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Abstract

This paper presents a sustainable solution for energy harvesting by capturing acoustic energy produced during the
regular operation of HVAC (Heating, Ventilation, and Air Conditioning) systems. These systems generate continuous
sound and mechanical vibrations, which are typically wasted. The proposed method uses piezoelectric materials such
as PZT (Lead Zirconate Titanate) and PVDF (Polyvinylidene Fluoride) strategically placed near high-noise zones like
fans and air vents. These materials convert ambient acoustic vibrations into electrical energy through the piezoelectric
effect.

Although the harvested energy is low in magnitude, it is sufficient to power ultra-low-power devices such as wireless
sensors, BLE beacons, and 10T modules. The system includes a power conditioning circuit to stabilize and store the
energy in capacitors or micro-batteries. This enables battery-free operation, reducing maintenance and environmental
impact. The solution is designed to be modular, scalable, and non-intrusive, ensuring it does not interfere with HVAC
performance or airflow. Simulation tools like COMSOL and LTspice are used to optimize the design and validate
performance. This approach supports smart building infrastructure and contributes to energy-efficient, self-powered
systems.
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I. INTRODUCTION

The Heating, Ventilation, and Air Conditioning (HVAC)
systems are essential components in modern residential,
commercial, and industrial buildings. These systems operate

II. CURRENT CHALLENGES
1) Low Power Density of Acoustic Energy:

continuously to regulate indoor climate, and in doing so,
they generate a significant amount of acoustic energy
primarily in the form of sound waves and mechanical
vibrations from fans, compressors, and airflow through
ducts. Despite its constant presence, this acoustic energy is
typically wasted and remains an untapped resource.

Recent advancements in energy harvesting technologies
have opened new possibilities for converting ambient
energy sources into usable electrical power. Among
these, piezoelectric materials have emerged as a promising
solution due to their ability to convert mechanical stress and
vibrations into electrical energy. Materials such as Lead
Zirconate Titanate (PZT) and Polyvinylidene Fluoride
(PVDF) are particularly effective in capturing low-
frequency vibrations, which are common in HVAC
environments.

e Acoustic energy, especially in HVAC
environments, has inherently low power density. This makes
it difficult to generate sufficient electrical energy for even
micro-power applications without highly optimized
harvesting systems.

2) Frequency Matching and Material Tuning:

Piezoelectric materials must be precisely tuned to match the
dominant frequencies of HVAC-generated vibrations.
HVAC systems produce a mix of low-frequency and
broadband noise, requiring careful selection and design of
harvesters to maximize energy conversion efficiency.

3) Environmental Stress and Durability:

HVAC systems operate under varying conditions including
airflow turbulence, temperature fluctuations, and
mechanical vibrations. These factors can degrade
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piezoelectric materials over time, affecting performance and
reliability.

4) Non-Intrusive Integration:

The energy harvesting system must be integrated without
disrupting HVAC airflow, thermal performance, or
structural integrity. Designing compact, lightweight, and
vibration-sensitive harvesters that do not interfere with
HVAC operations is a key challenge.

5) Energy Storage and Conditioning:

The harvested energy is intermittent and low in magnitude.
Efficient power conditioning circuits (rectifiers, voltage
regulators) and energy storage components (capacitors,
micro-batteries) are required to stabilize and store the
energy for practical use.

6) Cost and Scalability:

While the concept is scalable across multiple HVAC units,
the cost of materials, simulation tools, and testing
equipment can be significant. Achieving cost-effective
deployment in large buildings or industrial facilities
requires optimization of design and manufacturing
processes.

II1. SOLUTION:

1) Piezoelectric Energy Harvesting:

Piezoelectric materials such as PZT (Lead Zirconate
Titanate) and PVDF (Polyvinylidene Fluoride) are used
to convert mechanical vibrations into electrical energy.
These materials are strategically placed near high-vibration
zones in HVAC systems such as fans, ducts, and vent outlets
where sound pressure and mechanical stress are highest
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2) Non-Intrusive Integration:

The harvesters are designed to be compact and lightweight,
allowing them to be mounted without interfering with
HVAC airflow or performance. This ensures seamless

integration into existing infrastructure without requiring
major modifications.

