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ABSTRACT: Environmental degradation, rising pollution levels, and climate change have made it increasingly critical
to adopt smarter and more responsive environmental monitoring solutions. Conventional monitoring systems often rely
on manual data collection, periodic inspections, and static reports, limiting the ability of individuals and organizations
to respond quickly to changing environmental conditions. This paper presents EcoTracker Al, an intelligent
environmental tracking system designed to deliver real-time monitoring and meaningful analysis through a single
integrated digital platform. The system features a unified dashboard displaying live values of key environmental
indicators—Air Quality Index (AQI), temperature, humidity, and noise levels—alongside a geo-tagged Live Map
module for spatial awareness of pollution-affected zones. An Al-powered assistant enables natural language interaction
with environmental data, removing the need for domain expertise. The full-stack architecture employs React.js on the
frontend, Node.js and Express.js on the backend, and MongoDB for flexible data storage. Experimental results
demonstrate that the system achieves average data-fetch response times below 200 ms and Al analysis execution times
of approximately 250 ms under concurrent user loads. EcoTracker Al bridges the gap between raw environmental data
and actionable human insight, supporting proactive decision-making and sustainable community awareness.

KEYWORDS: environmental monitoring, air quality index, real-time analytics, artificial intelligence, geospatial
visualization, [oT, pollution detection, React.js, Node.js, MongoDB

I. INTRODUCTION

Environmental pollution and climate-related challenges represent some of the most pressing concerns of the twenty-
first century. Rapid urbanization, industrial expansion, and increased vehicular emissions continue to degrade air,
water, and acoustic environments worldwide [1]. Monitoring these changes in a timely, accurate, and accessible manner
is essential for both regulatory compliance and individual health and safety decision-making.

Existing environmental monitoring solutions suffer from three principal limitations. First, data is typically gathered on
fixed schedules—weekly, monthly, or quarterly—making it impossible to detect sudden pollution spikes or short-
duration hazardous events. Second, outputs are presented as raw numerical tables or static PDF reports that are
inaccessible to non-technical stakeholders. Third, systems are rarely integrated: air quality, weather, noise, and water
quality data are siloed across different platforms, complicating holistic analysis [2].

The proliferation of low-cost sensors, open environmental APIs, and cloud computing infrastructure has created an
opportunity to overcome these limitations. Researchers have proposed IoT-enabled sensor networks [3], machine
learning—based anomaly detection [4], and GIS-driven spatial visualization [5] as complementary approaches.
However, few systems combine all these capabilities into a single, user-accessible platform that also supports natural
language interaction.

This paper presents EcoTracker Al, which addresses the above gap through the following contributions:

* A real-time, location-aware dashboard displaying AQI, temperature, humidity, and noise levels with automatic
periodic refresh.

* A geo-tagged interactive map for spatial comparison of pollution hotspots across urban and peri-urban zones.

* An Al assistant supporting natural language queries about local environmental conditions and personalized eco-
friendly recommendations.

* A predictive analytics module that forecasts short-term AQI trends based on historical sensor data.

* A role-based administrative panel for configuring alert thresholds, managing user accounts, and generating
downloadable reports.

* A comprehensive feasibility analysis—technical, economic, operational, legal, and social—demonstrating viability
for academic and smart-city deployment.
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The remainder of this paper is structured as follows. Section II surveys related work. Section III describes the proposed
system architecture and modules. Section IV details the software design, including UML diagrams and database
schema. Section V presents implementation highlights. Section VI reports testing methodology and results. Section VII
discusses performance metrics and comparative analysis. Section VIII concludes and outlines future directions.

II. RELATED WORK

A. Traditional Environmental Monitoring

Early environmental monitoring relied on manual field measurements and laboratory analysis, providing only periodic
snapshots of conditions [2]. While regulatory compliance was achievable, the absence of continuous data made reactive
management the norm, particularly in rapidly changing industrial zones. These limitations became critically apparent
during pollution events of short duration that went undetected between scheduled sampling intervals.

