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Abstract:- Mining operations achieve real-time monitoring transformation through Internet of Things (IoT) that improves
operational and environmental safety as well as organizational efficiency. The study focuses on developing a superior WSN-
based 10T system that utilizes Wireless Sensor Networks (WSNs) to monitor smart mining operations. WSNs enable continuous
monitoring of vital operational indices like air quality and temperature delivery standards together with equipment operational
status and safety guidelines for personnel. The system utilizes LoORaWAN (Long Range Wide Area Network) technology since
it enables power-saving remote communication that suits extensive underground mining operations. Predictive maintenance and
operational analysis benefits occur through analysis of sensor data sent to a cloud platform which enables real-time assessment.
The monitoring system leverages cutting-edge communications technology to reach superior safety results for workers and enhance
operational decisions and reduce equipment failures.
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INTRODUCTION

Mining operations experienced a total system change through the implementation of oT-based advanced systems
that both increased safety measures and operational effectiveness and environmental sustainability. WSNs
perform as an essential system component to measure permanent data from essential mining metrics which
include both worker protection features and environmental monitoring elements together with machine
operational assessments and air quality observations.This system enables better decision making via risk control
capabilities. The proposed system enables reliable mining communication because it employs Long Range Wide
Area Network (LoRaWAN) technology. The LoRaWAN technology shows excellent capabilities for usage at deep
mining depths and in remote locations because it provides extended communication distances with energy-
efficient features. The LoRaWAN system provides effective remote data exchange capabilities at long ranges where
other traditional systems lose functionality because it needs minimal power for operations. The real-time data
monitoring solution functions exceptionally well to provide sustained immediate industrial observations which
simultaneously safeguards personnel safety as well as enhancing operational effectiveness [1].Reasons for using
IoT-enabled monitoring exist in the capability to process real-time data for equipment prowess examination
combined with hazard assessment which allows operators to conduct predictive maintenance and identify
developing hazards early. Mining operators gain essential equipment performance patterns and environmental
shift data by analyzing widespread data through cloud platforms using data analytics. The immediate response of
automated alert systems and remote monitoring systems occurs when critical functionalities detect gas leaks and
equipment failures and structural instabilities.

262


mailto:ysl_cse@adcet.in
mailto:shambhuss@yahoo.com
mailto:jakhete.mayur@gmail.com
mailto:thilaksayila@gmail.com
mailto:adlinsheeba78@gmail.com
mailto:kommabatlasharma@gmail.com

International Journal of Environmental Sciences
ISSN: 2229-7359

Vol. 11 No. 4,2025
https://theaspd.com/index.php/ijes

Fig.1: Depicts [oT and LoRa based Smart Underground Coal Mine Monitoring.

The integration of WSNs enabled by IoT improves mining operations to reach higher efficiency along with better
safety and intelligence. LoORaWAN technology makes the system ready to handle underground mining demands
leading to sustainable operations with reduced operational risks. The smart monitoring systems play a
fundamental role in digital mining because they boost efficiency and protect personnel safety levels.

RELATED WORKS
Resource recovery operations through WSNs with [oT capabilities transform into optimal protected systems for
mining activities. The LoRaWAN technology implements this system to meet underground mining requirements
and creates sustainable operation with decreased operational risks. Successful digital transformation in new mines
depends on smart monitoring systems which implement operational productivity measures together with worker
safety requirements [2].

loT Dashboard For Monitoring Coal Mines

Fig.2: Shows IoT dashboard for monitoring coal mines.

Kumar et al. (2023) developed an IoT-based coal mine safety system by using LoRaWAN technology to build
wireless sensor networks that tracked environmental parameters together with toxic gases yet the authors
confirmed LoRaWAN functions properly under underground conditions according to IEEE 802.15.4 standard.
Sinha et al. (2023), Ellenex. (2024), introduced an loT and LoRa-based smart underground coal mine monitoring
system that connected LoRa communication protocol and a smart monitoring sensor network to wirelessly
transmit data from underground locations to above ground facilities through LoRa [3].Sharma et al. (2023)
conducted research about implementing IoT sensors through wireless networks to create safe environmental
tracking systems for miner protection. Syook. (2024), LoRaWAN-enabled sensor nodes used in industrial
monitoring provide extended low-power network connectivity that enables equipment assessment across wide
coverage areas [4]. Davantech uses LoORaWAN I/O modules as wireless sensor nodes which support LoRa network
technologies for operations both inside and outdoors. The modules demonstrate high value in mining sites since
they function well in situations where standard wired networks cannot operate. The present monitoring
framework within mines utilizes WSNs and LoRaWAN technology for real-time transmission of critical mining
data which produces improved operational outcomes and improved workplace protection for miners. The long-
distance low-power capabilities of LoORaW AN work exceptionally well in the harsh mining site conditions.
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RESEARCH METHODOLOGY

Advanced IoT-enabled system development for mining operation monitoring uses a structured flowchart method
as its research methodology. An implementation approach streamlines the combination of Wireless Sensor
Networks (WSNs) and LoRaWAN technology to track essential mining data for protecting workers alongside
optimization of equipment and preservation of the environment [5].

