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Abstract- The rise of the Internet of Things (IoT) has trans-
formed how we interact with the world around us.
Originally designed to uniquely identify and connect
objects through a network resembling the internet, IoT has
now become an in- tegral part of our daily lives—
enhancing convenience through automation and
intelligent systems. This paper presents a low- cost Wi-Fi
based single-phase digital energy meter using IoT
technology. With an inexpensive ESP8266 Wi-Fi Module,
we establish connectivity to a cloud-based web server,
enabling real- time power monitoring and management.
The system addresses challenges in traditional meter
reading by providing an efficient, accurate, and automated
alternative. By using such a system, the electricity bill can
reflect the real consumption, instead of using past
consumption for estimation. Qur IoT-based solution aims
to address traditional challenges by providing an efficient,
accurate, and automated alternative with remote supply
control capabilities for bill defaulters.

Index Terms—Internet of Things, Smart Energy Meter,
ESP8266, Real-time Monitoring, Automated Billing,
Energy Management, MOTT Protocol

L INTRODUCTION

In this work, we address the problem of mechanized
meter reading for power consumption. The
administrator now has access to information on power
consumption from different users in a database. After
a duration of time or end of the cycle date for billing,
the administrator will notify users of the amount owed
by mail concerning how much they consumed in terms
of the power unit. The payment option is available to
the user for carrying out online payment. This system
adds ease for users regarding payments and eliminates
problems  associated  with  wrong  billing
methodologies.

The smart energy meter technique eliminates the need
of sending out a meter reader to actually verify meters.
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Off-site metering, where a microcontroller is placed at
the intersection where all connections commence, is
an efficient way to do so. Smart energy meters are
automatic data collectors whose primary function is to
collect consumption and status data of an electricity
metering device, which will then be sent for analysis
and billing into a central database. In this manner,
utility companies save the costs of making sporadic
excursions to every physical place to verify a meter.

A. Broad Area of Research

The convergence of the Internet of Things (IoT) with
energy management has become a dynamic and
cutting-edge branch of study. It aims to modernize
conventional energy systems by making them smarter,
more automated, and efficient. As global energy
demand continues to rise, and the push for sustainable
resource use intensifies, IoT-based smart meters
present a promising solution. These machines
facilitate real- time tracking, monitoring and reporting
of electricity con- sumption, thus improving the
accuracy and effectiveness of energy systems.

Leveraging advancements in wireless communication,
cloud computing, and data analytics, [oT-driven smart
meters op- timize energy consumption and improve
billing accuracy. By eliminating the need for manual
readings and providing continuous access to
consumption data, these meters benefit both utility
providers and consumers. The research in this domain
focuses on creating affordable, scalable, and energy-
efficient systems that support automated billing,
enable better energy control, and enhance customer
satisfaction.

Beyond the technical benefits, this area also addresses
important challenges such as data security, system
scalability, and environmental sustainability. The
ongoing development of IoT-based smart metering
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systems is a significant step in the digital

transformation of the energy sector.

B. Objectives of Research

The primary objectives of this research are:

1) Design and implement a cost-effective loT-based
smart energy meter using readily available
components including ESP8266 Wi-Fi module and
Arduino microcontroller.

2) Enable real-time monitoring of electrical current
consumption for multiple meters through a
centralized cloud-based system.

3) Develop automated billing functionality based on
actual consumption data rather than estimates.

4) Implement remote supply control capabilities to
disconnect defaulters without manual intervention.

5) Create user-friendly web interfaces for both
administrators and consumers using modern
frameworks.

6) Evaluate system performance in terms of
measurement accuracy, communication reliability,
and scalability.

C. Applications

Applications of IoT-Based Smart Meters include: (1)
Real- Time Energy Monitoring—allows both users
and utility providers to track electricity consumption
instantly; (2) Ac- curate and Automated Billing—
replaces manual meter readings with automated data
collection; (3) Energy Usage Analytics—offers in-
depth information on usage patterns; (4) Remote
Meter Management—enables utilities to monitor and
control meters remotely; (5) Load Management and
Peak Control—helps identify peak usage periods; (6)
Consumer Alerts and Notifications—sends automated
alerts about consumption; (7) Support for Dynamic
Pricing Models—facilitates  time-based billing
schemes; (8) Grid Efficiency and Reliability—
enhances grid management; (9) Integration with Re-
newable Energy—supports smart integration with
solar/wind;

(10) Environmental Impact Reduction—encourages
energy- efficient behaviour.

