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Abstract

The global energy sector faces mounting challenges due to
climate change, fossil fuel depletion, and rising demand.
Zambia, heavily reliant on hydropower, experiences chronic
energy deficits exacerbated by droughts. This study
investigates the design and development of a piezoelectric
power generator as a decentralized renewable solution.
Piezoelectric materials such as PVDF and nanoparticle
composites were evaluated for efficiency, durability, and

conditions. A prototype was designed, simulated, and tested
in laboratory and field environments. Results demonstrate
that optimized PVDF composites can achieve 12%
efficiency, generating 2—5 Wh/m?/day in high-traffic zones.
The findings highlight piezoelectric energy harvesting as a
viable complement to Zambia’s energy mix, aligning with
Sustainable Development Goal 7 and national energy policy
objectives.

cost-effectiveness under Zambia’s environmental
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1. Introduction

Energy security remains a critical challenge worldwide. While solar, wind, and hydropower dominate renewable energy
discussions, their limitations—intermittency, environmental dependence, and infrastructure costs—restrict universal adoption.
Piezoelectric energy harvesting offers a decentralized alternative by converting mechanical stress into electricity. Unlike
weather-dependent renewables, piezoelectric systems harness ubiquitous mechanical energy such as footsteps, vibrations, and
industrial motion.

Zambia exemplifies the urgency of diversification. With 85% of electricity derived from hydropower, prolonged droughts have
created a 1,000 MW deficit, costing businesses $500 million annually. Load shedding disrupts households and critical services.
Piezoelectric systems embedded in urban markets or rural water pumps could mitigate these challenges by generating localized
power for low-energy devices.

This paper presents the design, development, and testing of a piezoelectric power generator tailored to Zambia’s conditions. It
explores material innovations, mechanical design, and energy storage strategies to enhance efficiency and scalability.

2. Motivation of the study

This study is motivated by Zambia’s urgent need for sustainable, decentralized energy solutions to reduce reliance on its
strained hydropower grid and frequent load shedding. Piezoelectric energy harvesting provides a way to convert wasted
mechanical energy—such as foot traffic in Lusaka’s City Market or vibrations from rural water pumps—into electricity. For
example, piezoelectric floor tiles in busy areas could generate 2—5 Wh/m?/day, enough to power LED streetlights or emergency
devices. The broader aim is to align with Zambia’s National Energy Policy and UN Sustainable Development Goal 7 by
deploying piezoelectric systems in schools, clinics, and markets. This would lower diesel dependency, cut CO: emissions, and
empower communities to produce their own electricity, transforming Zambia’s energy landscape from crisis-driven shortages
to innovation-led sustainability.

3. Scope of the study

This study centers on the design, prototyping, and testing of a small-scale piezoelectric power generator tailored for
decentralized energy harvesting in Zambia. It evaluates lead-free materials such as PVDF and nanoparticle-enhanced
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composites for efficiency, durability, and affordability under
local environmental conditions of 20-35°C and 60-90%
humidity. The six-month testing process is structured into
material optimization (Months 1-2), laboratory prototyping
(Months 3—4), and field trials in high-traffic urban markets
like Lusaka’s City Market (Months 5-6). The scope
deliberately excludes large-scale systems, grid integration,
and non-mechanical sources such as solar or wind, focusing
instead on localized solutions aligned with Zambia’s energy
goals. Geographically, the project targets both urban hubs
like Lusaka and Kitwe and rural areas with untapped
mechanical energy sources, such as footpaths near water
pumps. By prioritizing low-cost, recyclable materials and
practical applications—including powering LED lights, IoT
sensors, and emergency devices—the study ensures
scalability and direct relevance to Zambia’s urgent energy
needs.

4. Problem Statement

Zambia faces a severe energy crisis driven by an over-

reliance on climate-vulnerable hydropower, which supplies

85% of the nation’s electricity (ZESCO, 2023) [,

Prolonged droughts have reduced hydropower generation,

created a 1,000 MW energy deficit and forced daily load

shedding of 8-12 hours (Zambia Chamber of Commerce,

2022). This disrupts households, businesses, and critical

services like healthcare, costing the economy over $500

million annually in lost productivity (World Bank, 2022).

While renewable alternatives like solar exist, high upfront

costs and inconsistent sunlight limit their adoption,

particularly in low-income and rural communities where
<5% of households have reliable grid access (Ministry of

Energy, Zambia, 2022).

