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Abstract

This thesis explores the viability of various energy harvesting technologies for
powering micro-scale IoT devices in outdoor environments, specifically for prod-
ucts developed by Thule Sweden AB. Through a comprehensive literature review
and experimental testing, we evaluated the performance of solar panels and piezo-
electric systems to identify sustainable power solutions that could replace or re-
duce dependence on traditional battery power. Our methodology involved con-
trolled laboratory tests and real-world applications on car roof boxes and bike
trailers to assess the technologies under practical conditions. The experiments
aimed to achieve a minimum daily energy output of 20 Joules. This target was
chosen with reference to the energy consumption data of a specific IoT device
used by Thule. The results demonstrated that while both solar and piezoelectric
technologies have their possibilities and limitations, they hold promise for inte-
gration into IoT applications, offering a step towards more sustainable product
designs. These findings contribute to a broader understanding of energy harvest-
ing’s potential to reduce environmental impact and enhance the self-sufficiency
of energy production in outdoor IoT applications.

Keywords: Energy Harvesting, IoT-Units, Solar Power, Piezoelectric Energy,
Thermoelectric Generators, RF Energy Harvesting, Vibration Energy Harvesting,
Sustainable Power Solutions, Thule Sweden AB, Car Roof Box Energy Systems,
Bike Trailer Energy Systems, Environmental Sustainability, micro-scale Energy
Systems.
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Sammanfattning

Denna avhandling undersöker genomförbarheten av olika teknologier för energiutvin-
ning för att driva mikroskaliga IoT-enheter i utomhusmiljöer, specifikt för produk-
ter utvecklade av Thule Sweden AB. Genom en omfattande litteraturöversikt och
experimentella tester utvärderade vi prestandan hos solpaneler och piezoelek-
triska system i syfte att identifiera hållbara energilösningar som kunde ersätta eller
minska beroendet av traditionella batterier. Vår metodik inkluderade både kon-
trollerade laboratorietester och praktiska tillämpningar på takboxar och cykelkär-
ror för att bedöma teknologierna under praktiska förhållanden. Experimenten
syftade till att uppnå en minsta daglig energiproduktion på 20 joule. Detta mål
baseras på energiförbrukningsdata från en specifik IoT-enhet som används av
Thule. Resultaten visade att även om både sol- och piezoelektriska teknologier har
sina fördelar och begränsningar, har de potential för integration i IoT-applikationer,
vilket erbjuder ett steg mot mer hållbara produktdesigner. Dessa fynd bidrar till en
bredare förståelse för energiutvinningens potential att minska miljöpåverkan och
förbättra självförsörjningen av energiproduktion för IoT-applikationer utomhus.

Nyckelord: Energiutvinning, IoT-enheter, Solenergi, Piezoelektrisk energi, Ter-
moelektriska generatorer, RF-energiutvinning, Vibrationsenergiutvinning, Hållbara
energilösningar, Thule Sweden AB, Energisystem för biltakboxar, Energisystem för
cykeltrailers, Miljömässig hållbarhet, Mikroskaliga energisystem.
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Chapter 1

Introduction

In today’s society, the demand for efficient and sustainable energy solutions is in-
creasing [1]. Other reliable energy sources are required to reduce unnecessary
battery consumption, such as solar panels, piezoelectric transducers, and more.
We are conducting the project in collaboration with Thule Sweden AB, which in
2023 released a connected product. We are now interested in researching alter-
native power supply methods related to general IoT (Internet of Things) devices.
This thesis, therefore, aims to evaluate various Energy Harvesting (EH) methods
and their applicability to outdoor-related product categories, which could enable
new types of connected products. A thorough analysis will be presented after com-
paring generated output power from different technologies with given consump-
tion data recorded by Thule from a general IoT. They expect the IoT device to be
used 15 seconds 4 times a day, with a power consumption of 300 mW when used,
this corresponds to 18 J during 24 h. Therefore, the target value for a technology
to be sufficient is set to 20 J per day.

1.1 Research Problem and Questions

• What are the possible alternative energy sources for IoT devices in outdoor
environments, specifically for Thule’s product range, considering the unique
environmental challenges?
• How do solar panels, piezoelectric transducers, and other EH technologies

compare in terms of efficiency, sustainability, and applicability for powering
general IoT devices?
• What are the limitations and potential trade-offs in adopting these EH meth-

ods for Thule’s outdoor products?