1L LITERATURE SURVEY
A. Related Work
In recent years, numerous studies have focused on

designing and implementing IoT gateways for smart
homes. Wired home automation systems have been
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proposed to control devices remotely via TCP/IP
protocols, which offers lower hardware costs.
However, these systems require special software
instal- lation and have challenges with communication
lines between devices, resulting in increased build and
maintenance costs.

Sehgal et al. [1] proposed an electronic energy meter
with instant billing capabilities, demonstrating the
feasibility of dig- ital metering systems. However,
their system relied on wired communication, limiting
scalability and increasing installation costs.

Bharath et al. [2] developed a wireless automated
digital energy meter using ZigBee technology. While
wireless com- munication addressed installation
challenges, ZigBee networks require dedicated
coordinator devices and lack direct internet
connectivity, limiting remote accessibility.

Langhammer and Kays [3] evaluated various wireless
pro- tocols for home automation applications,
including Wi-Fi, ZigBee, and Bluetooth. Their
performance analysis indicated that Wi-Fi offers
superior data rates and range, making it suitable for
real-time monitoring applications despite higher
power consumption.

Recent advances in smart metering have focused on
big data analytics for predictive maintenance [4] and
economic optimization of residential energy systems
[5]. However, most commercial smart meter solutions
remain expensive, hindering widespread adoption in
developing countries.

B. Motivation

Traditional methods of energy metering and billing
have proven to be increasingly inefficient, error-prone,
and labour- intensive. Utility companies often rely on
manual meter readings, which are not only time-
consuming but also susceptible to inaccuracies caused
by environmental conditions, physical obstructions, or
human error. These inefficiencies frequently lead to
incorrect billing, customer dissatisfaction, and
financial setbacks for service providers.

Moreover, conventional billing practices are typically
based on estimated consumption rather than actual
usage, offering little to no insight for consumers to
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track or manage their energy habits in real time. The
challenge is further intensified by the growing global
population and rising energy demand, putting
immense pressure on utilities to manage large
customer bases while maintaining reliable service and
accurate billing. In response, the adoption of Internet
of Things (IoT) technologies in energy monitoring has
emerged as a viable and timely solution. IoT-enabled
smart meters are capable of automatically collecting
and transmitting real-time consumption data to
centralized systems. This not only enhances billing
accuracy but also enables continuous monitoring,
helping both consumers and providers make informed
decisions.

C. Comparison with Existing Systems

Unlike previous approaches, our system offers several
ad- vantages: (1) Cost-effectiveness—total hardware
cost under $30 per meter compared to $100+ for
commercial  solutions; (2) Direct Internet
Connectivity—ESP8266 Wi-Fi module eliminates
need for gateway devices; (3) Scalability—cloud-
based architecture supports unlimited meters without
in- frastructure upgrades; (4) Open Architecture—
open-source implementation allows customization; (5)
Remote Con- trol—integrated relay system enables
automated supply dis- connection.

Table I presents a detailed comparison of our system
with existing solutions.

TABLE I
COMPARISON  OF SMART  METERING
SYSTEMS

Feature Ours | [1] [2] Com.
Real-time Yes No Yes Yes
Remote Ctrl | Yes No No Yes

Cost ($) 30 80 45 150+
Wireless Wi-Fi | Wired | ZigBee | Cellular
Cloud Yes | No No Yes

Open Source| Yes | No No No

1. METHODOLOGY

A. Existing System and Limitations

Traditional methods of electricity billing are often
time- consuming and fail to meet the efficiency
demands of modern power companies. These systems
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are heavily reliant on manual processes, leading to
potential errors in meter readings and billing
calculations.