B. IoT-Enabled Sensor Networks

The introduction of low-cost wireless sensor nodes enabled continuous, distributed data collection for parameters
including particulate matter (PM2.5), volatile organic compounds (VOCs), temperature, and humidity [3]. Studies
demonstrated measurable improvements in spatial coverage and temporal resolution. However, interpreting the
resulting data volumes remained a challenge for non-specialist users, as findings arrived as raw numerical streams
without contextual explanation or actionable guidance.

C. Machine Learning for Pollution Analysis

Statistical and machine learning approaches—including ARIMA time-series models, random forests, and deep neural
networks—have been applied to identify pollution trends, detect anomalies, and generate short-term forecasts [4], [7].
These methods outperform rule-based threshold systems in sensitivity and specificity, particularly under heterogeneous
environmental conditions. Nonetheless, most published systems are research prototypes without a user-facing interface,
limiting their practical adoption by non-expert stakeholders.

D. Geospatial Visualization

Geographic Information System (GIS) tools have proven effective for mapping pollution gradients and identifying
hotspots [5]. Integration of live data feeds with interactive cartographic displays—using libraries such as Leaflet or the
Google Maps API—allows users to observe spatial and temporal patterns simultaneously. Prior studies report that
color-coded map overlays significantly reduce the time users need to identify high-risk zones compared with tabular
data presentation, improving both response speed and comprehension accuracy.

E. Conversational Interfaces for Environmental Data

Research on chatbot-based environmental query systems indicates that natural language interfaces substantially
improve user engagement and data accessibility for non-technical populations [6]. Conversational agents enable
domain-agnostic queries about complex datasets, translating sensor readings into plain-language recommendations.
However, combining conversational Al with real-time sensor data and geospatial visualization within a unified
platform remains an open challenge—one that EcoTracker Al directly addresses by integrating all three capabilities
into a single web application.

III. SYSTEM ARCHITECTURE

A. Overview

EcoTracker Al follows a three-tier client—server architecture comprising a React.js frontend, a Node.js/Express.js
backend, and a MongoDB database layer, as depicted in Fig. 1. External environmental data APIs supply live AQI,
weather, and pollution readings, while a dedicated analysis module processes incoming data streams for anomaly
detection and trend forecasting. The architecture is designed for modularity, allowing independent scaling of each tier.

IJARETY © 2026 | AnISO 9001:2008 Certified Journal | 1475




International Journal of Advanced Research in Education and TechnologY (IJARETY)

| ISSIN: 2394-2975 | www.ijaretv.in| | Impact Factor: 8.152| A Bi-Monthly. Double-Blind Peer Reviewed & Refereed Journal |

{}IJARETY || Volume 13, Issue 2, March-April 2026 ||

DOI:10.15680/IJARETY.2026.1302148

React.js Frontend . :
(Dashboard, Map, Al < iop?e..]s [t e ) MongoDB Database (Atlas)
Assistant)

!

External APIs

(OpenWeatherMap,

AQICN)

Fig. 1. High-level three-tier architecture of EcoTracker Al.

B. Frontend Layer

The frontend is implemented using React.js with a component-based architecture that enables smooth, single-page
navigation across modules: Dashboard, Live Map, Al Insights, Pollution Analytics, Eco News, Eco Rewards, Reports,
and Al Assistant. Recharts and Chart.js render time-series AQI graphs and seven-day weather trend charts. CSS color-
coding (green / amber / red) provides immediate visual indication of safe, moderate, and hazardous environmental
levels. The interface is fully responsive, supporting desktop, tablet, and mobile viewports through CSS Grid and
Flexbox layouts.

C. Backend Layer

The backend server is built with Node.js (v16+) and Express.js, exposing RESTful API endpoints for user
authentication, environmental data retrieval, Al query handling, alert generation, and report export. A Geolocation API
automatically resolves the user's coordinates on login, routing subsequent data requests to location-specific external
API endpoints. Data validation middleware rejects malformed or out-of-range sensor readings before persistence to the
database, ensuring data integrity throughout the pipeline.

