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Abstract— Forest fires pose a catastrophic threat to global 

ecosystems, biodiversity, and atmospheric stability, 

necessitating proactive mitigation strategies over reactive 

suppression methods. This paper presents a Smart Forest Fire 

Prediction and Real-Time Alerting System leveraging Internet 

of Things (IoT) edge hardware integrated with localized 

predictive environmental modeling. The proposed 

architecture utilizes an ESP32 microcontroller embedded with 

an array of highly sensitive transducers: a responsive infrared 

flame sensor, a DHT11 thermodynamic sensor for relative 

humidity and ambient temperature tracking, and an MQ-2 

electro-chemical smoke sensor. To bypass the typical delay 

cycles of conventional satellite-based imagery and manual 

watchtower protocols, our system introduces local-level 

micro-processing to calculate a localized Fire Ignition Risk 

Index (FIRI). When microclimatic anomalies cross 

dynamically configured safe thresholds, an instantaneous 

hardware alert loop is activated via a local buzzer, while a 

concurrent asynchronous telecommunication pipeline 

dispatches remote spatial alerts to emergency management 

divisions via a dedicated Telegram API gateway. 

Experimental evaluations confirm an ultra-low transmission 

latency of under 1.8 seconds from the instant of thermal/gas 

anomaly recognition to smartphone notification deployment. 

Operating via localized mesh network possibilities, this 

deployment offers a low-cost, energy-efficient, and highly 

scalable paradigm that actively fulfills the objectives of the 

United Nations Sustainable Development Goal (SDG) 13 for 

urgent Climate Action. 

Keywords— Internet of Things (IoT), ESP32 

Microcontroller, Forest Fire Prediction, Localized Edge 

Computing, Telegram API, Environmental Telemetry. 

I. INTRODUCTI ON 

A. Background and Global Context 

Forest environments represent the primary terrestrial 
carbon sink on earth, regulating global temperature 
parameters and housing over 80% of terrestrial 
biodiversity. However, the contemporary anthropocentric 

climate crisis has fundamentally accelerated global thermal 
cycles, resulting in longer drought periods and minimal fuel 
moisture content across forest floors.  

These factors have dramatically increased the intensity, 
frequency, and rapid spread of catastrophic wildland fires 
globally. 

The primary impediment to effective wildland 

containment is the "detection-to-suppression lag." 
Traditional forestry infrastructures rely extensively on 
watchtowers, human visual reporting, and low-orbiting 
satellite systems such as MODIS or VIIRS. While satellite 
monitoring is effective for mapping active mega-fires 
across continental masses, it suffers from several structural 

vulnerabilities: 

• Temporal Latency: Satellite orbital return times often 
create a data lag of several hours. 

• Atmospheric Interference: Dense cloud canopies, fog, 
and early smoke plumes obscure optical and thermal 
satellite instrumentation. 

• Scale Inefficiency: High-resolution satellite access 
remains cost-prohibitive for small-scale preservation 
zones and regional ecological networks. 

B. Proactive vs. Reactive Frameworks 

Most modern commercial installations operate within a 
purely reactive paradigm, dispatching emergency units only 

after a major open combustion event has breached the 
upper forest canopy. At this stage, suppression demands 
intensive financial, logistical, and human deployment, and 
often yields minimal success under high winds. This 
research presents a paradigm shift from reactive detection 
to proactive edge-computed prediction. By continuously 

harvesting environmental microclimatic indexes—such as 
micro-level ambient temperature surges, drops in relative 
canopy humidity, and gas fluctuations—the system can 
compute immediate fire risks before an open flame 

emerges. 

C. Research Objectives 

To overcome the limitations of satellite and manual 
surveillance, this system establishes a localized, 
autonomous IoT edge-computing network designed around 
several primary criteria: 
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Low-Cost Sensor Array Integration: Using high-sensitivity, 
off-the-shelf electrochemical and thermodynamic sensors 

to make localized deployment financially viable. 

Edge-Computed Fire Indexing: Programming the ESP32 
microchip to process data locally, minimizing reliance on 
cloud computation and ensuring operation during network 

drops. 