1.2 Scopes and Limitations

The project aims to enhance our knowledge of EH and electronics and produce
detailed evaluated results for Thule. We can demonstrate the possibilities and

1



2 M. Alnajjar, E. Andersson: Energy Harvesting for Micro-Scale IoT

limitations of different EH technologies by compiling analyses from initial research
and physical experiments. The results should also account for potential trade-
offs between the size and durability of selected EH methods and whether there
are apparent differences in efficiency among different technologies for various
products.

1.2.1 Scopes:

• Present a broad and general survey of potential methods for EH.
• Conduct a comprehensive investigation of 2-3 selected technologies that ac-

count for each technology’s technical capabilities and potential limitations.
• Carry out physical experiments in diverse environments and under various

conditions to reinforce the results.
• Analyze the most effective technology for EH and possible trade-offs.
• Provide concrete examples of which technology is most effective for differ-

ent product categories and clearly outline which technologies are irrelevant
to Thule.
• The target for a technology to be sufficient is to generate above 20 J on

average during 24 hours.

1.2.2 Limitations:

• Macro-scale technologies will be discarded. This thesis will only discuss the
micro-scale technologies.
• The nuclear, chemical, and biological energy sources will not be discussed

because they are irrelevant to this thesis’s intended applications.
• The specific types of IoT devices that the technology should supply will not

be considered. The focus will be on how much power can be generated
under various environmental conditions and general consumption data.
• A finalized design for integrating electronics with the product will not be

created.
• Only 2-3 specifically selected products from different categories of Thule

will be tested; not all of their products.

1.3 Overview of Methodology

1.3.1 Preliminary Literature Review

Initially, a broad examination of available technologies will be conducted to under-
stand EH options. The most relevant technologies will be presented with a deeper
technical description through comparative analyses, like sustainability, power den-
sity, and efficiency to size ratio. At the end of the review, where the selected tech-
nologies are compared to ambient energy sources for Thule, the two most promis-
ing technologies will be included in the practical implementation. A thorough
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preliminary review is also essential for presenting relevant results and planning
within the 10,000 SEK budget.

1.3.2 Practical Implementation

The practical implementation focuses on electronics and hardware design for
small electrical systems, including necessary components to measure generated
output. The current, voltage, and power generated by the chosen technologies
will be measured using a current sensor, specifically the INA219 from Adafruit.
This sensor can measure currents up to 3.2 A and voltages up to +26 VDC. Addi-
tionally, it allows for communication over I2C protocol, enabling easy reading by
a microcontroller, in our case, the Arduino Mega 2560 Rev3. By creating a circuit
diagram, we can easily illustrate theoretical and practical applications, along with
essential measures. Mounting our selected technologies on car and bike-related
products, e.g., bike trailers and car roof boxes, requires identifying optimal loca-
tions for both technologies. The tests will be conducted multiple times in various
environments by ourselves, e.g., in controlled environments like laboratories and
uncontrolled in real-world applications. Considering different product applica-
tions, this practical approach enables us to identify the most effective technology.

1.3.3 Analyzing the Results

The measured data will be collected for later analysis using Microsoft Excel’s Data
Streamer function. The average power will be calculated and compared with the
reference values. The goal is to determine whether the output generated from
each technology sufficiently meets the energy supply requirements compared to
the daily energy requirement of 20 J. It’s important to describe test conditions
clearly to address environmental variations like weather, temperature, and other
factors. Fundamental analyses include comparing the efficiency and sustainability
of different technologies. Additionally, if time allows, a combination of technolo-
gies will be discussed to ensure a more stable energy supply.





Chapter 2

Background

2.1 Introduction to Energy Harvesting

A simple explanation for Energy Harvesting (EH), also known as energy scav-
enging or power harvesting, is to convert ambient energy sources that otherwise
would go to waste into electrical power. The types of energy usually referred to
are light, thermal (heat), movement, and vibrations. The harvested energy can be
stored and later used to power electronic devices like sensors, wireless networks,
and other low-power applications.