D. Data Analysis and AT Module

The analysis module performs three principal functions:

e Anomaly detection: compares incoming AQI, noise, and water quality readings against configurable safety
thresholds; triggers alerts when limits are exceeded.

» Trend forecasting: applies time-series analysis to historical readings to estimate environmental conditions for the
next seven days.

» Natural language response: the Al Assistant interprets free-text user queries, maps them to environmental data
contexts, and returns plain-language explanations and eco-recommendations.

E. Database Layer

MongoDB (Community Edition / Atlas) stores user profiles, environmental data records, alerts, system logs, and eco-
reward points in a document-oriented schema managed through Mongoose. The flexible document model
accommodates the heterogeneous and variable-rate nature of environmental sensor data, supporting efficient querying
for dashboard visualization and analytics. Indexes are applied on timestamp and location fields to optimize range
queries for historical trend analysis.

F. Mapping Module

Interactive maps are rendered using the Leaflet library (or Google Maps API), displaying color-coded markers at geo-
tagged measurement locations. Users can switch between "All Zones", "Hotspots", and "Safe Areas" map layers,
enabling spatial comparison across regions in real time. Marker clusters are employed to handle dense sensor
deployments without visual clutter, and pop-up tooltips display the most recent readings for each monitored location.

IV. SYSTEM DESIGN

A. Context Diagram

The system context places EcoTracker Al as the central process interacting with four external entities: (1) the end user,
who requests and receives environmental data and alerts; (2) the administrator, who monitors trends and configures
system parameters; (3) external environmental data APIs, which supply real-time readings; and (4) the MongoDB
database, which stores and retrieves all persistent records. Data flows are strictly validated at each boundary to prevent
injection and unauthorized access.
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B. Use Case Model

Two primary actors are identified:

General User: register/login; view real-time dashboard; check AQI and weather conditions; view 7-day trend charts;
explore the live geo-tagged map; interact with the Al Assistant; view Al insights and pollution analysis; read Eco
News; earn Eco Rewards; manage profile and notification preferences.

Administrator: secure admin login; monitor real-time and historical environmental data; view analytics and generate
downloadable reports; manage user accounts; configure alert thresholds and data-refresh intervals; review system logs
for anomalous activity.

C. Sequence Diagrams

Three key interaction flows are modeled as UML sequence diagrams:

» User viewing environmental data: User — Client App — Backend Server — External API — Backend (validate &
store) — MongoDB — Client App (render dashboard with live metrics).

» Threshold alert generation: Backend fetches data — Analysis Module evaluates safety thresholds — if exceeded:
generate alert — store in MongoDB — push notification to user interface.

* Admin login and log monitoring: Admin submits credentials — Backend verifies JWT against MongoDB — grant
access to admin dashboard — retrieve historical logs and analytics — display trends and downloadable reports.

D. Database Schema
Table I summarizes the four primary MongoDB collections, their key fields, and field descriptions used to store and
manage all persistent application data.

TABLE I PRIMARY DATABASE COLLECTIONS AND KEY FIELDS

Collection Field Description
3*User user_id Unique user identifier
username Display name
location Default geo-location
6*EnvData data_id Record identifier
location Measurement area
AQI Air Quality Index value
pollution Pollution level (float)
weather Weather condition string
timestamp UTC datetime of record
4*Alert alert_id Alert identifier
data_id Linked EnvData record
severity Low / Moderate / High
time Alert generation time
3*Admin admin_id Admin identifier
username Admin login name
password Bcerypt-hashed credential

IJARETY © 2026 | AnISO 9001:2008 Certified Journal | 1477




International Journal of Advanced Research in Education and TechnologY (IJARETY)

| ISSIN: 2394-2975 | www.ijaretv.in| | Impact Factor: 8.152| A Bi-Monthly. Double-Blind Peer Reviewed & Refereed Journal |

{}IJARETY || Volume 13, Issue 2, March-April 2026 ||

DOI:10.15680/IJARETY.2026.1302148
V. IMPLEMENTATION
A. Technology Stack
Table II summarizes the tools and technologies used across each layer of the EcoTracker Al system. The selection

prioritizes open-source, actively maintained frameworks to minimize licensing costs and maximize community support.

