mining technologies, including reduced 

fuel consumption, lower greenhouse gas emissions, and improved resource utilization. The 

findings indicate that the integration of IoT and automation can support the transition toward 

sustainable and intelligent mining operations aligned with Industry 4.0 principles. 
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1. INTRODUCTION 

Mining plays a crucial role in economic growth by supplying 

essential raw materials for power generation, infrastructure 

development, transportation, and industrial manufacturing. 

Despite its economic importance, mining remains one of the 

most dangerous industrial activities due to exposure to toxic 

gases, underground fires, poor ventilation, dust inhalation, 

machinery accidents, and roof collapses. Traditional mining 

operations largely depend on manual inspection and periodic 

monitoring, which often fail to provide immediate detection of 

hazardous conditions. Consequently, delays in identifying 

unsafe conditions can result in severe accidents, environmental 

pollution, and economic losses. 

Recent advancements in digital technologies, particularly the 

Internet of Things (IoT), Artificial Intelligence (AI), cloud 

computing, and automation, have revolutionized industrial 

processes under the concept of Industry 4.0. IoT refers to 

interconnected devices and sensors capable of collecting, 

transmitting, and analyzing real-time data through internet-

enabled networks (Gubbi et al., 2013). In mining industries, IoT 

enables continuous monitoring of environmental conditions, 

machine health, worker movement, and production systems, 

thereby improving safety and operational efficiency. Lee et al. 

(2015) emphasized that cyber-physical systems form the 

foundation of Industry 4.0 by integrating physical operations 

with intelligent digital control systems. 

The adoption of automation and IoT technologies in mining has 

also contributed significantly to environmental sustainability. 

Conventional mining operations consume large quantities of 

diesel fuel and electricity while generating dust, greenhouse 

gases, and waste materials. Smart mining systems optimize 

equipment utilization, reduce idle machine operation, and 

enable predictive maintenance, thereby lowering energy 

consumption and emissions (World Economic Forum, 2020). 

Autonomous haulage systems and remotely operated equipment 

have further reduced human exposure to hazardous 

environments while enhancing productivity (Caterpillar Inc., 

2022). 

This study proposes an integrated IoT-based smart mining 

system for underground mining applications. The research 

focuses on real-time environmental monitoring using wireless 

sensors and cloud-based communication systems. The proposed 

framework aims to improve worker safety, reduce 

environmental impact, and enhance operational reliability 

through intelligent automation.  

 

2. OBJECTIVES OF THE STUDY 

The major objectives of this research are to develop a smart 

mining framework capable of improving safety, productivity, 

and environmental sustainability in underground mining 

operations. The system aims to minimize worker exposure to 

hazardous gases through continuous environmental monitoring 

and automated warning systems. Another objective is to 

enhance operational efficiency by reducing manual inspection 

requirements and enabling uninterrupted monitoring of my 

conditions. The study also seeks to reduce operational costs 

through predictive maintenance and efficient resource 

utilization. Real-time data acquisition and cloud integration are 

intended to support intelligent decision-making and remote 

supervision. In addition, the research emphasizes environmental 

protection by optimizing energy consumption, reducing 

greenhouse gas emissions, and minimizing unnecessary 

machine operation in mining environments. 

 

3. LITERATURE REVIEW 

The rapid development of Industrial IoT (IIoT) has significantly 

influenced the modernization of mining industries worldwide. 

Gubbi et al. (2013) described IoT as a technological framework 

capable of connecting sensors, communication systems, and 

intelligent devices for real-time data exchange and automation. 

Their work established the foundation for smart industrial 

systems capable of remote monitoring and autonomous control. 

Lee et al. (2015) proposed a cyber-physical systems 

architecture for Industry 4.0 manufacturing systems, 

emphasizing the integration of sensors, cloud computing, and 

intelligent analytics. Their research demonstrated that real-time 

monitoring and predictive analysis can improve industrial 

productivity while minimizing operational risks. Similarly, 

Zhou et al. (2015) discussed the opportunities and challenges 

associated with Industry 4.0 technologies, highlighting their 

potential for intelligent mining operations. 

Several studies have specifically focused on IoT applications in 

mining safety. Aziz et al. (2020) investigated Industrial IoT 

architectures in mining industries and concluded that real-time 

data acquisition can significantly improve underground safety 

management. However, they noted that infrastructure 

limitations and high implementation costs remain challenges in 

developing countries. Herur et al. (2022) developed an IoT-

based coal mine safety monitoring system capable of detecting 

methane and carbon monoxide concentrations in underground 

mines. Their findings demonstrated improved hazard detection 

and emergency response compared to conventional monitoring 

methods. 