Sustainable development is a frequent topic of discussion in all sorts of en-
vironments and motivates people from all classes of our society. Achieving sus-
tainable development is crucial for our environment and includes various aspects,
such as exploring renewable energy sources and reducing the consumption of fos-
sil fuels [1]. The purpose of micro-scale EH is to reduce unnecessary consumption
and requirement of batteries. This thesis is mainly for implementing micro-scale
EH technologies for powering a general IoT-unit.

These technologies are applied when no other energy supply is available, such
as in remote places. To ensure reliability and self-sufficiency, some EH methods are
critical for IoT in remote areas. Regarding micro-scale EH for Thule, the potential
methods vary. Hydro-power can be excluded, while solar panels and piezoelectric
methods become more suitable alternatives.

2.2 Experimental Methodology and Components

When exploring options for EH, most research papers typically analyze the sus-
tainability of production and disposal of different technologies and materials. The
majority also mention factors like general power density, while some conduct a
more thorough analysis of ambient energy sources in their specific field of ap-
plication, i.e., EH for human wearable devices or EH for general outdoor IoT.
Important technical factors are always mentioned to maximize every technology’s
efficiency. The experiments from these researches were conducted mostly in labo-

5
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ratories, i.e., not considering reality factors. Therefore, our thesis will cover these
standard factors like sustainability and power density at Thule products when
analyzing potential EH technologies. Additionally, we will also include practical
testing of the two most promising technologies found in the research to enhance
the result.

Further study of the two selected technologies will be conducted before prac-
tical implementation to ensure favorable conditions and allow for accurate con-
clusions. This involves identifying the important additional components needed
for the technologies to function properly and also analyzing the materials used
in their construction to highlight our contribution to sustainable development.
There are also different options within the same technology varying in size, effi-
ciency, and durability, which are all important factors to consider when selecting
the appropriate type.

The current sensor INA219 from Adafruit will be used to measure generated
output due to its ability to handle 3.2 A and+26 VDC. This sensor uses I2C for data
communication, allowing for easy reading by a microcontroller. In this case, the
microcontroller will be an Arduino Mega 2560 Rev3 since Arduino IDE already
has pre-made code examples made specifically for some Adafruit components.
With measured performance data, our conclusion will offer a more comprehen-
sive analysis, providing detailed perspectives on the suitability of each technology
for specific product categories. See circuits and measurements setup under 7.4,
’Summary of Connections’.

2.3 Overview of Different Technologies

This introduction overviews the scientific community’s most widely recognized
EH technologies. A comprehensive analysis of selected technologies will be pre-
sented for a deeper understanding. A wide range of energy sources are available
for harvesting, each with the potential to generate varying voltage levels. With the
appropriate technology, some of these sources can produce both high and low volt-
age, while others may only generate a small amount of voltage. Consequently, the
EH systems can be divided into two main categories: macro-scale and micro-scale
generation, as illustrated in Figure 2.1. Macro-scale systems are designed to power
larger entities such as businesses, industrial complexes, and communities. In con-
trast, micro-scale systems power low-power devices, such as wearable technol-
ogy, wireless sensors, GPS trackers, and other small electronic devices [2]. Within
the micro-scale category, different types of energy sources are utilized, including
mechanical (such as electrostatic, piezoelectric, and electromagnetic induction),
thermal, and electromagnetic radiation (including Photovoltaic (PV) and Radio
frequency (RF)) sources [3, 4].

As previously mentioned, the focus of the discussion will be exclusively on
technologies within the micro-scale range. For a detailed overview of the energy
sources and the corresponding technologies, see Table 2.1 [5]. These are the most
common and established methods and will be studied in this thesis.
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Figure 2.1: Energy Harvesting Systems (Reproduced from [3])

Table 2.1: Exploring Different Energy Harvesting Methods

Energy source Technology
Mechanical Stress/Vibrations Piezoelectric materials
Varying Mechanical Motions Electrostatic generators
Motion (Electromagnetic Induction) Linear generators or rotary generators
Temperature Differences/Heat Flow
(Thermal)

Thermoelectric generator (TEG)

Optical (Light) Solar panels or optical rectennas
RF Antennas

2.4 Current Trends in Energy Harvesting: Exploring Re-
cent Developments and Products

The status of EH in the market has not yet reached its peak. Over the past few
decades, numerous studies have been conducted in this field, and many compa-
nies are working to use these research ideas to make real products that might
become popular in the market. In gadgets and technology, many devices now use
intelligent ways to harvest energy from our surroundings. This approach not only
makes them more eco-friendly but also more convenient to use.