Existing piezoelectric energy harvesting technologies,

though promising, are hindered by critical gaps:

a. Material Limitations: Lead-based materials (e.g.,
PZT) dominate research but are toxic and brittle, while
eco-friendly alternatives (e.g., PVDF) lack efficiency
(5-8%) for practical use (Lee, 2021; Wang & Zhang,
202251y,

b. Scalability Barriers: Most systems are lab-scale
prototypes, with no cost-effective, durable designs
tailored to Zambia’s climate (high humidity, dust) or
mechanical energy profiles (e.g., foot traffic, rural
vibrations) (Taylor, 2018).

c. Localized Research Void: No prior studies test
piezoelectric systems in Zambian conditions or
integrate them with decentralized energy strategies
aligned with national policies (Ministry of Energy,
Zambia, 2022).

This project addresses these gaps by developing a lead-free,
low-cost piezoelectric generator optimized for Zambia’s
needs. By focusing on scalable, decentralized applications—
such as powering streetlights or emergency devices in
markets—the study aims to reduce grid dependency, lower
energy costs, and provide a sustainable pathway to mitigate
load shedding.

5. Objectives

5.1 General Objective

To design and develop a piezoelectric power generator
capable of efficiently converting ambient mechanical energy
into electrical energy, providing a sustainable and
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decentralized solution to mitigate energy shortages in both
urban and rural settings.

5.2 Specific Objectives

a. To develop a functional prototype of the piezoelectric
power generator using high-performance and reliable
piezoelectric materials such as Zirconate titanate (PZT)
and polyvinylidene fluoride (PVDF) for optimal energy
conversion efficiency under Zambia’s environmental
conditions.

b. To test the prototype under various mechanical inputs
and measure its efficiency by subjecting it to different
mechanical stresses, such as vibrations and impacts, to
evaluate its energy conversion efficiency and power
output.

c. To explore potential applications of the piezoelectric
power generator in real-world scenarios by identifying
practical applications for the generator, such as
powering low-energy devices, sensors, and wearable
electronics, and assessing its feasibility for integration
into smart infrastructure.

By achieving these objectives, this study aims to contribute
to the field of renewable energy by demonstrating the
feasibility and potential of piezoelectric energy harvesting as
a sustainable energy solution.

6. Research Questions

a. What is the optimal design for a piezoelectric power
generator for energy harvesting in Zambia’s
environmental conditions?

b. How efficient is the piezoelectric power generator in
converting mechanical energy into electrical energy?

c. What are the potential applications of the piezoelectric
power generator?

These questions guide the investigation into material
suitability,  design  improvements, and  practical
implementation of piezoelectric technology in Zambia.
Organization of the thesis

This report is structured into five main chapters, each
designed to provide a comprehensive understanding of the
project, from its conceptualization to its implementation and
evaluation. The organization of the report is as follows:
Chapter One: Introduction

This section contains the brief overview of the subsequent
chapters of the report.

Chapter Two: Literature Review

This chapter reviews existing research and studies related to
piezoelectric energy harvesting. It explores the principles of
piezoelectricity, previous work on piezoelectric generators,
and identifies gaps in the literature that this project aims to
address. The review highlights the relevance of the study
and its contribution to the field of renewable energy.
Chapter Three: Methodology

This chapter details the research design, tools, and methods
used in the project. It includes the development process of
the piezoelectric power generator, from simulation and
design to prototyping and testing. The chapter also explains
the data collection and analysis methods used to evaluate the
generator's performance.

Chapter Four: Results and Discussion

This chapter presents the findings of the study, including the
performance metrics of the piezoelectric power generator,
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such as voltage output, power efficiency, and energy
conversion rates. The results are analyzed and discussed in
the context of the project's objectives and research
questions.

Chapter Five: Conclusion and Recommendations

The final chapter summarizes the key findings of the study,
highlighting the achievements and limitations of the project.
It provides recommendations for future research and
potential applications of the piezoelectric power generator.
This structured approach ensures a logical flow of
information, enabling readers to follow the development
process and understand the significance of the project in the
field of renewable energy.