Wireless sensor networks have become increasingly important 

in underground mining applications. Kirubakaran et al. (2024) 

proposed a wireless sensor-based mine safety monitoring 

system capable of continuously measuring environmental 

conditions and transmitting data to centralized control systems. 

Their research confirmed that wireless technologies reduce 

communication delays and improve operational coordination in 

underground mines. 

The environmental implications of digital mining technologies 

have also attracted significant attention. The World Economic 

Forum (2020) highlighted that digital transformation in mining 

industries can reduce fuel consumption, optimize resource 

extraction, and lower carbon emissions through automation and 

predictive analytics. The International Council on Mining and 

Metals (2021) emphasized the importance of cleaner and safer 

mining equipment to support sustainable mining practices. 

Major mining companies have successfully implemented 

automation technologies in large-scale operations. Rio Tinto 

(2023) reported that autonomous haulage systems and remote 

operation centers significantly improved productivity while 

reducing accident rates in Australian mining operations. 
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Similarly, Komatsu Ltd. (2021) demonstrated that intelligent 

mining systems can optimize equipment performance and 

minimize environmental impacts through real-time monitoring 

and automation. 

Recent research has further explored the integration of AI and 

predictive maintenance in mining industries. Rojas et al. (2025) 

proposed AI-driven predictive maintenance systems capable of 

analyzing sensor data to detect equipment failures before 

breakdowns occur. Their findings indicated substantial 

reductions in downtime and maintenance costs. Kishore (2024) 

discussed challenges associated with digital transformation in 

mining sectors, including cybersecurity risks, connectivity 

issues, and technological adaptation barriers. 

The existing literature confirms that IoT and automation 

technologies have significant potential to improve safety, 

productivity, and environmental sustainability in mining 

operations. However, further research is required to develop 

cost-effective and scalable solutions suitable for underground 

mining conditions. 

 

4. System Design and Architecture 

The proposed smart mining system is designed around a 

centralized IoT architecture using Raspberry Pi 3 Model B+ as 

the primary processing and communication unit. The system 

integrates multiple environmental sensors, wireless 

communication modules, cloud computing platforms, and 

automated warning mechanisms to ensure continuous 

monitoring and control of underground mining conditions. 

The Raspberry Pi functions as the central controller responsible 

for collecting sensor data, processing environmental 

parameters, and transmitting information to cloud servers. The 

system incorporates MQ2 gas sensors capable of detecting 

methane, carbon monoxide, and LPG concentrations within the 

range of 200–10,000 ppm. These gases are commonly 

associated with underground mining explosions and toxic 

exposure hazards. 

Temperature and humidity conditions are monitored using 

DHT11 sensors to maintain safe working environments and 

prevent heat stress among mine workers. The Light Dependent 

Resistor (LDR) measures illumination levels within 

underground tunnels and enables automated lighting control to 

improve visibility while reducing unnecessary energy 

consumption. Ultrasonic sensors are additionally integrated to 

support obstacle detection and navigation assistance for 

automated mining equipment. 

The system also includes buzzers and LED indicators that 

provide immediate audio-visual warnings when environmental 

conditions exceed predefined safety thresholds. A camera 

module is integrated for visual verification during emergency 

conditions, enabling supervisors to remotely assess 

underground situations in real time. Sensor data is transmitted 

to the ThingSpeak cloud platform for remote monitoring, data 

storage, and historical analysis. 

The proposed architecture supports sustainable mining 

operations by minimizing manual inspection requirements, 

reducing energy wastage, and enabling predictive maintenance 

through continuous equipment monitoring. 

5. METHODOLOGY 

The implementation of the proposed IoT-based mining system 

was carried out in a simulated underground mining environment 

to evaluate its performance under hazardous conditions. The 

methodology consisted of sensor deployment, real-time data 

acquisition, threshold analysis, cloud integration, and 

emergency response testing. 

Environmental sensors continuously monitored gas 

concentration, temperature, humidity, and light intensity within 

the simulated my environment. Sensor readings were 

transmitted to the Raspberry Pi controller, where data 

processing and threshold comparisons were performed. When 

hazardous conditions such as elevated methane concentration or 

excessive temperature were detected, the system automatically 

activated buzzers and LED warning systems to alert nearby 

workers. 

