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Abstract

This project focuses on designing and developing a Smart Supermarket Refrigerator using
Digital Twin technology to enhance energy efficiency, reliability, and predictive maintenance.
The system integrates loT-based sensing, cloud connectivity, and hybrid modelling to create a
virtual replica of the physical refrigeration unit. Temperature, power, and environmental data
are continuously captured using Arduino Mega and ESP32-based sensor networks and
transmitted through MQTT to a cloud platform for real-time analysis. A combined physics-
based and LSTM data-driven model enables dynamic performance benchmarking, early fault
detection, and optimization of operating parameters. The digital twin supports automated alerts
for anomalies such as compressor inefficiency, refrigerant leakage, or prolonged door-open
events. The developed system demonstrates measurable improvements in energy efficiency
and operational dependability, offering a scalable solution for intelligent supermarket

refrigeration management.
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Summary Report
1. Title
Design And Development of Smart Refrigerator In Supermarket Using Digital Twin

Technology

2. Project Objectives

e Develop a comprehensive digital twin model that accurately represents the dynamic
behaviour of a supermarket refrigerator, incorporating key components, interactions, and
performance metrics.

e Integrate preventive maintenance strategies into the digital twin to optimize maintenance
schedules, reduce downtime, and minimize costs.

e Implement real-time performance optimization algorithms to continuously monitor and
adjust system parameters to ensure optimal energy efficiency and product quality.

e Develop advanced alert systems capable of detecting anomalies, predicting potential
failures, and providing timely notifications to prevent disruptions in the refrigeration
system.

e Evaluate the effectiveness of the digital twin in improving system reliability, reducing
energy consumption, and enhancing overall operational efficiency.

3. Benefits Accrued

Category Details
Journal publications (Nos.) I(on going)
Patents filed (Nos.) I(on going)

Details of Manpower Trained

UG Students 3
Workshop organised 1

4. Project Summary
This project presents the development and implementation of an IoT-enabled refrigeration
monitoring and analytics framework designed to enhance energy efficiency and predictive
maintenance capabilities within commercial HVAC applications, particularly supermarket

freezer-top systems. The system integrates embedded hardware, cloud computing, and hybrid
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analytical modelling to provide real-time visibility and actionable insights into refrigeration
system performance. Figure 1 illustrates the schematic architecture of the proposed Smart

Refrigerator system using Digital Twin Technology.

The hardware layer employs a combination of Arduino Mega and ESP32 microcontrollers for
distributed sensing and edge-level data acquisition. A network of high-precision digital
temperature sensors (+0.2 °C accuracy) was deployed at five thermally critical locations — the
evaporator coil, condenser outlet, compressor suction line, cabinet air, and ambient
environment. Complementary voltage and current transducers (sampling rate: 1 Hz) were
integrated to monitor electrical power consumption, enabling real-time calculation of
compressor load and overall system energy efficiency. The ESP32 module, equipped with an
onboard Wi-Fi transceiver, performs secure MQTT-based data transmission to a cloud
infrastructure (ThingSpeak). The cloud layer serves as the centralized repository for time-series
datasets, facilitating seamless integration with downstream analytics and digital twin platforms.
Figure 2 shows the experimental setup of the Smart Deep Freezer (0.2 TR, operating between
—10°C and —20°C at 240 V), used for system validation.
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Fig.1 Schematic diagram of the proposed Smart Refrigerator in Supermarket Using

Digital Twin Technology
Two complementary models were developed to extract deeper operational insights:

1. Physics-based model: Constructed using first-principle thermodynamic equations and

energy balance relationships to estimate ideal cycle parameters such as COP
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(Coefficient of Performance), enthalpy flow rate, and expected power consumption.

2. Data-driven model: Implemented using a Long Short-Term Memory (LSTM) time-
series network trained on more than 10,000 temporal data points to predict thermal
profiles and detect deviations indicative of emerging faults.

The hybrid model enables real-time performance benchmarking between theoretical and actual
system behavior. Deviations beyond defined thresholds trigger anomaly detection routines that
can diagnose compressor inefficiency, refrigerant charge loss, or heat-exchanger fouling.
Integration with a digital twin environment provides dynamic synchronization between the
physical asset and its virtual representation, allowing for continuous system health monitoring
and control optimization. Figure 3 depicts the network of IoT devices connected to the deep
freezer for real-time data sensing and transmission. An automated event detection algorithm
also identifies prolonged door-open conditions (> 60 s) and generates cloud-based push
notifications, thereby minimizing energy losses associated with excessive refrigeration cycles.
Figure 4 presents the cloud-based data collection interface, showing the Smart Deep Freezer in
live supermarket operation. This end-to-end system demonstrates how embedded IoT
platforms, coupled with cloud analytics and hybrid modelling, can transform conventional
refrigeration systems into intelligent, self-diagnostic assets—achieving measurable gains in
energy efficiency (5-10%), fault predictability, and operational reliability within large-scale
supermarket environments.

Fig.2 Smart Deep Freezer 0.2 TR ( -10°C to -20°C, 240V)
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Fig.4 Cloud-based data collection; Supermarket Smart Deep freezer in working

5. Outcome of the project
*A fully developed digital twin model that accurately simulates the dynamic behavior of

supermarket refrigerators, incorporating key components, interactions, and performance

metrics.
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*A framework for preventive maintenance strategies integrated into the digital twin to optimize
maintenance schedules, reduce downtime, and minimize operational costs.

*Algorithms designed to continuously monitor system performance and adjust operational
parameters to ensure optimal energy efficiency and product quality.

*An alert system capable of detecting anomalies, predicting potential failures, and providing
timely notifications to prevent refrigeration system disruptions.

*An evaluation of the digital twin's effectiveness in improving system reliability, reducing

energy consumption, and enhancing overall operational efficiency through real-world testing.
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