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Abstract

The continuous deterioration of air and water quality worldwide poses severe threats to human health, biodiversity,
and environmental sustainability. Rapid urbanization, industrial activities, and increasing vehicular emissions have
escalated pollution levels, especially in developing nations like India. Traditional centralized environmental monitoring
systems are often inefficient due to high data transmission delays, network congestion, and limited scalability, making
them inadequate for real-time monitoring and response. The integration of Edge Computing and Internet of Things
(IoT) technologies provides an innovative framework to overcome these challenges. Edge devices enable local data
processing near IoT sensors, minimizing latency, reducing bandwidth usage, and ensuring timely and efficient
monitoring outcomes. This paper reviews the integration of Edge Computing and IoT for real-time air and water
quality monitoring systems, highlighting their architecture, implementation strategies, benefits, challenges, and future
directions. We present recent real-time data from major Indian cities showing Delhi’s Air Quality Index (AQI) at
245, significantly exceeding safe levels, and Kolkata’s Water Quality Index (WQI) at 50, indicating poor water
conditions. The paper includes system architecture diagrams, comparative data tables, and graphical representations
to provide a comprehensive understanding of these systems. Key challenges such as energy efficiency, device
interoperability, data security, and scalability are analyzed, and solutions like federated learning and blockchain
integration are explored. Future research opportunities in predictive environmental analytics and citizen-centric
monitoring are identified. This review aims to assist researchers, environmental policymakers, and smart city developers
in designing resilient, scalable, and real-time environmental monitoring systems leveraging edge—IoT synergies.
Keywords: Edge Computing, Internet of Things (IoT), Air Quality Monitoring, Water Quality Monitoring, Real-
Time Systems, Environmental Sustainability, Smart Cities, Environmental Analytics, Edge—Cloud Collaboration.

INTRODUCTION

Environmental degradation, particularly air and water pollution, has become one of the gravest challenges
of the 21st century. According to global health reports, air pollution accounts for millions of deaths
annually, while contaminated water sources contribute to widespread diseases, particularly in low- and
middle-income countries. Urban regions like Delhi, Mumbai, and Kolkata frequently report AQI and
WQI levels far above acceptable thresholds, threatening public health and straining healthcare systems.
Traditional environmental monitoring systems rely on centralized infrastructures that collect data from
scattered sensors and transmit it to cloud-based platforms for processing. However, such centralized
systems are often plagued by high latency, data loss, and dependence on uninterrupted internet
connectivity, rendering them insufficient for real-time applications. The recent emergence of Edge
Computing, where data processing is moved closer to the data source (i.e., the sensors), paired with IoT
technologies, offers a solution that allows for rapid data analysis, localized decision-making, and efficient
resource utilization.
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This section introduces the urgent need for advanced monitoring systems, outlines the drawbacks of
conventional approaches, and highlights the promise of edge-IoT integrated frameworks for delivering
scalable, accurate, and real-time environmental insights.

2. Architecture of Edge-IoT Monitoring Systems

The architecture of edge-IoT monitoring systems consists of four essential layers:

Sensor Layer: Comprising environmental sensors that detect physical, chemical, and biological
parameters, such as PM2.5, PM10, CO2, SO2, NO2 for air; and pH, turbidity, conductivity, dissolved
oxygen for water. These sensors are typically installed in urban areas, industrial zones, water bodies, and
sewage treatment plants.

Edge Layer: Includes microcontrollers (ESP32, Arduino), microprocessors (Raspberry Pi, NVIDIA Jetson),
or custom edge gateways that perform local preprocessing, data filtering, noise reduction, and even
lightweight machine learning (ML) inferences. By handling computations locally, this layer significantly
reduces the data load on cloud infrastructures.

Network Layer: Facilitates communication between edge devices and cloud servers through wireless
protocols like LoRaWAN, NB-IoT, Zigbee, or 5G. Selection of the network technology depends on factors
like data rate, energy efficiency, and coverage area.

Cloud Layer: Provides storage, advanced analytics, dashboard visualization, and long-term data archiving.
This layer integrates with government portals, public dashboards, or mobile applications to inform
stakeholders and the public.

The system architecture can be visualized as:

IoT Edge
Sensors

Viireless Cloud
Gateway MNMetwork PLlatform

Diagram 1 Such modular architecture allows real-time monitoring, faster response times, reduced cloud
dependency, and better system scalability.

4. Benefits and Use Cases

The integration of Edge Computing and IoT in environmental monitoring offers numerous advantages
that transform not only how data is collected and processed but also how it is acted upon in real time.
First and foremost, the low latency response enabled by edge devices allows systems to detect and react
to changes in air or water quality within milliseconds. For example, if a spike in PM2.5 levels is detected
near a school, edge analytics can automatically trigger local air purifiers or send alerts to parents and
school administrators—actions that would be delayed in a traditional cloud-centric system.

Another major benefit is bandwidth optimization. In large-scale environmental monitoring networks,
transmitting raw sensor data to centralized servers can overload communication channels and incur high
costs. Edge devices help alleviate this by performing preliminary data analysis locally and only sending
summary statistics or alerts when necessary. This is particularly useful in remote or resource-limited areas
where connectivity is poor or intermittent.

Energy efficiency is also improved through edge-IoT integration. Many edge devices operate on event-
driven architectures, where sensors remain in low-power or sleep modes until a threshold event occurs.
This minimizes battery drain and enables longer field deployments without frequent maintenance.

