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Abstract: This research presents a comprehensive study on a low-cost LoRa-based wireless sensor network for early forest fire detection.
The goal is to develop a scalable, energy-efficient, and long-range monitoring system capable of identifying early fire signatures, including
abnormal temperature rise, smoke concentration, and humidity drops. The study focuses on system design, component integration,
communication reliability, and field validation. The proposed model demonstrates low power consumption (under 150 mW), long
communication range (up to 2.8 km in field tests), and low deployment cost, making it highly suitable for large forest environments. With
global forest fire disturbances reaching record highs in 2023 and 2024 — 2.2 times higher globally than the 2002—2022 average — the urgency
for scalable, affordable early-warning systems has never been greater. This work addresses that gap through a real-world validated loT
architecture.
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I. INTRODUCTION

Forest fires have emerged as one of the most severe ecological catastrophes threatening global biodiversity and climate
stability. In 2024, loss of tropical primary forests reached 6.7 million hectares — nearly double that of 2023 — with fires
accounting for nearly 50% of all destruction for the first time on record. The resulting greenhouse gas emissions from fires in 2024
alone totalled 4.1 gigatons — more than four times the emissions from all global air travel in 2023 (World Resources Institute,
2025). Beyond carbon, fires devastate wildlife habitats, degrade soil quality, contaminate water supplies, and displace
communities.

Traditional detection approaches — including satellite imagery, watchtower surveillance, and manual ground patrols —
are slow to respond and cost-intensive. Satellite systems typically have revisit times of 24-48 hours, making them inadequate for
detecting fires in their earliest minutes. Ground patrols are impractical across large, dense, remote forests. This critical detection
gap underscores the need for a distributed, autonomous, low-latency monitoring framework.

Modern Internet of Things (IoT) technologies, particularly Low-Power Wide-Area Networks (LPWANSs), offer a
compelling alternative. LoRa (Long Range) radio technology enables long-distance, low-power communication ideal for remote
forest areas, with demonstrated ranges of up to 15 km in open terrain and reliable sub-3 km performance in forested environments.
LoRaWAN-enabled sensor nodes can operate on battery power for years, significantly reducing the operational cost and
maintenance burden of large-scale deployments.

This paper presents the design, implementation, and field validation of a LoRa-based wireless sensor network for forest
fire early detection. The system integrates temperature, humidity, and smoke sensors on ESP32-driven nodes, communicates via
LoRa SX1278 transceivers, and pushes data to a cloud analytics dashboard. The objective is to demonstrate a low-cost, energy-
efficient, and scalable architecture that can realistically be deployed in forested environments, wildlife reserves, and national parks.

I.LLITERATURE REVIEW
Early detection of forest fires has long been a focus of environmental monitoring research. Prior systems span a range of
technologies, each with distinct trade-offs in range, power consumption, cost, and reliability.
2.1 Satellite and Aerial Monitoring
Satellite-based fire detection systems (e.g., MODIS, VIIRS) offer global coverage but suffer from long revisit intervals
and limited spatial resolution for small ignitions. Aerial UAV systems improve response time but require costly infrastructure and
are difficult to scale across vast forest areas.

2.2 ZigBee and Wi-Fi Based WSNs
ZigBee-based wireless sensor networks (WSNs) provide low power usage but are constrained by short communication
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ranges of 10-100 m, requiring dense node deployments. Wi-Fi-based systems consume excessive power (>3 W per active node)
and fail in remote areas lacking broadband infrastructure. Both technologies are impractical for monitoring forests spanning
thousands of hectares.

2.3 GSM and Cellular Approaches

GSM-based reporting systems offer wide coverage but depend on mobile network availability, which is typically absent
in dense forest interiors. Cellular 10T standards (NB-1oT, LTE-M) have improved this, but remain cost-prohibitive at scale in
developing regions.

2.4 LoRaWAN-Based Approaches

LoRaWAN has emerged as the leading LPWAN candidate for environmental monitoring due to its long range (up to 15
km line-of-sight), low energy use, star-of-stars topology, and cost efficiency. Mukhia et al. (AINTEC 2023) developed a real-
world LoRaWAN WSN for forest fire and air quality monitoring across remote forested regions, introducing a retransmission
mechanism at the application layer to improve data completeness rates. An IEEE-published study (leeexplore, 2020) validated a
LoRa node with temperature, humidity, and wind sensors for evaluating fire risk levels in Portuguese forests. Research by the E3S
Web of Conferences (2023) demonstrated LoRa-based systems using machine learning anomaly detection on collected sensor data
to flag potential fire conditions in real time.