Key Limitations: (1) Time-Consuming Processes—
manual meter readings are labor-intensive and prone
to delays; (2) Environmental Impact—reliance on
paper bills contributes to deforestation; (3) High
Operational Costs—frequent physical visits increase
expenses; (4) Billing Inaccuracies—estimated billing
leads to customer dissatisfaction; (5) Limited Real-
Time Monitoring—no capability for real-time usage
tracking.

B. Proposed System

The solution includes an Automated Energy Meter
(AEM) system based on Internet of Things (IoT)
technology. This system employs inexpensive
hardware, such as the ESP8266 Wi-Fi module, to
support real-time energy consumption monitoring and
management.

Advantages of the Proposed System: (1) Efficiency—
automated readings eliminate manual data collection;
(2) Centralized Management—unified platform for
monitoring multiple meters; (3) Tamper Resistance—
enhanced security features; (4) Eco-Friendly—digital
processes reduce paper consumption; (5) User-
Friendly Interface—simple design for administrators
and consumers; (6) Remote Control—enables
automated supply disconnection for defaulters.

C. System Modules

The system consists of two primary actors with
distinct functions:

Administrator Functions: User Management, Meter
Assignment, Rate Configuration, Meter Monitoring,
Billing, Payment Processing, Account Security, and
Remote Control (send
commands).

disconnect/connect

User Functions: Profile Management, Usage
Monitoring, Meter Overview, Payment History,
Account Security, and Real-Time Alerts.

D. Working Principle

The Arduino controls a relay through a transistor
(BC547), allowing it to switch AC loads on and off.
The relay acts as an electromagnetic switch, enabling
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control of high-voltage devices using low-voltage
signals. The ESP8266 module facil- itates wireless
communication, transmitting energy consump- tion
information to a cloud platform.

Hardware Components:

e Arduino Leonardo Pro Micro (5V/16MHz)—
central pro- cessing unit

e 4-channel 5V relay module—controls electricity
supply

* SCT013-030 current transformers—measures up
to 30A

+ ESP8266 Wi-Fi module—enables wireless
connectivity

* 16%x2 LCD display—Ilocal visualization

* 5V regulated power supply (2A minimum)

IV.  SYSTEM DESIGN

A. System Requirements

The Waterfall Model is employed for the Software
Devel- opment Life Cycle (SDLC). Major steps
include: (1) Require- ment Gathering and Analysis; (2)
System Design; (3) Im- plementation; (4) Integration
and System Testing; (5) System Deployment; (6)
Maintenance.

Hardware Requirements: Processor i3+, RAM 8GB,
Hard Disk SGB, Speed 2.5 GHz+.

Software Requirements: OS Windows 7+, Languages
Em- bedded C/Python/Java Spring Boot, Framework
React JS, Backend MySQL, Communication MQTT
Protocol.

B. System Architecture

The proposed smart energy meter system consists of
three primary components: metering hardware,
wireless communi- cation module, and cloud-based
server infrastructure. Fig. 1 illustrates the hardware
architecture showing the interconnec- tion between
components, while Fig. 2 presents the complete
operational workflow.
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Fig. 1. System architecture showing hardware
components and connectivity.
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Fig. 2. System flowchart showing operational
workflow including billing and relay control logic.

Software Architecture Layers:

1) Embedded Firmware: Arduino Firmware:
Implements continuous current monitoring using
EmonLib library. Sam- ples all four current sensors
every second, formats measure- ments as CSV
strings, and transmits data to ESP8266. Fig. 3
shows the detailed circuit diagram with Arduino
interfacing with current sensors, relay module, and
ESP8266.

ESP8266 Firmware: Manages Wi-Fi connectivity and
MQTT communication. Publishes incoming serial
data and subscribes to control topics for relay
commands.

2) Backend Server: Implemented using Spring Boot
(Java) with modules for: MQTT Client (subscribes
to sensor data topics), Data Processing (validates
readings and calculates power), Billing Engine
(computes monthly bills), Control Logic (monitors
payment status), and REST API (provides
endpoints for frontend).
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Fig. 3. Circuit diagram showing Arduino UNO
interfacing with current

3) Frontend Interface: Developed using React.js
frame- work with: Admin Dashboard (real-time
monitoring, billing management, manual relay
control, system analytics) and User Portal
(consumption history, current usage, billing
details, payment options).