On the societal front, enhanced public engagement emerges as a critical benefit. Real-time data
visualizations through citizen dashboards, mobile apps, or public displays increase environmental
awareness and empower individuals to take action. For instance, citizens can decide to limit outdoor
exercise during poor air quality days or avoid using contaminated water sources when WQI readings are
low.

Use cases of this integration span multiple sectors:

» Urban traffic management systems that adjust signal timings based on air quality readings.

» Industrial zones where emissions are automatically regulated in response to pollution sensors.

» Agricultural lands where irrigation practices are modified based on real-time water quality data.
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» Community-based monitoring, where low-cost devices distributed to residents provide hyperlocal data,
supporting both scientific research and grassroots advocacy.

Air And Water Quality Data

City Air Quality Index (AQlI Water Quality Index (WQI)
1 Delhi 245 55
2 Mumbai 180 60
3 Bangalore 150 70
4 Kolkata 200 50
5 Chennai 160 65

Table 1- Air and Water Quality Data
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Graph 1- Real-Time Air Quantity Index (AQI) in Major Indian Cities

Real-Time Water Quality Index (WQI) in Major Indian Cities
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Graph 2- Real-Time Water Quality Index (WQI) in Major Indian Cities
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5. Challenges and Limitations

While edge-IoT systems offer immense potential, they come with a series of challenges that must be
critically addressed. One of the foremost concerns is data privacy and security. Since edge devices handle
sensitive environmental and sometimes personal data, they are attractive targets for cyberattacks. Without
robust encryption, authentication, and secure communication protocols, there is a risk of data breaches
or manipulation that could undermine public trust and regulatory compliance.

Another major limitation is power management. Many environmental sensors are deployed in locations
where grid power is unavailable. Battery-operated systems must be designed with ultra-low-power chips,
energy harvesting technologies (like solar panels), or adaptive sleep modes to ensure long-term
functionality.

Interoperability issues arise due to the heterogeneous nature of devices and communication standards.
A single monitoring system may use sensors from various manufacturers, run different firmware, and rely
on diverse networking technologies. Without standardized protocols and middleware, integrating these
components into a seamless system becomes complicated and prone to errors.

Maintenance and calibration represent operational challenges. Sensors exposed to harsh environmental
conditions require periodic cleaning, recalibration, or replacement to maintain data accuracy. Neglecting
maintenance can result in data drift, which may go unnoticed if edge analytics lack robust anomaly
detection mechanisms.

Lastly, scalability and data management present technical hurdles. As networks grow to include hundreds
or thousands of nodes, the volume of data increases exponentially. Efficient data storage, real-time
querying, and scalable cloud-edge synchronization mechanisms become essential to prevent system
overload.

Addressing these limitations requires a multidisciplinary approach involving hardware innovation,
software engineering, cybersecurity measures, and organizational strategies.

6. Future Directions

Looking ahead, several cutting-edge technologies and research areas hold promise for advancing edge-
IoT environmental monitoring systems.

One promising avenue is federated learning. This technique allows edge devices to collaboratively train
machine learning models without sharing raw data, thus preserving privacy. For instance, multiple air
quality monitors across a city can improve pollution prediction models by sharing only model parameters,
not sensitive local data.

Satellite integration is another exciting prospect. By combining edge-IoT ground measurements with
satellite-based remote sensing, multi-scale environmental insights can be generated. This enhances spatial
coverage and provides a more comprehensive picture of regional and global trends.

The incorporation of Edge Al for anomaly detection and predictive analytics is gaining momentum. By
embedding lightweight ML models on edge devices, it is possible to identify unusual patterns, predict
pollution events, or even forecast maintenance needs before device failures occur.

To enhance data integrity and public trust, blockchain technologies can be used to store environmental
data in tamper-proof decentralized ledgers. This is particularly useful for regulatory reporting, where
auditability and traceability are critical.
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Finally, the rise of citizen science and participatory sensing is reshaping environmental monitoring
landscapes. Providing affordable, easy-to-use sensors to the public creates dense data networks that
complement government and academic efforts, promoting environmental stewardship and democratizing
data access.

CONCLUSION

In summary, the integration of Edge Computing and IoT represents a revolutionary shift in the way air
and water quality monitoring systems are designed, deployed, and utilized. By bringing computation
closer to the data source, edge-IoT systems overcome critical challenges of latency, bandwidth, and
scalability inherent in centralized architectures. The real-time data presented in this review, drawn from
Indian cities such as Delhi, Mumbai, Kolkata, Bangalore, and Chennai, underscores the urgent need for
such smart monitoring solutions.

The benefits of edge-1oT integration are manifold: from enabling immediate responses to environmental
hazards, reducing energy consumption, and improving bandwidth use, to fostering public engagement
through transparent and accessible data visualizations. However, the journey toward widespread adoption
is not without obstacles. Technical issues such as device interoperability, power limitations, data privacy
concerns, and maintenance demands need to be systematically addressed through collaborative efforts
across industries, academia, and governments.

Looking ahead, innovations in federated learning, satellite data fusion, edge Al, blockchain, and
participatory sensing offer exciting pathways to enhance the accuracy, reliability, and societal impact of
environmental monitoring systems. Embracing these technologies will not only improve public health
outcomes but also contribute to broader goals of environmental sustainability, climate resilience, and
urban livability.

Ultimately, integrating Edge Computing and IoT for real-time air and water quality monitoring is not
merely a technological upgrade—it is a critical step toward creating smarter, healthier, and more
sustainable communities.
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