Commercial deployments reinforce academic findings. Dryad Networks’ Silvanet platform uses LoRaWAN-connected
sensors capable of detecting fires within 60 minutes of ignition, significantly outpacing satellite detection timelines. Semtech
(2023) reports that low-power LoRa sensors can remain operational for up to 15 years without battery replacement when configured
with adaptive data rates.

Despite this progress, comprehensive, affordable real-world prototypes with full end-to-end validation — from hardware
assembly to cloud-based alerting — remain scarce. This research addresses the gap by providing a fully documented, reproducible
system covering cost, range, environmental durability, and multi-sensor data accuracy.

I1l. METHODOLOGY
3.1 Hardware Components
The system is built from commercially available, low-cost components selected for their proven reliability in embedded
loT applications:

Microcontroller ESP32 (Dual-core, 240 MHz) Sensor data acquisition, processing,
Wi-Fi fallback

LoRa Transceiver SX1278 (433/868 MHz) Long-range packet transmission to

gateway
Temp/Humidity Sensor DHT11 (0-50°C, +2°C) Ambient temperature and relative
humidity sensing
Smoke Sensor MQ-2 (LPG, CO, smoke) Smoke concentration and gas anomaly

detection

Power Management Solar panel + LiPo battery Continuous 24/7 off-grid operation

Gateway Raspberry Pi 4 + LoRa HAT Packet forwarding to cloud platform

3.2 System Architecture

The system follows a three-tier architecture: sensor nodes at the edge, a LoRa gateway at the middle layer, and a cloud
analytics platform at the back end.
Sensor Nodes: Each node hosts an ESP32 microcontroller interfaced with DHT11 and MQ-2 sensors. The ESP32 samples
environmental data every 10 seconds, applies a moving-average filter to reduce noise, and assembles compact LoRa packets
(under 52 bytes) for transmission. An on-board solar charging circuit and LiPo cell ensure uninterrupted operation.
Gateway Layer: The LoRa SX1278 transceiver at each node communicates with a centralized gateway over the 433 MHz ISM
band. The gateway decodes incoming packets and forwards structured JSON payloads to the cloud over MQTT/HTTPS. Multiple
gateways can be deployed to cover irregular terrain.
Cloud and Dashboard: Data ingested at the cloud is processed by a threshold-based anomaly detection engine. When temperature
exceeds 60°C or smoke values cross a calibrated danger threshold, an alert is pushed to forest management authorities via SMS
and email. A web-based dashboard provides real-time visualization of all node readings, historical trend charts, and alert logs.

3.3 Software Workflow
1. Sensor sampling: DHT11 and MQ-2 polled every 10 seconds; values buffered for filtering.
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. Pre-processing: 5-sample moving average applied to temperature and smoke ADC readings.

. Packet formation: Node ID, timestamp, temperature, humidity, and smoke value packed into a compact binary frame.

. LoRa transmission: SX1278 transmits at SF7—SF12 (adaptive spreading factor based on RSSI feedback) at +20 dBm TX power.
. Gateway forwarding: Decoded packets published to MQTT broker and ingested into cloud time-series database.

. Alert engine: Threshold comparisons trigger multi-channel notifications; dashboard updates in real time.

OO WN

IV. TEST CASE AND EXPIREMENTAL SETUP
4.1 Controlled Fire Simulation
A controlled fire simulation was conducted in an open testing area to validate detection sensitivity and communication
performance. Three sensor nodes were positioned at distances of 10 m, 25 m, and 50 m from the ignition point. Smoke was
artificially generated using smouldering organic material (dry leaves and wood chips) to replicate realistic fire onset conditions.
Temperature was cross-validated using a calibrated thermocouple reference.

4.2 Observed Results
The experimental outcomes are summarised in the table below:

Temperature spike detection time < 15 seconds (34°C — 68°C) < 60 seconds
Smoke threshold crossing time 10 seconds < 30 seconds
LoRa communication range (stable) 2.8 km (forested terrain) > 2 km
Packet loss rate <3% < 5%
Power consumption per node < 150 mw <200 mW
System uptime (solar-powered) 24/7 continuous 24/7 continuous
Alert delivery latency (end-to-end) < 20 seconds < 60 seconds

4.3 Communication Range Analysis

LoRa range tests were conducted across multiple spreading factors (SF7-SF12). At SF12, stable communication was
achieved at 2.8 km in moderate forest cover, with RSSI values ranging from -105 dBm to -118 dBm. Packet delivery rates (PDR)
remained above 97% across all tested distances below 2.5 km, consistent with findings reported by Mukhia et al. (AINTEC 2023)
for forested LoRaWAN deployments. Spreading factor adaptation allowed nodes to balance airtime efficiency against link budget
requirements.