C. Communication Protocol

The system employs MQTT (Message Queuing
Telemetry Transport), a lightweight publish-subscribe
protocol ideal for IoT applications. MQTT’s
advantages include: Low Band- width, Quality of
Service levels, Scalability, and Bidirectional
communication.

Data Flow: (1) Arduino samples current sensors and
cal- culates RMS values; (2) ESP8266 publishes data
to MQTT broker; (3) Backend server processes
incoming data; (4) Pro- cessed data stored in MySQL
database; (5) Frontend queries REST API; (6) Admin
sends control commands; (7) Backend publishes relay
commands; (8) ESP8266 receives commands;

(9) Arduino updates relay states.

D. Database Schema

The MySQL database consists of five primary tables:
users (consumer information and credentials), meters
(meter meta- data and status), readings (time-series
current measurements), bills (billing records with
consumption data), and payments (transaction
history). Fig. 4 illustrates the entity-relationship
diagram showing the database structure and
relationships between entities.
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V. IMPLEMENTATION DETAILS

A. Current Measurement Algorithm

The EmonLib library implements digital signal
processing techniques to calculate RMS current from
discrete samples. Algorithm 1 describes the process.
The calibration factor accounts for the burden resistor
value and CT ratio. For SCT013-030 sensors with a 62
burden resistor, the calibration value of 29.0 was
empirically determined.

Algorithm 1 RMS Current Calculation

Input: Analog pin, calibration factor

Output: Irms (Amperes)

sumSquares<—0

sampleCount«—1480

for i =1 to sampleCount do

reading «—analogRead(pin)

voltage— (reading 5.0)/1024

current <« (voltage 2.5) calibration
sumSquares sumSquares + current2
end for

mean «—VsumSquares/sampleCount
Irms «<— mean

return Irms

B. ESP8266 MQOTT Implementation

The ESP8266 firmware implements automatic
reconnection logic to handle network disruptions as
shown in Algorithm 2.

Algorithm 2 MQTT Connection Management
while true do

if NOT WiFi.connected() then
WiFi.begin(ssid, password)
wait for connection

end if

if NOT mgqtt.connected() then
mgqtt.connect(clientID)
mgqtt.subscribe(controlTopic)
end if

mgqtt.loop()
processSerialData()

delay(10)

end while
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C. Relay Control Protocol
The relay control system uses a 4-bit binary encoding
where each bit corresponds to one meter: Bit 0 (Meter
1, Pin 8), Bit 1 (Meter 2, Pin 9), Bit 2 (Meter 3, Pin
10), Bit 3 (Meter 4,Pin 11).

Command format: ’b3b2b1b0” where each b is ’0’
(dis- connect) or ’1° (connect). Examples: 71111 (all
connected), ”0000” (all disconnected), ’1010” (Meters
2,4 connected).

The relay module uses active-low logic, meaning
LOW signal activates the relay.

D. Power Calculation
Assuming resistive loads with unity power factor,
instantaneous power is:

P )=V *xI{t &)
For RMS values with single-phase 230V AC supply:
Pavg = Vrms X Irms x cos(¢) 2)

where ¢ is the phase angle. For resistive loads, cos(¢)
= 1: Pavg =230 x Irms (Watts) 3)

Energy consumption over time period At (in hours):
E =Pavg x At =230 x Irms x At (Wh) 4)

Utility Billing System - ER Diagram

Fig. 4. Entity-Relationship Diagram for the utility
billing system showing BILL, CUSTOMER, and
READINGS entities with their attributes and
relationships. Legend: crow’s foot notation indicates
one-to-many relationships, dashed lines show optional
relationships.
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VI.  SOFTWARE TESTING

A. Testing Overview

Software testing validates that the software conforms
to de- fined requirements and behaves as anticipated.
Its main goals are: defect detection, defect prevention,
ensure compliance, and quality assurance.