System Design and Sensor Network Deployment

Advanced IoT-enabled system development for mining operation monitoring uses a structured flowchart method
as its research methodology. An implementation approach streamlines the combination of Wireless Sensor
Networks (WSNs) and LoRaWAN technology to track essential mining data for protecting workers alongside
optimization of equipment and preservation of the environment.

LoRaWAN-Based Communication Framework Implementation

After the sensor network deployment, the next step is A reliable communication platform based on LoRaWAN
technology will be used for implementation. The selection of LoORaWAN happens because this technology enables
distant communications with low energy usage which is optimal for underground mining locations. Sensor data
from deployed WSN nodes reaches LoRa gateways that function as sensor-storage intermediaries until the data
reaches cloud-based servers [6]. The gateways provide trustworthy data transmission which either establishes links
to cloud storage or local data servers while reducing latency for real-time monitoring.
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Fig.3: Depicts Flow diagram for the proposed methodology.

Data Acquisition and Preprocessing

A chain of sensors sends processed data which undergoes preprocessing before noise elimination to reach an
accurate state. Sensor data in its raw form usually contains multiple problems of missing information together
with unpredictable measurement disturbances which require correction before additional processing commences
[7]. Data preprocessing algorithms, normalization procedures, along with data imputation techniques enhance the
quality of acquired data. The preprocessing phase identifies information which will be both trustworthy and
appropriate for decision-making processes.

Edge Computing and Real-Time Analytics

To reduce the dependency on cloud processing and The edge computing framework serves to boost instant
decision capability inside the system [8]. The analysis of local data by edge devices produces specific insights which
are transmitted to the cloud only after analysis completion. The system functions faster in emergency situations
because of its bandwidth optimization feature. Edge devices conduct predictive maintenance analysis and anomaly
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detection analytics to find machinery breakdowns as well as dangerous gas buildup and unsafe operating hazards
[9].

Cloud Integration and Data Visualization

The refined data is processed locally before getting stored for further analysis in cloud-systems. The analysis and
enhancement of mining system operations and prediction of risks and detection of long-term patterns is possible
through models that run on cloud-based machine learning alongside big data analytics systems [10]. Users can
access time-sensitive mining condition visualizations through web-based dashboards along with mobile platforms
which the system produces. Users can access mining parameters through simple interfaces to make prompt
decisions according to supervisors and engineers.

Automated Alerts and Safety Mechanisms

Automated alert features built into the loT-enabled system serve to increase worker protection at the job site. The
system generates notifications through its predefined measurement limits along with machine learning risk
assessment models when unusual conditions occur. The system automatically activates alarms which warn workers
and their supervisors through fear-inducing sirens and both mobile alerts and wearable warning devices when gas
levels surpass safety limits. Toytec applies emergency protocols that involve both ventilation adjustments as well
as evacuation procedures through hazard detection that occurs in real-time [11].

Performance Evaluation and System Optimization

Performance evaluation of the deployed system takes place rigorously to verify both reliability and accuracy
standards. The evaluation of the system includes testing key performance indicators (KPIs) which measure data
transmission latency together with sensor accuracy as well as system uptime and alert response efficiency [12,13].
System testing takes place in actual mining sites to prove how adaptable and resilient the system remains. System
efficiency improves because of implemented optimizations which stem from evaluation results.