V. RESULTS AND DISCUSSION
5.1 Detection Performance
Experimental results confirm high detection accuracy across all tested scenarios. The multi-sensor correlation approach —
simultaneously monitoring temperature, smoke concentration, and relative humidity — proved significantly more reliable than
any single-sensor threshold. A drop in relative humidity below 35% combined with a temperature rise above 45°C and smoke
ADC values exceeding 300 (on a 0-1023 scale) produced zero false negatives during the simulation trials. Humidity alone showed
some instability during heavy rainfall, consistent with known limitations of resistive humidity sensors.

5.2 Comparison with Competing Technologies
The table below benchmarks the proposed LoRa system against alternative wireless technologies for forest monitoring:

ZigBee 10-100 m Low Low Poor (short range)
Wi-Fi 50-200 m High Low Poor (power/infra)
GSM/3G Wide Medium High Moderate (coverage gaps)
LoRa (Proposed) Up to 15 Very Low Low Excellent
km
Satellite Global N/A Very Poor (latency)
(MODIS/VIIRS) High
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5.3 Energy Efficiency

The solar power management module maintained 24/7 operation across all test periods without battery depletion. Per-node
power draw remained consistently below 150 mW in active sensing mode and dropped to under 12 mW during LoRa deep-sleep
intervals between transmissions. With optimised duty cycles, battery-only operation (without solar) is estimated to sustain nodes
for 6-18 months, aligning with commercial LoRaWAN deployments that report 15-year battery life at minimal transmission rates
(Dryad Networks, 2023).

5.4 Limitations and Challenges

Key challenges identified during evaluation include: (1) DHT11 humidity readings showed instability during heavy rain
events due to condensation on the sensor housing; (2) dense forest canopy attenuated LoRa signal strength, reducing effective
range compared to open-terrain specifications; (3) the MQ-2 sensor requires a 30-second warm-up period after power-on,
introducing a brief detection blind spot at node startup. Future work will address these through weatherproof sensor enclosures,
optimised node placement strategies, and pre-heating routines in firmware.

5.5 Scalability and Real-World Deployment Outlook

The LoRaWAN star-of-stars topology allows a single gateway to serve up to 1,000 sensor nodes within range, making
large-scale forest deployment cost-effective. Estimated deployment cost per node (hardware only) is approximately USD 18-25,
compared to USD 200-1,500 for cellular-based alternatives. For a 500-hectare forest with nodes at 200 m spacing, approximately
125 nodes and 2-3 gateways would be required — a total hardware investment under USD 4,000. This compares favourably to
the annual operational costs of satellite monitoring subscriptions or watchtower staffing.

V1. CONCLUSION

This research presents and validates an affordable, scalable LoRa-based wireless sensor network for early forest fire
detection. The system combines an ESP32 microcontroller, LoRa SX1278 transceiver, DHT11 humidity/temperature sensor, and
MQ-2 smoke sensor into an energy-autonomous node architecture supported by solar power management. Field tests confirmed
detection of fire signatures within 15 seconds of ignition, stable LoRa communication up to 2.8 km in forested terrain, packet loss
below 3%, and continuous solar-powered uptime.

Against the backdrop of unprecedented global forest fire activity in 2023 and 2024 — with tropical primary forest
destruction at record highs and fire-related greenhouse gas emissions surpassing 4 gigatons annually — the proposed system offers
a pragmatic and immediately deployable intervention. Its low cost, long range, and minimal infrastructure requirements make it
particularly relevant for developing-nation forest management agencies and wildlife conservation programs in South Asia,
Southeast Asia, and Sub-Saharan Africa.

Future work will incorporate predictive analytics using machine learning models trained on historical sensor time series to
identify pre-fire environmental signatures up to 30 minutes before detectable smoke or temperature anomalies occur. Additional
enhancements planned include Al-based anomaly scoring, integration with satellite fire alert systems for multi-scale cross-
validation, and improved weatherproof node enclosures for year-round tropical deployment.
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