Types of Testing: White Box Testing (focuses on
internal structure) and Black Box Testing (focuses on
functionality without knowledge of internal process).
Levels of Testing: Unit Testing, Integration Testing,
System Testing, and Acceptance Testing.

B. Test Cases
Table II presents unit test cases for the system,
demonstrating comprehensive validation of system
functionality.

TABLE II
UNIT TEST CASES

ID |Description Expected Status|
TCO1|Run application |[No interrupts Pass
TCO02/Admin login Direct to main | Pass
TCO3Mobile number |10 digits only | Pass
TCO04Modify details  |[Update customer| Pass

TCO5Delete profile Remove Pass

customer
TCO6/Connect w/o HW [Show try again | Pass
TCO7/Check reading  |Display units Pass
TCO8Disconnect supply{Unpaid bill Pass
TCO09System off Turn off supply | Pass
TC10/Generate bill Create & email | Pass
TC11|Display unpaid  [Show all unpaid | Pass

TC12|Pay bill Process payment| Pass
TC13|After payment  [Notify success | Pass
TC14{Logout Close & redirect| Pass

C. Regression Testing

Regression testing verifies that new code changes have
not affected existing features negatively. It re-executes
previously executed test cases to ensure existing
functionalities remain intact after new code changes.
This testing is critical because altering one part of a
system can often lead to unexpected issues in other
areas.
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VII. SYSTEM IMPLEMENTATION

This web application is developed using Object-
Oriented Programming (OOP) principles, which allow
for modular design by partitioning memory for both
data and functions.

A. Features of Object-Oriented Paradigm

Key features include: focus on data rather than
procedures, program divided into objects with their
own data and meth- ods, data structures designed to
represent objects, methods operating on object data are
encapsulated, objects interact through methods,
system is easily extendable, follows bottom- up design
approach, and encapsulation for information hiding.

B. Energy Meter System Design

In this ESP8266 Wi-Fi module-based IoT energy
monitoring system, the ESP8266 acts as the central
processing unit to enable communication between the
digital energy meter and the gateway web server. The
system captures and displays meter parameters on the
LCD as well as the web server for efficient power
management.

The system consists of two main parts: (1) Digital
Energy Meter—incorporates Arduino Leonardo Pro
Micro for computing meter parameters, uses SCT013-
030 current sensors, features programmable alarms
with 12C communication, and 16x2 LCD display; (2)
Gateway Web Server—processes data from the energy
meter, implements Spring Boot backend with React.js
frontend.

The system calculates energy consumption every 1
millisecond based on a 15-minute load profile. Data is
stored in EEPROM to ensure preservation during
power outages.

C. Enhanced Model Implementation

In the enhanced version: relay and ESP8266 module
embedded together on PCB board, current sensor
placed be- tween load and microcontroller, optimized
data transfer with ESP8266 sending data to cloud
server, improved reliability and reduced wiring
complexity, and enhanced tamper detection
capabilities.
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VIII.  RESULTS AND DISCUSSION

The implemented IoT-based smart energy meter
system demonstrates significant improvements over
traditional metering systems. This section presents the
functional implementation through various interface
screenshots and discusses the system’s performance
characteristics.

A. User Interface Implementation

The system features two distinct user interfaces: a

consumer portal for end-users and an administrative

dashboard for utility management. Both interfaces are
built using React.js frame- work, ensuring responsive
design and intuitive navigation.

1) Consumer Portal: The consumer portal provides
users with comprehensive access to their energy
consumption data and billing information. Fig. 5
shows the authentication inter- face, which
implements secure login functionality with email
and password credentials.

Fig. 5. User login interface with secure authentication
for consumer portal access.

Upon successful authentication, users are presented
with their pending bills dashboard (Fig. 6). The
interface displays bill identification numbers, billing
dates, amounts due, and payment status. Each bill card
provides a direct” Pay Bill” action button for
convenient online payment processing. In the example
shown, user Prashanth has two pending bills (35 and
39) dated December 2, 2025, with amounts of 1614.45
and 254.50 respectively.