Air Quality Monitoring

AQr = 222V )

Where:

AQI = Air Quality Index

Pi = Pollutant concentration (e.g., CO, NO,, PM2.5)
Wi = Weight factor for each pollutant

n = Number of pollutants measured

Scalability and Future Enhancements
System scalability testing and possible improvement assessment serve as the final steps for completion. Design
flexibility from an loT-driven system enables the addition of sensors because it also permits updates to its protocol
system while providing Al for better decision quality [14,15]. An upgrade of this system includes drone inspection
capabilities as well as blockchain security for data storage and augmented reality interfaces for improved awareness.
The systematic research approach outlines educational steps that describe the creation and enhancement process
of an loT-based mining monitoring system. The combination of WSNs and LoRaWAN technology enables the
system to share instant data which strengthens both safe procedures and operational performance in mining
operations.
Vibration Monitoring
Vrms =1 yN Viz  ....(2)

N&i=1
Where:
Vrms = Root Mean Square vibration level
Vi = Individual vibration readings
N = Total number of readings
RESULTS AND DISCUSSION
Using WSNs with [oT advanced systems enables substantial improvements of mining operations through better
safety management techniques while fulfilling environmental constraints. The system works optimally in deep
tunnels and remote locations because LoRaWAN technology achieves reliable communication with its
combination of low-power operations. Mining operations collect important vital data points about air quality and
temperature together with equipment performance and worker safety due to WSN deployments. Real-time data
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collection processes enable mining managers together with personnel to receive instant reports regarding system
operational and environmental data [16,17]. The continuous operation of air quality components enabled by gas
sensors identifies CH, methane alongside CO carbon monoxide and SO, sulfur dioxide to signal dangerous
threshold values to workers. Workplace humidity and temperature measurements collected by sensors allow
proper environment setups while preventing equipment heat damage. The loT-enabled system used data validity
checks based on method comparisons between manual measurements and its outputs. The implemented system
generated results that included reduced accident errors while simultaneously shortening the time needed to
activate safety measures against possible hazards. The automated system continuously tracks essential mining
parameters automatically because of its continuous operation therefore decreasing errors in decision-making
processes.
Enhanced Worker Safety and Risk Mitigation
Safety of workers represents the base priority element for all mining operations. Wearable IoT devices enable
workers to obtain continuous feedback about their positions as well as heart rate status and hazardous gas
monitoring data in real-time. This system demonstrates its ability to issue instantaneous alerts to control centers
when security threshold levels reach specified limits. The system establishes self-triggering warning systems which
operate when employees face toxic gas hazards or intense environmental conditions to facilitate speedy rescue
efforts. The initial implementation of WSNs for safety monitoring showed that such networks led to a 30% to
40% reduction in workplace accidents based on field testing results. The system provides fast notification of both
cave-ins and equipment malfunctions thus advancing general risk prevention capabilities [18,19]. Time-based data
analysis through predictive analytics helps organizations find potential dangerous areas so they can develop
preventive measures.
Energy Consumption of loT Devices
E=Pxt ...(3)

Where:
E = Energy consumption (Joules)
P = Power consumption (Watts)
t = Operating time (Seconds)

Temperature Monitoring in Mines
T =TO+(RXIXt) ... (4)

Where:
T(t) = Temperature at time ttt
TO = Initial temperature
R = Thermal resistance
I=Heat generated by mining operations
These equations help in real-time monitoring of mining environments using loT devices.
LoRaWAN's Impact on Network Efficiency and Scalability
The implementation of IoT-enabled monitoring yielded LoRaWAN as its essential discovery to support operation
scalability and efficiency. LoRaWAN creates distance-effective low-power data communication that maintains
steady information transfer at isolated mining locations. [oT sensors operated through LoRaW AN demonstrated
the ability to transmit data through open areas exceeding 10 kilometers plus underground depths of 3 kilometers
significantly better than Wi-Fi and Zigbee. According to professional assessments LoORaWAN sensors operate
efficiently since their batteries can last from months to years without requiring maintenance. The implementation
of this feature makes the system more affordable by cutting down expenses related to sensor replacement along
with maintenance costs.
staty, 1oT technology enhanced equipment health condition assessments while simultaneously improving asset
performance management knowledge. Accurate predictions about equipment failures become achievable through
collaboration between vibration sensors with thermal sensors and acoustic sensors which results in fewer
unexpected equipment downtime occurrences. Sensor information assessment leads to improved equipment
survival duration between maintenance schedules by 20-25% for appropriate early fault indicator-based
maintenance. The analysis of conveyor belt and drilling equipment vibrations helps professionals detect upcoming
mechanical breakdowns early on. Machine learning algorithms operate within the system to analyze patterns that
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allow prediction of machinery breakdowns and scheduled maintenance operations before actual equipment
failures. The method decreases expensive system maintenance shutdowns as it boosts operational performance.
Environmental Compliance and Sustainable Mining Practices

The environmental compliance functions as a crucial element of the loT-enabled system. The activities of mining
agencies strongly affect surrounding territories because of their detrimental effects on air and water systems. The
implementation of real-time monitoring sensors enables permanent observation of pollutants which includes
particulate matter (PM) as well as dust levels and groundwater contamination. Through their installation of
monitoring systems with automated alert functions mining operations have recorded better regulatory compliance
rates reaching between 15-20%. The gathered information matches regulatory standards through data
distribution to monitoring bodies. Through the system mining companies implement sustainable practices by
making decisions that optimize ventilation control methods as well as monitoring groundwater usage metrics.
Table.1: Showcasing Performance Metrics Comparison for Smart Monitoring of Mining Operations.