7. Literature Review

The piezoelectric effect was first discovered by Pierre
Curie in 1880, but it was not until the 1950s that
manufacturers began to integrate this principle into
industrial sensing applications (Polytechnic Hub, n.d.).
Since then, piezoelectric technology has matured into a
reliable and robust measurement method. Today,
piezoelectric sensors are employed in diverse fields such as
medical diagnostics, aerospace engineering, nuclear
instrumentation, consumer electronics, and automotive
systems. For example, in the automotive industry,
piezoelectric elements are used to monitor combustion
processes by embedding miniature sensors within spark
plugs or cylinder heads (Electronics for You, 2024) 1%,

7.1 Classification and Types of Piezoelectric Materials
Piezoelectric materials can be broadly classified into two
categories: Natural and synthetic (induced) types (Wiley-
VCH, 2019). Natural piezoelectric materials inherently
exhibit piezoelectricity due to their asymmetric crystalline
structures, which remain stable from formation. Examples
include quartz, tourmaline, rubidium, bone, DNA, enamel,
and certain dentins, all of which demonstrate consistent
piezoelectric  behavior  without requiring  external
modification (Wiley-VCH, 2019).

In contrast, synthetic or induced piezoelectric materials
acquire their properties through a polarization process,
typically involving the application of a strong electric field
near the Curie temperature. These materials, which may be
polycrystalline or amorphous, are engineered to align
internal dipoles during processing. Notable examples
include lead zirconate titanate (PZT), polyvinylidene
fluoride (PVDF), berlinite, lithium tantalate, and lithium
nitrate, whose tunable properties and high sensitivity make
them widely applicable in technology (Wiley-VCH, 2019).
A significant subgroup of synthetic materials is ferroelectric
materials, which not only exhibit piezoelectricity but also
allow reversible dipole orientation under an applied electric
field, making them versatile for applications requiring
dynamic control of polarization states (Tacuna Systems,
2024).

In the electronics industry, commonly used piezoelectric
materials include quartz, Seignette salt (Rochelle salt), PZT
ceramics, advanced ceramics, and polymers like PVDF,
with the choice depending on factors such as sensitivity,
thermal stability, mechanical robustness, and cost-
effectiveness to ensure optimal performance across diverse
systems (Wiley-VCH, 2019; Tacuna Systems, 2024).
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7.2 Global Applications

Piezoelectric energy harvesting has been successfully
deployed in wurban infrastructures worldwide. Notable
examples include: Tokyo’s Shibuya Station, where PVDF
tiles generate 1.5 kWh/day, London Heathrow Airport,
where PZT-embedded flooring saves 12 MWh annually and
pilot projects in Israel and the Netherlands integrating
piezoelectric elements into roads and walkways. These
implementations demonstrate the technology’s potential but
also reveal challenges related to cost, scalability, and
environmental adaptation—particularly in developing
regions.

7.3 Research Gap in the Zambian Context

Despite global progress, no prior studies have systematically
evaluated piezoelectric systems under Zambia’s climatic and
socio-economic conditions. High humidity (60-90% RH),
temperature fluctuations (20-35°C), and limited funding
frameworks pose unique barriers to adoption. This study
fills that gap by focusing on material optimization, cost
reduction, and field validation in Zambian settings.

8. Methodology

The research adopts a mixed-methods approach, combining
quantitative laboratory experiments, field testing, and
computational simulations with qualitative socio-economic
and policy analyses to ensure technical feasibility,
environmental sustainability, and practical applicability. The
methodology is structured into two interconnected phases: A
baseline study to assess Zambia’s mechanical energy
potential, environmental conditions, and user needs,
followed by a system design phase focused on iterative
prototyping, modular development, and compliance testing.
By integrating real-world data on humidity, temperature
fluctuations, and dust exposure with cost-benefit analysis
and stakeholder feedback, the framework prioritizes locally
adaptable solutions for urban hubs, industrial zones, and
rural off-grid communities. The design emphasizes
scalability, durability, and affordability through innovations
such as recycled material composites and modular
architectures, aiming to bridge the gap between laboratory
innovation and on-the-ground deployment. This holistic
strategy ensures the system aligns with Zambia’s energy
resilience goals while providing a replicable model for other
regions facing similar climate and infrastructural challenges.
8.1 Baseline Study

This project report has been developed through a
combination of literature-based inquiry and practical
experimentation, ensuring a comprehensive understanding
of the subject area—piezoelectric power generation. The
initial phase involved conducting a detailed literature
review, drawing from a diverse range of sources including
academic textbooks, peer-reviewed journals, credible online
publications, and hands-on technical experience.