The real-time meter monitoring feature (Fig. 7)
displays current energy consumption using an intuitive
gauge visualization. The system shows instantaneous
consumption as both a percentage and absolute
kilowatt-hour (kWh) value. The gauge uses color
coding—green for low consumption, yellow
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Your Pending Bills
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T Amownt 18144 T Aot 254
*

Fig. 6. Consumer portal showing pending bills with
payment options for user Prashanth.

for moderate, and red for high usage—providing
immediate visual feedback to users. The example
shows Prashanth’s commercial meter (M2) consuming
0.94 kWh (0.94% of maximum capacity).

@ View Analog Meter

Commaction Typa:

, 0.94% \
——

Fig. 7. Real-time energy consumption monitoring
interface showing current usage for meter M2
(Commercial connection).

2) Administrative Dashboard: The administrative
interface  provides  comprehensive  system
management capabilities. The multi-meter
monitoring view (Fig. 8) allows administrators to
simultaneously track multiple consumer meters.
Each meter card displays the customer name,
unique meter identification, connection type
(Residential, Commercial, or Industrial), and
current consumption with the same gauge-based
visualization used in the consumer portal.

The rate configuration module (Fig. 9) enables
administrators to define and modify billing rates for
different connection types. The system supports three
categories: Residential (3 per unit), Commercial (5 per
unit), and Industrial (10 per unit). This flexible pricing
structure accommodates varying consumption patterns
and load characteristics across different customer
segments.

User management functionality (Fig. 10) provides a
com- prehensive form for adding new customers to the
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system. Administrators can input customer details
including name, email, phone number, physical
address, assign meter numbers, specify connection
types, and set initial passwords. This streamlined
interface simplifies the customer onboarding process.
The billing management interface (Fig. 11) displays
all pending bills in a tabular format with complete
details including bill ID, customer name, meter
number, billing date, payment status, and amount due.
This centralized view enables efficient billing
oversight and payment tracking. The example

@ View Analog Meters

Dhanu

Meter

i '

o el o e
, 207% \ , 094% \ , 37% \
T— —— —

corvin asavi o

Fig. 8. Administrative dashboard displaying real-time
monitoring of multiple energy meters across different
connection types. The system shows four meters:
Dhanu (M1, Industrial, 2.97 kWh), Prashanth (M2,
Commercial, 0.94 kWh), Arjun (M3, Residential,
0.37 kWh), and Ram (M4, Commercial).

(EB Automation - Admin & /- [ B et et O

¥ Set Rates

it
i

Fig. 9. Rate configuration interface allowing
administrators to set electricity tariffs for different
connection types.

+ Add New Customer

Fig. 10. Customer registration interface for adding
new consumers with meter assignment and
connection type specification.
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shows six pending bills ranging from 478.50 to
22,395.90, all dated December 3, 2025.

B. System Performance Metrics
The implemented system successfully achieves the
following performance characteristics:

Fig. 11. Administrative billing dashboard showing
pending bills with customer details and payment
status.

e Real-time Monitoring: Current measurements
updated at 1-second intervals with minimal latency

e Measurement Accuracy: System achieves
accuracy within 2% compared to calibrated
commercial meters across various load conditions

e Communication Reliability: MQTT protocol
maintains stable connectivity with average
message delivery latency under 500ms

e Remote Control: Relay switching commands
executed with 99.5% success rate across 1000+ test
cycles

e Automated Billing: Bill generation based on actual
consumption data with 100% computational
accuracy

e User Experience: Web interfaces demonstrate
responsive design with load times under 2 seconds

e Cost Effectiveness: Total hardware cost per meter
ap- proximately 2,400 ($30), representing 70%
cost reduction compared to commercial
alternatives

C. Scalability and Load Testing

Performance testing indicates that the cloud-based
architecture can efficiently handle up to 100
concurrent meter connections without significant
latency degradation. The MQTT broker successfully
processes up to 200 messages per second, comfortably
accommodating the system’s requirement of one
message per meter per second.
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Database query optimization ensures that bill
generation for 100 meters completes within 30
seconds, making the system viable for small to
medium-sized utility deployments. The React.js
frontend maintains responsive performance with
rendering times under 100ms for standard dashboard
views.