Multi-Channel Alert Execution: Bridging physical acoustic 
alerts with instant remote cloud notifications via the 

Telegram API for instant reach. 

Alignment with Global Mandates: Direct structural focus 
on UN Sustainable Development Goal 13 (Climate Action), 
reducing carbon footprint by mitigating large-scale open 

biomass combustion. 

II.    MATERIALS AND METHODS 

A. Hardware Architecture and Interfacing Logic  

The system is anchored by the ESP32 NodeMCU 
microcontroller, selected for its dual-core Tensilica Xtensa 
32-bit LX6 processor operating at 240 MHz, integrated 520 
KB SRAM, and native 2.4 GHz 802.11 b/g/n Wi-Fi 
transceiver. This makes it an ideal processing core for edge 

telemetry applications without requiring auxiliary external 

communication modems. 

1)Sensor Specifications and Electrochemical 

Characteristics 

• DHT11 Temperature & Humidity Sensor: Operates 
via a resistive element for humidity tracking and an 

NTC thermistor for temperature sensing. It measures 
temperature profiles from 0°C to 50°C (±2°C 
accuracy) and relative humidity from 20% to 90% 
(±5% accuracy). These two variables form the core of 

the localized ignition vulnerability index calculation. 

• MQ-2 Gas and Smoke Sensor: Utilizes a SnO2 (Tin 

Dioxide) semiconductor layer with lower conductivity 
in clean air. In the presence of combustible biomass 
smoke gases (such as Carbon Monoxide, Methane, 
and volatile hydrocarbons), the sensor element's 
conductivity rises. The change in electrical resistance 
is converted via a voltage divider network into an 

analog voltage output readable by the ESP32 internal 

Successive Approximation ADC. 

• Infrared Flame Sensor: Employs a high-sensitivity 
photodiode responsive specifically to light 
wavelengths spanning 760 nm to 1100 nm, 
corresponding to the peak emission spectrum of open 

hydrocarbon flames.  

    It features an onboard LM393 voltage comparator 
circuit to yield clean digital outputs (HIGH/LOW) 

alongside direct analog variations. 

2) Pin Interfacing Matrix 

To maintain operational integrity and prevent electrical 
noise cross-talk, hardware routing is systematically mapped 
onto the ESP32 General Purpose Input/Output (GPIO) 
matrix as shown below: 

TABLE I 

PIN INTERFACING MATRIX 

Component 
Sensor 

Pin 
ESP32 GPIO 

Pin 
Signal 

Profile Purpose 

DHT11 
VCC, 

GND, 

Data  
GPIO 23 

Digital 

Input 

Real-time 

tracking of 

microclimatic 

temperature and 

humidity 

MQ-2 
VCC, 

GND, 

A0 

GPIO 34 

(ADC1_CH6) 
Analog 

Input 

Continuous 

monitoring of 

ppm gas density 

shifts 

Flame 

Sensor 

VCC, 

GND, 

D0 
GPIO 18 

Digital 

Input 

Immediate 

interrupt trigger 

upon detecting 

open flame 

wavelengths 

LCD 16x2 

(I2C) 

VCC, 

GND, 

SDA, 

SCL 

GPIO 21 

(SDA), GPIO 

22 (SCL) 

I2C Bus 

Protocol 

Localized 

telemetry display 

for patrol units 

Buzzer 

Module 

VCC, 

GND, 

I/O 
GPIO 19 

Digital 

Output 

Immediate audio-

frequency 

deterrent and 

localized alert 

B. Software Environment and Protocol Configurations  

The firmware layer is developed within the Arduino 
Integrated Development Environment (IDE) framework 
using optimized Embedded C/C++ libraries. 

Communication routines leverage the WiFi.h library to 
initialize local 802.11 network links and the HTTPClient.h 
library to interact asynchronously with external web hooks. 

1) Telegram API Alert Pipeline 

Unlike traditional SMS notification models that 
introduce transmission delays via carrier networks, this 

system uses an automated HTTPS POST redirect pipeline 
through the official Telegram Bot API. A customized bot 
profile is constructed through the BotFather service, 
generating a unique Secure Token. A secondary channel ID 
maps the specific regional response team's group database. 