TABLE II TECHNOLOGY STACK

Layer Technology

Frontend React.js, HTMLS, CSS3, Recharts, Chart.js
Backend Node.js (v16+), Express.js

Database MongoDB, Mongoose ODM

Mapping Leaflet / Google Maps API

Authentication JWT (JSON Web Tokens)

Hosting Railway / AWS

Version Control Git

B. Real-Time Dashboard

The dashboard component polls the backend every 3,000 ms using a setlnterval hook, randomly fluctuating AQI,
temperature, and noise values within realistic bounds to simulate live sensor feeds during prototype evaluation. Color-
coded status badges dynamically update based on computed AQI categories: Good (0-50), Moderate (51-100),
Unhealthy (101-150), and Hazardous (>150). On production deployment, values are sourced directly from
OpenWeatherMap and AQICN APIs keyed to the user's resolved geo-coordinates.

C. Pollution Analytics Module

The Pollution Analytics page incorporates a real-time noise meter using the Web Audio API (AudioContext,
AnalyserNode), which captures microphone input, computes frequency-domain averages, and maps them to an
approximate dB scale (30-120 dB). A simulated water quality panel displays pH (acceptable: 6.5-8.5), turbidity
(NTU), and dissolved oxygen values for a representative urban lake, with color-coded status indicators showing safe,
warning, and critical ranges.

D. AI Assistant

The chatbot frontend sends user queries to /api/chatbot via Axios. The backend constructs a structured prompt
incorporating current AQI readings, location context, and historical trends, then forwards the enriched prompt to an
external large-language model API. The response is returned as a plain-language environmental explanation. A local
fallback function handles offline scenarios by keyword-matching queries to pre-defined responses covering AQI
categories, weather patterns, water quality thresholds, waste reduction advice, and eco-facts.

E. Administrative Module

The admin panel enforces role-based access control (RBAC): only users with role: "admin" or role: "gov" stored in
MongoDB are granted access after JWT verification. The panel provides tabular views of environmental trends,
downloadable CSV/PDF reports via server-side generation, user management controls including account suspension
and role assignment, and configurable alert threshold sliders for each monitored parameter. All administrative actions
are logged with timestamps for audit purposes.

VI. TESTING
A. Functional Testing
Each system module was tested individually (unit testing) and in combination (integration testing) through the browser

interface. Key scenarios included: (1) correct rendering of dashboard metrics from external API data; (2) automatic data
refresh on location change; (3) alert generation when AQI exceeded the configured threshold; (4) admin login with both
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valid and invalid credentials; and (5) report generation for selected date ranges. All test cases were executed across
Chrome, Firefox, and Safari to ensure cross-browser compatibility.

B. Non-Functional Testing

Performance testing was conducted with repeated concurrent API requests, confirming an average data-fetch response
time below 200 ms. Reliability testing verified graceful degradation—cached data was displayed when external APIs
were temporarily unavailable. Security testing confirmed that unauthorized users were blocked from admin endpoints
by JWT middleware, invalid sensor inputs were rejected during data validation, and API keys were protected via
server-side environment variables inaccessible to the client.

C. Test Case Summary
Table III presents the ten selected functional test cases, their descriptions, expected outcomes, and pass/fail results

following systematic evaluation.

TABLE III SELECTED FUNCTIONAL TEST CASES

ID Description Expected Result Status
TCO1 Fetch environmental data for selected location Dashboard updated Pass
TCO02 Invalid API response received Data rejected Pass
TCO3 High pollution value triggers threshold Alert displayed Pass
TCO04 Valid sensor data submitted Stored in DB Pass
TCO05 Admin login with valid credentials Dashboard shown Pass
TCO06 Admin login with invalid password Error message Pass
TCO7 Report generation for date range Report exported Pass
TCO8 Dashboard page reload Latest data shown Pass
TC09 Concurrent multi-user access No conflict Pass
TC10 Stored metrics rendered as charts Graphs displayed Pass

D. Boundary and Security Testing

Boundary cases tested included empty datasets, large historical datasets exceeding 10,000 records, rapid successive
refresh requests at intervals below 500 ms, and simultaneous administrative configuration changes from multiple
sessions. All cases passed without crashes or data corruption. Security tests additionally confirmed that direct database
access was restricted to backend services only, preventing client-side query injection.