3) Power Conditioning and Storage:

The electrical energy generated is routed through a power
conditioning circuit that includes a rectifier and voltage
regulator. This circuit stabilizes the output and stores the
energy in capacitors or micro-batteries, making it available

for powering devices like wireless sensors and IoT modules.
4) Simulation and Optimization:

Simulation tools as COMSOL and LTspice are used to
model the mechanical-electrical behavior of the system.
These tools help optimize the placement, geometry, and
material selection of the harvesters to maximize energy
output and efficiency

5) Scalable and Modular Design:

The system is modular and scalable, allowing deployment
across multiple HVAC units in large buildings. This
supports  distributed sensor networks and enables
widespread adoption in smart buildings and industrial
facilities.

6) Sustainability and Maintenance:

By enabling battery-free operation, the solution reduces
maintenance needs and environmental impact. Piezoelectric
materials have long lifespans and require minimal upkeep,

making the system reliable and cost-effective over time.
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IV. FLOW OF ENERGY HARVESTING AND

UTILIZATION

HVAC UNIT

Acoustic
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Power
Conditioning
Circuit

IoT Devices
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1) HVAC Unit (Input)

This is the source of acoustic energy. HVAC systems include
fans, compressors, and ducts that produce continuous sound
and mechanical vibrations during operation. These
vibrations are typically wasted but can be captured and
converted into electrical energy. HVAC systems operate in
varying conditions temperature, airflow, and mechanical
stress which influence the energy harvesting potential.

2) Acoustic Energy

The sound waves and mechanical vibrations generated by
the HVAC unit. These are low-frequency and low-power
density, but consistent and abundant in large buildings.
Effective energy harvesting requires precise tuning of

piezoelectric materials to match the frequency range.
3) Piezoelectric Harvester

Converts mechanical vibrations into electrical energy using
piezoelectric materials like PZT (Lead Zirconate Titanate)
or PVDF (Polyvinylidene Fluoride). These harvesters are
mounted on HVAC surfaces with high vibration intensity.
The output is small (in u W to mW range), suitable for micro-
power applications.

4) Power Conditioning Circuit

Includes a rectifier to convert AC to DC and a voltage
regulator to stabilize the output. This circuit ensures the
harvested energy is usable and safe for electronic devices.
Energy is stored in capacitors or micro-batteries for
continuous operation.

5) IoT Devices

Examples include wireless sensors, BLE beacons, and
environmental monitors. These devices operate on ultra-low
power (<10 mW), making them ideal for energy harvested
from HVAC systems. Applications include temperature,
humidity, air quality monitoring, predictive maintenance,
and smart building automation.

HVAC Duct
e

Sound &
Vibratio
)) Data
Transmissio
—_—
: ; Wireless
P‘f zoeé;c;nc Sensor / Computer
[oT Device

=

Rectifier & Storage Circuit

V. TECHNICAL DESCRIPTION - DESIGN &

ANALYSIS

The proposed system is designed to harvest acoustic energy
from HVAC systems using piezoelectric materials and
convert it into usable electrical power for micro-power

applications. The design and analysis phase involves

IJRTI2509053

International Journal for Research Trends and Innovation (www.ijrti.org)



http://www.ijrti.org/

1)

2)

3)

4)

5)

6)

© 2025 IJRTI | Volume 10, Issue 9 September 2025 | ISSN: 2456-3315

selecting appropriate materials, optimizing placement,
modeling system behavior, and validating performance
through simulation and testing.

Piezoelectric Material Selection

Materials Used: PZT (Lead Zirconate Titanate) and PVDF
(Polyvinylidene Fluoride).

Criteria: High sensitivity to low-frequency vibrations,
mechanical durability, and thermal stability.

Reasoning: PZT offers high piezoelectric coefficients,
while PVDF provides flexibility and better performance in
dynamic environments.

Harvester Placement Strategy

Target Zones: HVAC ducts, fan housings, and vent outlets
where vibration intensity is highest.

Mounting: Non-intrusive adhesive or clamp-based mounts
to avoid interference with airflow or system performance.
Geometry Optimization: Harvester shape and size are
tuned to match dominant vibration modes.

Acoustic Frequency Analysis

Objective: Identify the frequency range of HVAC-
generated vibrations.

Tools Used: Microphones and vibration sensors to capture
sound profiles.

Outcome: Helps in tuning the piezoelectric harvesters to
resonate at optimal frequencies for maximum energy
conversion.