Cloud integration was achieved using the ThingSpeak platform, 

which enabled real-time data visualization and remote 

monitoring by my supervisors. Historical sensor data was stored 

for further analysis and predictive maintenance applications. 

The integrated camera module captured video footage during 

alert conditions, improving situational awareness and 

emergency management capabilities. 

The system’s response time, accuracy, and operational 

reliability were analyzed under varying environmental 

conditions. Comparative analysis was also conducted between 

traditional mining monitoring systems and the proposed IoT-

based framework. 

 

6. RESULTS AND DISCUSSION 

The proposed IoT-based smart mining system demonstrated 

significant improvements in safety monitoring, operational 

efficiency, and environmental management. The MQ2 gas 

sensors effectively detected methane and carbon monoxide 

concentrations in real time, while DHT11 sensors provided 

stable temperature and humidity measurements. The collected 

data was accurately displayed on the cloud dashboard, enabling 

remote supervisors to monitor underground conditions 

continuously. One of the most significant findings was the rapid 

response capability of the system. Automated alarms were 

triggered almost instantaneously when hazardous gas levels 

exceeded safe thresholds. Compared to conventional manual 

inspection systems, the IoT framework substantially reduced 

emergency response time and improved hazard detection 

accuracy. The integration of automated lighting systems using 

LDR sensors contributed to energy conservation by activating 

illumination only when required. This approach minimized 

unnecessary electricity consumption and supported 

environmentally sustainable mining operations. Furthermore, 

predictive maintenance capabilities reduced machine downtime 

and prevented excessive fuel consumption caused by inefficient 

equipment operation. The system also demonstrated 

environmental benefits by optimizing operational efficiency and 

minimizing waste generation. Reduced human intervention in 

hazardous areas lowered the risk of accidents and improved 

overall workplace safety. Autonomous monitoring and 

navigation systems further contributed to sustainable mining 
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practices by enhancing precision and reducing operational 

errors. 

6.1 Comparison with Traditional Mining Systems

 
Feature Traditional Mining IoT-Based Smart Mining 

Monitoring System Manual and periodic Continuous and real-time 

Safety Alerts Human observation Automated alarms 

Data Management Paper-based records Cloud-based analytics 

Maintenance Reactive maintenance Predictive maintenance 

Environmental Monitoring Limited Continuous 

Energy Efficiency Low Optimized 

Operational Accuracy Human-dependent Sensor-driven 

 

The comparative analysis indicates that IoT-enabled mining 

systems outperform traditional approaches in terms of safety, 

efficiency, and environmental sustainability. 

 

7. Environmental Implications of Smart Mining 

Environmental sustainability has become a critical concern in 

modern mining industries due to increasing greenhouse gas 

emissions, land degradation, and energy consumption. The 

integration of IoT and automation technologies contributes to 

environmentally responsible mining practices by enabling 

intelligent energy management and optimized resource 

utilization. 

Automated monitoring systems reduce unnecessary machine 

operation, thereby lowering diesel fuel consumption and 

associated carbon emissions. Predictive maintenance further 

improves equipment efficiency by identifying mechanical faults 

before severe damage occurs, reducing waste generation and 

energy losses. Smart ventilation systems can optimize airflow 

in underground mines, minimizing electricity consumption 

while maintaining safe working conditions. 

Continuous environmental monitoring also supports compliance 

with environmental regulations by tracking air quality, dust 

concentration, and gas emissions in real time. These 

technologies help mining companies reduce their ecological 

footprint while improving operational sustainability. The 

transition toward intelligent mining systems therefore aligns 

with global sustainability goals and cleaner industrial 

development strategies. 

 

8. CONCLUSION 

The integration of IoT and automation technologies in mining 

operations represents a major advancement toward safer, 

smarter, and more sustainable mining industries. The proposed 

IoT-based smart mining framework successfully demonstrated 

real-time environmental monitoring, automated hazard 

detection, cloud-based data management, and intelligent 

warning systems. 