VIIL. RESULTS AND DISCUSSION
A. Performance Metrics
The system demonstrated strong runtime performance suitable for small-to-medium scale deployments. Table IV

summarizes the key performance metrics observed during testing under concurrent user loads.

TABLE IV SYSTEM PERFORMANCE METRICS

Metric Observed Value
Average API response time <200 ms

Al analysis execution time ~ 250 ms per query
Dashboard render time (first load) <15s

Concurrent user support Stable (no degradation)
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Data refresh interval 3,000 ms (configurable)

Alert generation latency <300 ms

B. Usability Observations

Color-coded AQI indicators (green/amber/red) and plain-language Al responses were found to be effective mechanisms
for conveying environmental risk to non-technical users. The geo-tagged live map enabled rapid identification of
pollution hotspots without requiring GIS expertise. The conversational Al assistant reduced the need for users to
navigate multiple data screens, consolidating insights into a single interaction point. User testing feedback highlighted
the Eco Rewards module as an effective behavioral incentive for sustained platform engagement and adoption of eco-
friendly practices.

C. Comparison with Existing Approaches
Table V provides a structured comparison of EcoTracker Al against alternative environmental monitoring approaches

across six key capability dimensions.

TABLE V COMPARISON WITH EXISTING APPROACHES

Single-Param

Feature EcoTracker AI  Static Reports Specialist GIS Sensors
Real-time updates v X Partial v
Multi-parameter integration v v v X

No technical training needed v v X v

Al natural language interface v X X X
Geospatial hotspot mapping v X v X
Proactive threshold alerts v X Partial Partial

Unlike static reporting platforms, EcoTracker Al provides sub-second data updates and proactive threshold-based
alerts. Unlike specialist GIS tools, it requires no technical training for operation. Unlike single-parameter sensors, it
integrates AQI, weather, noise, and water quality into one coherent interface. The addition of an Al conversational
layer distinguishes the system from prior integrated dashboards reported in the literature [3], [6].

VIII. CONCLUSION

This paper has presented EcoTracker Al, an intelligent, real-time environmental monitoring platform that integrates
live data visualization, Al-powered analysis, geo-spatial mapping, threshold-based alerting, and natural language
interaction within a unified web application. The system achieves sub-200 ms data-fetch response times and supports
concurrent user access without performance degradation, making it suitable for deployment in academic institutions,
smart-city initiatives, corporate sustainability programs, and community awareness campaigns.

All ten functional test cases passed across multiple browsers and device types. Boundary and security testing confirmed
robustness under edge conditions and unauthorized access attempts. The open-source, modular technology stack
facilitates cost-effective deployment and seamless future extension. The Eco Rewards mechanism introduces a novel
behavioral dimension to environmental monitoring platforms, encouraging sustained user engagement and real-world
adoption of sustainable practices.

EcoTracker Al demonstrates that bridging the gap between raw sensor data and actionable citizen insight is technically
achievable within a low-cost, openly accessible web architecture. By unifying real-time monitoring, predictive
analytics, conversational Al, and geospatial visualization, the platform represents a meaningful step toward intelligent,
citizen-centered environmental governance.
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IX. FUTURE WORK

Planned enhancements include: (1) integration of IoT hardware sensors for on-premise data collection independent of
external APIs; (2) multi-language support targeting regional Indian languages (Hindi, Kannada, Telugu, Tamil) to
broaden accessibility; (3) voice-based alert delivery for users with visual impairments or limited literacy; (4) satellite
imagery analysis for large-scale land-use and air quality assessment; (5) cloud-native deployment on AWS or GCP
with horizontal auto-scaling for high-traffic environments; and (6) expanded predictive analytics incorporating deep
learning models for longer-horizon forecasting and cross-region pollution benchmarking.
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