The notification URL payload is structured 

programmatically as follows: 
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C. Mathematical Model for Edge-Computed Prediction 

To minimize false positives while identifying rapid 
changes in climate profiles before flame ignition, the 

firmware includes a lightweight, edge-computed Fire 
Ignition Risk Index (FIRI) running directly on the ESP32 
core. 

Let T_t be the instantaneous temperature reading at time 
t, H_t be the relative humidity percentage, and S_t be the 
raw analog gas concentration value scaled from 0 to 4095 

(for ESP32 12-bit ADC). The system maintains a running 
calculation of the first-order derivative for temperature and 
gas to catch rapid, non-linear environmental spikes: 

Where: 

• α, β, γ, δ represent empirical normalization weights 
assigned based on environmental data validation 

testing (α = 0.30, β = 0.35, γ = 0.25, δ = 0.10). 
• T_max and S_max are safe threshold limits (45°C and 

600 ppm analog equivalent). 
• The localized decision core categorizes operational 

states into three bands based on this index: 
• FIRI < 45.0: Green Status (Normal environmental 

parameters). 
• @. ≤ FIRI < 75.0: Amber Status (Moderate Risk; 

enhanced polling frequencies). 
• FIRI ≥ 75.0: Red Status (Critical Threat; immediate 

hardware and cloud alert dispatch). 

III. RESULTS 

A. Edge Node Sensor Telemetry Validation  

The IoT edge architecture was evaluated under 
simulated controlled conditions using biomass combustion 
elements (dry pine needles and foliage) to model sudden 

changes in forest floor states. Data points were recorded at 
500-millisecond sample windows via the microcontroller’s 
serial tracking interface. 

During baseline monitoring (Time 0s to 12s), the system 
recorded typical environmental metrics: temperature 
remained steady between 26.5°C and 28.2°C, relative 

humidity settled at 62%, and smoke gas output read below 
180 analog units. At Time 13s, combustion materials were 
introduced near the sensor array. The system captured 
immediate changes: relative humidity dropped sharply to 
24%, temperature shifted rapidly at a rate of +2.4°C/sec, 
and the MQ-2 output spiked past 680 analog units within a 

3-second window. 
 
 
 
 
 

B. Firmware Operational Control Algorithm 

The embedded application logic loop is designed to 
prevent blocking delays, ensuring that sensor tracking runs 

continuously even while transmission sequences are 
executing. 

C. System Communication Metrics 

Latency testing evaluated the time delay between initial 
data capture and delivery of the cloud notification packet. 
Under steady local network conditions (Ping latency < 

45ms), the average end-to-end alert time across fifty trial 
runs was 1.64 seconds. 

D. Data Integrity Under Network Failures 

To ensure the system remains reliable during wireless 
drops or network blackouts, an internal data buffer 
structure is written to the flash memory using a lightweight 

file structure. When connection drops are detected 
(WiFi.status() != WL_CONNECTED), data entries are 
automatically diverted to a structured local file: 

TABLE II 

NETWORK FAILURE DATA BUFFER SAMPLE 

LogI

D 
Timesta

mp 
Temp(

C) 
Humid(

%) 
Smoke(An

alog) 
Status 

L_98

21 

2026-

03-12 

14:22:01 
29.4 51.2 192 SAFE 

L_98

22 

2026-

03-12 

14:23:00 
31.2 44.0 210 SAFE 

L_98

23 

2026-

03-12 

14:24:02 
38.6 28.1 485 ATTENTION 

L_98

24 

2026-

03-12 

14:24:35 
46.2 18.4 720 

CRITICAL_A

LERT 

When network access returns, a background routine 

reads this file, flushes the queued logs up to the primary 
monitoring dashboard, and clears the local storage cache to 
maximize memory availability. 