The following paragraphs highlight the diverse applications of EH technolo-
gies in products designed for daily use, which provide environmentally friendly
solutions that leverage renewable energy sources for their functionality.

Casio Solar-Powered Watches and Logitech Solar Keyboards harness photo-
voltaic technology, converting ambient light into electrical energy to power them-
selves, eliminating the need for battery replacements. Similarly, Solar-Powered
Garden Lights utilize solar panels to charge during daylight, providing light at
night without external power sources. On the other hand, Pavegen Floor Tiles
employ piezoelectric materials to generate electricity from the kinetic energy of
pedestrian foot traffic, showcasing an innovative approach to powering public in-
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stallations.
Seiko Kinetic Watches represent another fascinating application of EH through

electromagnetic induction, where the motion of the wearer’s arm is converted into
electrical energy to power the watch. In contrast, the PowerPot Thermoelectric
Generator leverages TEG technology to directly convert heat from boiling water
into electrical power, ideal for charging devices in remote areas.

The most popular companies that are playing a significant role in this market
include EnOcean GmbH, Texas Instruments, STMicroelectronics, Microchip Tech-
nology Inc, Fujitsu Global, Infineon Technologies, Analog Devices, E-Peas, II-VI
Incorporated, and more. These companies are involved in various segments of
EH, ranging from light, vibration, thermal, and RFEH technologies. Their applica-
tions cover consumer electronics, building and home automation, transportation,
industrial sectors, and more. Table 2.2 shows a list of products from various com-
panies, each designed to harvest a specific ambient energy source.

Table 2.2: Energy Harvesting Products from Various Companies

Company Name Product Name Details
Mide Technology Corp Vibration Energy Har-

vesters
Harvests energy from
ambient vibration

EnOcean ECO 200/260 Harvests energy from
ambient motion

Texas Instruments BQ25504 Energy Harvesting
Power Management IC

Microchip Technology
Inc.

MCP73871 Manages power from so-
lar panels or other DC
sources

Analog Devices LTC3331 A multi-source energy
harvester that also in-
cludes a primary battery
source

The recent developments in EH systems for wearable technology are promis-
ing. These advancements allow us to harness our body’s own energy to power var-
ious wearable devices. Products like wristwatches, pedometers, and hearing aids
can now be powered directly by us without traditional battery sources. Specifi-
cally, wristwatches can utilize the temperature differences between our body and
the surrounding air (a process known as thermoelectricity) to generate power. Pe-
dometers can convert the mechanical pressure from our steps into energy (through
piezoelectricity), and hearing aids can be powered by capturing acoustic waves
(utilizing triboelectricity). Each of these technologies is tailored to suit the energy
needs of specific devices, showcasing a targeted approach to making wearables
more sustainable and convenient for daily use [6].



Chapter 3

Mechanical Energy Harvesting

In this part, the conversion technologies of mechanical sources will be studied,
focusing on generating power ranging from micro- to milliwatts. These technolo-
gies are designed to harvest the kinetic energy of the ambient environment that
would otherwise be wasted. The kinetic energy considered here primarily revolves
around vibration, which inherently possesses frequency. Various sources of vibra-
tion, such as human motion (walking), cycling, and vibrations from vehicles and
other mechanical motions, have the potential to generate power. As previously
mentioned, the energy generated through these means can significantly benefit
numerous fields by powering low-powered devices, including but not limited to
medical and health monitoring devices.

Different technologies are designed for specific types of mechanical sources to
efficiently harvest this form of energy, as illustrated in Figure 3.1.