Power Conditioning Circuit Design

Components:

Rectifier: Converts AC output from piezoelectric material
to DC.

Voltage Regulator: Stabilizes voltage for consistent power
delivery.

Energy Storage: Capacitors or micro-batteries store the
harvested energy.

Design Tools: LTspice used for circuit simulation and
optimization.

Simulation and Modeling

Mechanical-Electrical Coupling: Simulated using
COMSOL Multiphysics to model vibration response and
electrical output.

Performance Metrics:

Voltage output (target: >1V)

Power density (target: >10 uW)

Conversion efficiency (target: >30%)

Comparative Analysis: Different HVAC noise profiles are
tested to evaluate system adaptability.

Scalability and Modularity

Design: Modular units that can be deployed across
multiple HVAC systems.

Integration: Compatible with building automation systems
and IoT platforms.

Expansion: Supports distributed sensor networks for smart
building applications.

VI. APPLICATIONS OF HARVESTED
ACOUSTIC ENERGY

e IoT Sensors: Powering low-energy sensors for
temperature, humidity, and air quality monitoring.

e Smart Building Systems: Supporting autonomous devices
for predictive maintenance and energy optimization.

e Wireless Monitoring Devices: Enabling battery-free

operation for vibration and noise analysis in HVAC units.

¢ Environmental Data Logging: Collecting long-term
data in remote or hard-to-access HVAC zones.

e Security & Access Systems: Powering micro-sensors
for motion detection and occupancy tracking.

o Energy-Efficient Infrastructure: Contributing to
sustainable building design with self-powered
components

VII. RESULTS:
The implementation of piezoelectric energy harvesting in
HVAC systems has yielded promising results,
demonstrating the feasibility of powering micro-power
applications using ambient acoustic energy. Under typical
HVAC operating conditions, the system successfully
generated a minimum voltage output of 1V, which is
sufficient to activate ultra-low-power devices such as BLE
sensors and IoT modules.
Power generation ranged between 10 to 50 uW, depending
on the intensity of vibrations and the placement of the
piezoelectric harvesters. This level of energy output
supports continuous operation of low-energy devices
without the need for external power sources or frequent
battery replacements. The energy conversion efficiency
achieved was up to 30% within the target frequency range
0f 60-300 Hz, optimized through careful selection of
piezoelectric materials and frequency tuning.

Environmental stability was also validated, with materials
like PZT and PVDF maintaining consistent performance
across varying HVAC conditions, including temperature
fluctuations and airflow turbulence. Protective coatings and
robust mounting strategies contributed to the durability and
reliability of the harvesters.

System integration was seamless and non-intrusive,
ensuring that the HVAC system’s airflow and thermal
performance remained unaffected. The modular design
allowed for scalable deployment across multiple HVAC
units, enabling distributed sensing in smart building
environments.
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Simulation results using COMSOL Multiphysics closely
matched real-world vibration profiles and electrical outputs,
with deviations within £10%. Circuit simulations conducted
in LTspice confirmed stable voltage regulation and effective
energy storage behavior.

The harvested energy was successfully used to power
various applications, including IoT sensors for
environmental monitoring, BLE beacons for occupancy
tracking, and wireless data loggers for HVAC performance
analytics. These outcomes validate the system’s potential to
contribute to sustainable, battery-free smart infrastructure.

VIII. Conclusion:

In conclusion, the proposed Harnessing Acoustic Energy
from HVAC Systems Using Piezoelectric Harvesters
for Sustainable Micro-Power Applications represents
the integration of piezoelectric energy harvesting into
HVAC systems presents a promising pathway toward
sustainable and self-powered micro-electronic
applications. By capturing ambient acoustic energy—
typically wasted during HVAC operation—and converting
it into electrical power, this solution enables battery-free
operation of low-power devices such as IoT sensors and
wireless monitors. The system’s non-intrusive design,
modular scalability, and environmental resilience make it
highly suitable for smart buildings and industrial facilities.
Simulation and real-world testing have validated its
performance, demonstrating sufficient voltage output,
energy conversion efficiency, and reliability under varying
HVAC conditions. Overall, this approach contributes to
energy-efficient infrastructure, reduces maintenance costs,
and aligns with global efforts toward greener, smarter
technologies.
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