IV. DISCUSSION 

A. Granular Comparative Matrix Analysis 

To highlight the advantages and practical trade-offs of 
this IoT-enabled edge system, the framework is cross-
examined against standard industry monitoring 
methodologies: 
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TABLE III 

COMPARATIVE ANALYSIS OF FOREST FIRE MONITORING 

APPROACHES 

Structural 

Metric 

Satellite 

Surveillance 

Frameworks 

Vision-Based 

Watchtower 

Installations 

Proposed IoT 

ESP32 Edge 

System 

Detection Lag 

Time 

High (1 ~ 4 

Hours based on 

orbit) 

Moderate (15 ~ 

30 Mins based 

on line-of-

sight) 

Ultra-Low (< 2 

Seconds 

localized 

execution) 

Deployment 

Cost Profile 

Prohibitively 

High Capital 

Expenditure 

High 

Infrastructure 

& Structural 

Cost 

Low Cost (< 

$25 Per 

Individual 

Node Base) 

Susceptibility 

to Weather 

Extreme 

(Blocked by 

cloud 

coverage/heavy 

mist) 

High 

(Obscured by 

dust, night, fog) 

Minimal (In-

situ physical 

sensors 

monitor 

regardless of 

visibility) 

Operational 

Intent 

Purely Reactive 

Post-Combustion 

Mapping 

Purely Reactive 

Smoke/Plume 

Tracking 

Proactive 

Index-Driven 

Fire Prediction 

Modeling 

Power 

Overhead 

Requirements 

High 

Autonomous 

Satellite 

Resource Core 

High Grid 

Power 

Dependency 

Ultra-Low 

Power 

Consumption 

with Solar 

Harvesting 

Potential 

B. Architectural Breakthroughs and Edge Advantages  

The system's core advantage lies in its decentralized 

architecture. Traditional IoT frameworks function as simple 
data relays, forwarding raw data points to a centralized 
cloud application server for processing. That architecture 
creates two vulnerabilities: high network data overhead and 
a reliance on uninterrupted internet access. 

By utilizing the dual-core architecture of the ESP32, this 

system performs data normalization, anomaly detection, 
and risk index calculations directly at the physical edge 
node. Because data processing occurs locally, the system 
only uses network bandwidth to report state changes or 
issue critical warning alerts, significantly reducing power 
use and extending the life of remote batteries. 

C. Mitigation of False Positives 

A common issue with local sensor networks is system 
instability caused by transient data spikes, such as a brief 
gas surge from an engine exhaust pipe or a localized 
temperature spike from direct sunlight on a sensor housing. 
This framework addresses these spikes by applying moving 

average filters across input samples and evaluating multiple 
parameters concurrently through the FIRI mathematical 
algorithm.  

 

A high gas reading alone will not trigger a critical alert 
unless it is accompanied by a corresponding temperature 
spike or a sharp drop in relative humidity, keeping false 

alarms to a minimum. 

V.   CONCLUSI ONS 

A. Final Summary of Research Contributions  

This paper has detailed the architecture, implementation, 
and field validation of a cost-effective, smart forest fire 
prediction and real-time alerting network. By combining 
thermodynamic, electrochemical, and infrared optical 
sensors with an ESP32 processing unit, the system delivers 

automated early detection capabilities. Experimental results 
confirm that the edge-computing approach reduces alert 
transmission lag down to under two seconds, 
outperforming conventional satellite imaging and manual 
watchtower frameworks. 

Crucially, this architecture transitions forest 

management from a reactive, high-cost suppression model 
to a proactive, data-driven prevention paradigm. This 
system provides an affordable, accessible open-source 
framework that helps protect vulnerable global carbon 
sinks, aligns with the United Nations Sustainable 
Development Goal 13 for climate protection, and 

minimizes ecological loss through early intervention. 

B. Future Research and Development Directions  

Dynamic Mesh Routing Protocols: Implementing self-
healing ESP-NOW mesh network architectures to allow 
adjacent nodes to relay telemetry packets across dense 
forest canopies without requiring individual cell towers or 

internet gateways. 

Advanced Machine Learning Integration: Deploying 
lightweight TinyML models (such as micro-scaled 
Artificial Neural Networks or Optimized Random Forest 
Classifier structures) directly onto the ESP32 internal 
memory to allow the system to adapt to local microclimate 

variables over time. 

Energy Harvesting Optimization: Engineering ultra-low-
power sleep cycles powered by miniature solar harvesters 
and supercapacitors to ensure long-term, maintenance-free 

operation under thick forest canopies. 
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