Figure 3.1: Mechanisms of Conversion in Various Mechanical Technologies (Re-
produced from [7])

For harvesting vibration energy, piezoelectric materials are employed, utilizing
the stress or deformation they experience to generate power. This approach effec-
tively captures the kinetic energy from ambient vibrations. Furthermore, the tech-
nology based on the relative movement of a magnet or a coil operates according
to Faraday’s law, with the direction of the induced current determined by Lenz’s
law., which refers to electromagnetic energy harvesting. This method leverages

9
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the induction process to convert kinetic energy into electrical energy. Addition-
ally, an electrostatic (capacitive) energy harvesting system transforms mechanical
energy into electrical energy through capacitance variation. This system capital-
izes on the changes in distance between capacitor plates caused by mechanical
vibrations to generate an electrical output [7, 8].

3.1 Piezoelectric Harvesting

3.1.1 Principle of Operation

The phenomenon of the piezoelectric effect was discovered by the Pierre and
Jacques Curie brothers in 1880. They found that when crystals are subjected to
a mechanical force, they become polarized, generating an electric charge directly
proportional to the force applied. This principle, known as piezoelectricity, in-
volves exerting a force or inducing stress/strain on piezoelectric materials, such
as piezoelectric crystals, to produce electrical power.

The piezoelectric effect occurs when certain materials generate an electric
charge in response to applied mechanical stress. It’s the foundational principle
behind piezoelectric EH, where mechanical energy from vibrations, pressure, or
bending is converted into electrical energy. The deformation of piezoelectric ma-
terials under mechanical stress causes internal polarization, creating an electric
potential across the material, as shown in Figure 3.2. This potential drives an elec-
tric current when the material is connected to a circuit. Electrodes attached to the
piezoelectric material collect the generated charge, allowing it to be harnessed as
electrical energy. The efficiency of this process depends on the material properties
and the configuration of the electrodes [8–10].

Figure 3.2: Alteration of Neutral Charge Balance (Adopted from [11])
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A crucial characteristic of piezoelectric materials is their specific Curie tem-
perature. This is the temperature at which the material undergoes a phase tran-
sition, losing its piezoelectric properties and becoming paraelectric. Below the
Curie temperature, the crystal structure of the material is non-centrosymmetric,
allowing it to generate an electric charge in response to mechanical stress. How-
ever, above this temperature, thermal energy disrupts the alignment of electric
dipoles, causing the material to lose its piezoelectric behavior. For example, lead
zirconate titanate (PZT), a common piezoelectric material, has a Curie tempera-
ture of around 300°C. As illustrated in Figure 3.3, above the Curie temperature
(T > TC), PZT exhibits a cubic crystal structure in the paraelastic phase (Figure
3.3a) with no dipole moment. Below this temperature (T < TC), PZT transitions to
a tetragonal crystal structure in the ferroelectric phase (Figure 3.3b), leading to a
dipole moment and polarization. A material with a high Curie temperature can re-
tain its piezoelectric properties under higher temperature conditions, ensuring its
ability to convert mechanical energy into electrical energy without degradation.
Understanding the Curie temperature is essential for determining piezoelectric
materials’ operational limits and reliability in various applications [9].

Figure 3.3: The Crystal Structure of PZT (Adopted from [9])

3.1.2 Materials and Technologies

The Curie brothers discovered the piezoelectric effect in Quartz (SiO2) crystals.
A few decades after this discovery, other scientists discovered that BaTiO3, which
is ceramics, gives a 100 times higher effect than quartz. Another advantage of
BaTiO3 is that it is lead-free compared to other ceramics, which are safer to use.
Five years after the second discovery, PbTiO3 and PbZrO3 ceramics have been stud-
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ied to discover that they have twice as high power output as the BaTiO3. PbTiO3
and PbZrO3 ceramics, abbreviated as PZT, are now widely used due to multiple
advantages such as exhibiting excellent and adjustable piezoelectric properties,
possessing a relatively high Curie temperature, and require a relatively low sin-
tering temperature [10].

There are two main types of piezoelectric materials: synthetic and natural.
These exist in three main categories: polymers, ceramics, and crystals [9]. These
natural piezoelectric crystals are distinct from synthetic piezoelectric materials,
such as PZT (Lead Zirconate Titanate) and PVDF (Polyvinylidene Fluoride), which
are designed to have enhanced piezoelectric properties for specific applications.
Synthetic piezoelectric materials can be tailored for a wide range of applications,
offering higher piezoelectric coefficients or specific properties unavailable in nat-
ural crystals.