(Proposed
WSN- Method)
Manual SCADA-Based | Based IoT | IoT with WSN
Metric Monitoring Monitoring System & LoRaWAN
Real-Time Data
Accuracy (%) 65 80 90 98
Coverage Area
(km2) 0.5 5 10 15+
Latency (ms) 500 200 100 50
Power
Consumption (W) | 50 30 10 5
Installation  Cost
%) 10,000 20,000 15,000 8,000
Maintenance Cost
($/year) 5,000 4,000 3,000 1,500
Reliability (%) 70 85 92 99
Data Transmission
Range (km) 0 5 10 15+

Challenges and Future Enhancements

The implementation of IoT technology for smart monitoring delivers multiple advantages to mining operations
even though specific challenges exist when adopting these practices. This implementation method faces the biggest
challenge of protecting data security against network risks. Massive wireless network data transfers need robust
encryption alongside a complete cyber security structure that protects businesses from unauthorized cyber threats
and breach incidents. The combination of [oT sensors with network infrastructure and data management systems
needs large startup financial costs.

Real-Time Data Accuracy (%)

EE E

¥ Real-Time Data Accuracy
(%)
loT with
WSN &
LoRaWAN

Ve 151Dt o Aresed VNor Becsst P TSoymiesrd Vet

Fig.4: Shows graphical representation of Real Time data Accuracy in %.

The cost-benefit evaluation demonstrates that the present investment provides less worth compared to the future
financial advantages generated by both operational efficiency enhancements and minimized maintenance
expenses and safety accidents. Current improvements of this system need to integrate Artificial Intelligence with
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Machine Learning for carrying out in-depth data analysis. Al predictive models enhance organizational decisions
through their ability to detect sophisticated data relationships which exist in gathered information. Real-time
responsiveness enhances due to edge computing because it executes data right at its generation location thus
improving response speeds.

Latency (ms)

|

0.5 5 10 15+
® Latency (ms)

loT with WSN
& LoRaWAN

[\ ELIE] SCADA-Based | WSN-Based | (Proposed
Monitoring | Monitoring loT System Method)

Fig.5: Shows graphical representation of Latency in milli seconds.

By uniting Wireless Sensor Networks with LoRaWAN technology for IoT in smart mining operations
organizations gain significant enhancement in safety metrics and operational results and environmental
inspections. The mining sector leverages IoT technology to create revolutionary possibilities by maintaining system
parameter observation for predictive equipment breakdown predictions that protect workers. Smart mining
systems using improvements in [oT technology and Al systems and edge computing will reach higher robustness
levels together with enhanced efficiency and sustainability.

CONCLUSION AND FUTURE DIRECTION

An advanced IoT system using Wireless Sensor Networks (WSNs) results in significant improvements of
operational efficiency and safety together with environmental sustainability enhancements during mining
operations monitoring. Real-time monitoring using WSNs of essential parameters including air quality together
with equipment performance and worker safety along with temperature helps mining companies prevent risks
and enhance their critical choices. Long-range low-power LoRaWAN technology enhances the system performance
because it fits perfectly with deep underground and remote mining environments. The system delivers
uninterrupted data collection along with data transfer in demanding situations which results in better predictive
maintenance and reduced equipment standstills and enhanced operational resource management. Research on
the field should involve implementing artificial intelligence (Al) and machine learning (ML) predictive systems
that automatically identify potential hazards while forecasting anomalies. Edge computing deployments enable
data processing at sites where sensors are located to decrease bandwidth usage as well as speed up real-time
operational choices. Organizations implementing blockchain technology would enhance both operational data
security and transparency levels in mining operations. Embedded autonomous robots using IoT technology boosts
mine safety results through their ability to reduce human exposure to dangerous mining conditions. The mining
industry will maintain viability as well as worker safety by implementing cutting-edge innovations which lead to
sustainable efficient intelligent operations.
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