Key insights and relevant technical concepts extracted from
these sources were systematically compiled into structured
notes, which informed the development of each section of
the report. The theoretical foundation established through
this review was then applied to the design and
implementation of a piezoelectric power generator, with
emphasis on converting mechanical vibrations into usable
electrical energy.
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Table 1: Hardware Specifications

Component Specification Notes
PVDF + BaTiOs/ZnO
Piczoclectric nanoparticles (~12%
efficiency); 100x100x5 | Converts mechanical
Transducer 7 .
Module mm size; 20-200 Hz stress into AC power
frequency; 2-10 V AC
output
Mechanical Rec_yclf:d rubber/polymer Shock absorption
Support & casing; 100150 kg load laver for durabili
Housing capacity Y ty
Power Full-wave bridge rectifier; | Converts AC to DC
e 3.3V / 5V voltage o
Conditioning reulator: Resonance -Stabilizes output for
Circuit gulator, Beson IoT/LED devices
tuning circuit
Supercapacitor (10-30 F); g 1.1 o short bursts
Energy Storage (Li-ion/LiFePOs, 3.7V, (supercapacitor) with
g[}}nit ¢ 2000-5000 mAh) psteadp suppl
rechargeable battery Hybrid Y Supply
(battery)
storage system
DC ports (5V USB/micro-
USB) Supports small
Output Interface| Wireless module (LoRa, devices and
Zigbee, Wi-Fi) monitoring
LED indicators
. Hydrophobic cgatmg on Optimized for
Environmental | PVDF composites; 20— .
. o Zambia’s climate and
Adaptation 35°C temperature range; rural deplovment
IP54 dust protection casing ploy
breadboard

8.2 System Design

The system is engineered to convert ambient mechanical
energy—such as foot traffic and rural vibrations—into
usable electrical power, with emphasis on material
resilience, cost-effectiveness, and environmental
adaptability. The design integrates mechanical, electrical,
and environmental subsystems to ensure optimal
performance under Zambia’s climatic conditions (20-35°C,
60-90% humidity). The design emphasizes modularity,
durability, and cost-effectiveness, aligning with Zambia’s
National Energy Policy (Ministry of Energy, 2022) and
global sustainability goals (Taylor, 2018; Lee, 2021; Wang
& Zhang, 2022).

8.3 Functional Architecture
The system comprises five core modules:

1. Piezoelectric Transducer Module
2. Power Conditioning Circuit

3. Energy Storage Unit

4. Output Interface

5.

Environmental Protection Layer

Host +

|

ﬂ Equivalent i
carewt D i :
Fa DC.DC i Storage

Piczoelectric generator * | Rectifier Converter H capacitor

Buck
converter
or Buck-

boost

converter

i | &

Interface circuits

Fig 1: Block diagram of the piezoelectric power generator system
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8.4 Mechanical Design

The mechanical subsystem is built around modular
piezoelectric tiles; the Multi-layered structure comprising a
wear-resistant surface, force distribution plate, PVDF
composite layer, cushioning substrate, and base support
which gives ~12% efficiency. It is standardized with
dimensions of 100 x 100 x 5 mm for scalability and ease of
deployment, load capacity designed to withstand 100—150
kg per impact, suitable for high-traffic zones, housing
material from recycled rubber casing for shock absorption
and environmental sustainability or eco-friendly, and ingress
protection oflP54-rated sealing to prevent moisture and dust
intrusion.

8.5 Working of System Components

Each component plays a distinct role in converting
mechanical vibrations into usable electrical energy, storing
it, and delivering it reliably to end devices.

a. Piezoelectric Transducer Module:

Piezoelectric Transducer Module converts mechanical
stress into alternating current (AC) using PVDF-based
composites. When mechanical stress (e.g., footsteps,
vibrations) is applied to the PVDF composite tiles, the
piezoelectric effect generates an alternating current (AC).
This is enhanced by Nanoparticles such as barium titanate
(BaTiOs) and zinc oxide (ZnO) increasing dielectric
constant and efficiency (~12%). Then the generated AC
signal is fed directly into the conditioning circuit for
rectification.

b. Power Conditioning Circuit:

For rectification, a full-wave bridge rectifier converts the
AC signal into direct current (DC). Voltage regulation is
done by Buck or linear regulators which stabilizes output at
3.3V or 5V, suitable for IoT devices and LED lighting. For
resonance tuning, Circuitry is optimized to match ambient
vibration frequencies (20-200 Hz), maximizing energy
capture. And for Protection, surge protection (TVS diodes),
reverse polarity safeguards, and thermal cutoffs ensure safe
operation.

c. Energy Storage Unit

Supercapacitor stores short bursts of energy, enabling rapid
charge/discharge cycles. Rechargeable Battery (Li-
ion/LiFePO4) provides sustained power delivery for
continuous device operation. Hybrid System balances
intermittent mechanical input with steady energy supply,
ensuring reliability in rural and urban contexts.

d. Output Interface

Ports provides 5 V USB/micro-USB outputs for direct
device charging. Wireless Modules LoRa, Zigbee, or Wi-Fi
modules enable IToT sensor integration and remote
monitoring. Indicators like LED lights display system status
(charging, discharging, fault detection).

e. Environmental Protection Layer

Hydrophobic coatings on PVDF composites prevent
moisture degradation to achieve humidity resistance.
Thermal Stability; Designed to operate within Zambia’s
temperature range (20-35°C). For dust protection, IP54-
rated casing prevents dust ingress, extending system
lifespan.

8.6 Testing Protocol

= Laboratory Tests: Controlled impacts (5—7 N) using
an automated shaker.
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=  Field Trials: Installation at Lusaka City Market (500—
700 footsteps/hour).

=  Measurements: Voltage, current, energy output, and
efficiency using digital multimeters, oscilloscopes, and
data loggers.

9. Results

9.1 Baseline Survey Findings

Survey results indicated limited public awareness (65%) but
strong willingness to adopt piezoelectric technology (80%)
if cost and durability concerns were addressed. Preferred
applications included street lighting (72%) and powering
small electronic devices.

9.2 Laboratory Performance

The PVDF-BaTiOs composite achieved an open-circuit
voltage of 2.5-3.2 V per impact, with a piezoelectric
coefficient der ® 25 PC/N| The system efficiency reached 8—
12%, a significant improvement over plain PVDF (5-8%).
Calculated energy per step was 2.39 X 1072 J per tile, scaling
to 2-5 Wh/m?/day in array configurations.

9.3 Field Deployment

Field trials confirmed the system’s robustness under real-
world conditions. Energy yields matched laboratory
predictions, successfully powering LED arrays for 3—4
hours daily. The hydrophobic coating and sealed casing
prevented performance degradation despite 85% RH and
dust exposure.

Table 2: Laboratory vs. field performance metrics

Metric Laboratory Result  Field Result
Voltage Output (per step) 2.5-32V ~2.1 V average
Efficiency 8-12% 8-12%
Daily Energy Yield 2-5 Wh/m?/day | 2-5 Wh/m?/day

LED Runtime (after 3-4 hours 3-4 hours

charging)

e 1 Stable up to 85% | Stable up to 85%
Durability (humidity) RH RH

10. Discussion

The prototype demonstrates feasibility for decentralized
energy harvesting in Zambia. While efficiency remains
lower than solar or wind, piezoelectric systems excel in
versatility and independence from environmental conditions.
Applications include: LED streetlights in urban markets,
IoT sensors for agriculture and healthcare, and Emergency
power for rural clinics. Challenges include: Scaling
production, policy integration, and public awareness.
Collaboration with local institutions and SMEs is essential
for commercialization.

11. Conclusion

This study successfully designed, prototyped, and field-

tested a piezoelectric power generator tailored to Zambia’s

energy and environmental context. Key achievements

include: Development of a cost-effective, lead-free PVDF-

BaTiOs composite, demonstration of 8—12% efficiency and

2-5 Wh/m*day energy yield, and Validation of system

durability under tropical conditions.

Future Works:

a. Material Innovation: Exploring bio-based and
biodegradable piezoelectric composites.

b. Hybrid Systems: Integrating piezoelectric with solar
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and wind for microgrid applications.

c. Policy Engagement: Advocating for government
incentives and pilot programs.

d. Local Manufacturing: Establishing supply chains for
composite production and assembly.

Piezoelectric energy harvesting offers a promising pathway
toward energy resilience in Zambia and similar regions,
transforming underutilized mechanical energy into a
sustainable power source.
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