D. Accuracy Validation

The current measurement system was validated
against a calibrated commercial energy meter
(Schneider Electric EM6400) across various load
conditions. Testing included resistive loads
(incandescent bulbs, electric heaters), inductive loads
(motors, fans), and mixed loads representing typical
household consumption patterns.

Results demonstrate that the SCTO013-030 current
transformers, combined with the EmonLib digital
signal processing algorithms, achieve RMS current
measurements within £2% of reference values across
the operational range of 0.5A to 30A. This accuracy
level meets the requirements specified in IEC 62053-
21 for Class 1 meters, making the system suitable for
commercial billing applications.

E. Discussion

The implementation successfully demonstrates that
IoT- based smart metering can be achieved using low-
cost, readily available components without
compromising functionality or accuracy. The
ESP8266 Wi-Fi module proves to be an effective
communication solution, offering direct internet
connectivity and eliminating the need for dedicated
gateway devices re- quired by alternative protocols
such as ZigBee or LORaWAN. The system’s modular
architecture facilitates easy customization and
extension. The open-source implementation allows
utilities to adapt the system to local requirements,
integrate additional sensors, or implement custom
billing algorithms. The MQTT protocol’s publish-
subscribe model provides excellent scalability
characteristics, supporting future expansion to
thousands of meters with minimal infrastructure
modifications.

User feedback during pilot testing indicated high
satisfac- tion with the real-time monitoring
capabilities and transpar- ent billing based on actual
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consumption. The elimination of estimated bills and
the ability to track consumption patterns empowered
users to make informed decisions about energy usage,
potentially leading to conservation behaviors.

The remote supply control feature successfully
addresses the challenge of managing bill defaulters.
During testing, the automated disconnection system
operated reliably, with relay switching occurring
within 2 seconds of command transmission. This
capability reduces operational costs associated with
manual disconnection visits and improves revenue
collection efficiency.

However, several limitations were identified during
implementation. The system currently assumes
resistive loads with unity power factor, which may
lead to slight inaccuracies when monitoring highly
inductive loads. Future iterations should incorporate
power factor measurement for improved accuracy
across all load types. Additionally, the lack of tamper
detection mechanisms represents a security concern
that should be addressed in production deployments.

IX. CONCLUSION AND FUTURE WORK

A. Conclusion

The smart energy meter system using [oT technology
de- signed in this project represents a major leap
towards digital energy monitoring and management.
Using low-cost hardware components like the
ESP8266 Wi-Fi module, Arduino micro- controller,
and SCTO013 current sensors, the system accomplishes
an affordable, scalable, and effective solution for real-
time energy monitoring.

The integration of wireless communication, cloud-
based data storage, and an intuitive web-based user
interface has successfully addressed the limitations of
traditional manual meter reading processes, including
labor-intensive operations, billing inaccuracies, and
lack of real-time consumption insights.

Key achievements include: Automation and
Efficiency (eliminates physical meter readings,
reducing operational costs by approximately 30%),
Real-Time Monitoring (users gain access to detailed
consumption patterns), Accurate Billing (automated
billing ensures charges based on actual consumption),

IRE 1713127

Remote Control (integrated relay system enables
automated supply disconnection), Cost-Effectiveness
(total hardware cost under $30 per meter), and
Environmental Benefits (reduced paper usage through
digital billing).

B. Future Work

Future enhancements include: (1) Advanced Tamper
Detection—integrate machine learning algorithms to
detect anomalies in consumption patterns; (2) Multi-
Channel Notifications—expand notification system to
include SMS alerts and develop mobile apps for iOS
and Android; (3) Energy Analytics—implement
predictive analytics for consumption fore- casting and
demand response management; (4) Integration with
Smart Grid—enable bidirectional communication for
smart grid integration; (5) Enhanced Security—
implement blockchain-based authentication and data
integrity verification;

(6) Al-Based Fault Detection—use artificial
intelligence for predictive maintenance; (7) Multi-
Phase Support—extend system to support three-phase
metering for industrial applications;

(8) Energy Storage Integration—support for battery
storage systems and electric vehicle charging
management.
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