The system significantly improved worker safety by reducing 

exposure to hazardous environments and enabling immediate 

emergency response. Operational efficiency was enhanced 

through continuous monitoring, automated lighting control, and 

predictive maintenance capabilities. Furthermore, the 

Incorporation of environmentally sustainable practices such as 

energy optimization and emission reduction supports the long-

term sustainability of mining industries. The research confirms 

that IoT-enabled smart mining systems can transform  

 

conventional mining operations into intelligent digital 

ecosystems aligned with Industry 4.0 principles. Future 

developments in artificial intelligence, autonomous robotics, 

and advanced communication technologies are expected to 

further accelerate the adoption of fully automated and 

environmentally responsible mining systems. 

 

9. Future Scope 

Future research may focus on integrating LoRaWAN and 

ZigBee communication technologies to improve underground 

communication reliability in deep mining environments where 

Wi-Fi connectivity is limited. The incorporation of wearable 

devices such as smart helmets with biometric sensors can 

provide continuous health monitoring for mine workers. 

Artificial Intelligence and machine learning algorithms can 

further enhance predictive maintenance and hazard forecasting 

capabilities. Autonomous robotic systems and driverless 

haulage vehicles may eventually support “zero-entry” mining 

operations where human presence in dangerous underground 

zones is minimized. Additionally, digital twin technology can 

enable real-time simulation and optimization of entire mining 

operations for improved productivity and environmental 

management. 

 

REFERENCES 

1. Aziz M, et al. Industrial IoT architecture in mining. J Min 

Technol. 2020.  

2. Caterpillar Inc. Autonomous haulage systems in mining 

operations. 2022.  

3. Gubbi J, Buyya R, Marusic S, Palaniswami M. Internet of 

Things (IoT): A vision, architectural elements, and future 

directions. Future Gener Comput Syst. 2013;29(7):1645-

60.  

4. Herur S, et al. IoT based coal mine safety monitoring. Int J 

Eng Res Technol (IJERT). 2022.  

5. International Council on Mining and Metals. Innovation 

for cleaner, safer vehicles and equipment in mining. 2021.  

6. Kirubakaran V, et al. Wireless sensor network-based mine 

safety monitoring. IRO J Sustain Min. 2024.  

7. Kishore S. Problems associated with digital technology in 

the mining sector. Int J Cult Stud Soc Sci. 2024.  

8. Komatsu Ltd. Smart mining and automation solutions. 

2021.  

9. Lee J, Bagheri B, Kao HA. A cyber-physical systems 

architecture for Industry 4.0-based manufacturing systems. 

Manuf Lett. 2015; 3:18-23.  

https://creativecommons.org/licenses/by/4.0/


Ind. Jr. of Mod. Res. and Rev PEER-REVIEWED JOURNAL  Volume 4 Issue 5 [May] Year 2026 
 

124 
© 2026 Dr. Ved Prakash Singh, Dr. Shyam Bihari Rathor, Biswajit Mukherjee, Abhrajit Laha, Dipankar Mandal. This is an open-access article distributed 

under the terms of the Creative Commons Attribution 4.0 International License (CC BY NC ND).https://creativecommons.org/licenses/by/4.0/ 

 

10. Rio Tinto. Case study on autonomous operations in 

Pilbara. 2023.  

11. Rojas J, et al. AI-based predictive maintenance in mining. 

Appl Sci. 2025.  

12. Wan J, Tang S, Shu Z, et al. Software-defined industrial 

IoT in the context of Industry 4.0. IEEE Sens J. 

2016;16(20):7373-80.  

13. World Economic Forum. Digital transformation initiative: 

Mining and metals industry. 2020.  

14. Zhou K, Liu T, Zhou L. Industry 4.0: Towards future 

industrial opportunities and challenges. In: IEEE 

International Conference on Fuzzy Systems; 2015. 

 

 

 

 

 

 

 

 

 

 

 

Creative Commons License 

This article is an open-access article distributed under the terms and 
conditions of the Creative Commons Attribution–Non-commercial–No 

Derivatives 4.0 International (CC BY-NC-ND 4.0) License. This 

license permits users to copy and redistribute the material in any 
medium or format for non-commercial purposes only, provided that 

appropriate credit is given to the original author(s) and the source. No 

modifications, adaptations, or derivative works are permitted. 

About the Corresponding Author 

 

Dr. Ved Prakash Singh is an Associate Professor in the 

Department of Mining Engineering at Jharkhand Rai 

University. His teaching and research interests include 
mine planning, mining safety, rock mechanics, and 

sustainable mining practices. He has contributed to 

academic research, technical education, and the 
professional development of engineering students in the 

mining sector. 

https://creativecommons.org/licenses/by/4.0/