Table 3.1: Piezoelectric Materials

Material type Natural Synthetic
Polymers - PVDF (Polyvinylidene Fluoride)
Ceramics - PZT (Lead Zirconate Titanate)
Crystals Quartz -

Despite the brittleness of ceramics under significant strain, their ability to gen-
erate high output power distinguishes them in piezoelectric devices. On the other
hand, piezoelectric polymers, while producing the most minor output power and
exhibiting the lowest coupling factor, stand out for their unmatched flexibility.
PZT ceramic-based harvesters typically operate at frequencies of 50 Hz or higher,
and to achieve lower frequencies, a more extended PZT element is required, or a
more significant excitation must be applied to attain milliwatts-level output power.
This flexibility is crucial for piezoelectric materials, particularly polymers, allow-
ing them to function efficiently at low input frequencies or under large amplitude
excitations because of the speed of operation in the system. However, despite the
higher density of single crystals offering potential advantages, their high manu-
facturing cost significantly restricts their application in EH devices [11].

3.1.3 Configuration of Piezoelectric Energy Harvesters

The study of piezoelectric energy harvester configurations reveals that the can-
tilever beam setup is particularly promising for enhancing EH due to its ability to
resonate at the first natural frequency, a critical factor in maximizing energy gen-
eration. Piezoelectric materials attached to vibrating structures, such as cantilever
beams, generate maximum electrical power when excited at this frequency, expe-
riencing significant deflection. This effect can be amplified by attaching a mass
to the beam’s tip, tuning the system to resonate at the optimal frequency for the
piezoelectric material. While the cymbal configuration has been shown to pro-
duce more power than the cantilever beam, it presents disadvantages that limit
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its suitability for applications outside heavy industry, making it less practical for
microcontrol and wireless systems. Circular diaphragms, another considered con-
figuration, although practical, have not gained as much popularity as cantilever
beams and generally produce less power [11].

3.1.4 Piezoelectric Circuit Topologies

Piezoelectric circuit topologies are crucial for effectively capturing and convert-
ing mechanical energy into electrical energy using piezoelectric materials. These
circuits vary significantly in complexity and application, each offering specific ad-
vantages and disadvantages. Key topologies include the standard interface circuit,
Synchronized Switch Harvesting on Inductors (SSHI), voltage doubler, and Syn-
chronized Electric Charge Extraction (SECE) circuits.

The basic standard interface circuit is the simplest form of piezoelectric energy
harvesting circuit. It typically involves a full wave rectifier coupled with a capaci-
tor; this setup smooths out the voltage and stores energy for later use. The main
advantages of the basic rectifier circuit are its simplicity, low cost, and reliability.
It’s easy to implement and maintain. However, its efficiency is relatively low, and
its capability to capture energy is limited.

SSHI circuits improve energy conversion efficiency by synchronizing the switch-
ing of inductors with the voltage peaks of the piezoelectric material. This synchro-
nization reduces the energy loss that typically occurs during the harvesting pro-
cess. The primary benefit of SSHI circuits is their high energy conversion efficiency
and reduced energy loss. On the downside, they are more complex and expensive
than basic rectifier circuits and require precise control and synchronization mech-
anisms.

Voltage doubler circuits are designed to increase the voltage output without
needing an additional power source. This makes them particularly useful for ap-
plications where low power is a concern, as they can effectively double the voltage
output from the piezoelectric material. The advantage of voltage doubler circuits
is their ability to increase voltage output, making them useful for low-power ap-
plications. However, they add complexity to the circuit design and may introduce
additional energy losses if not properly optimized.

SECE circuits are designed to maximize the efficiency of energy capture and
storage. They are ideal for applications with varying vibration frequencies, as they
can adapt to changes in the mechanical input to optimize energy harvesting. How-
ever, they are highly complex and expensive to implement, requiring advanced
control mechanisms.

Each of these topologies offers distinct advantages and trade-offs, making the
choice of topology highly dependent on the specific application needs, including
the desired output power, efficiency, and nature of the mechanical input. By op-
timizing these circuit designs, the performance and applicability of piezoelectric
energy harvesting systems can be significantly boosted [11, 12].
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3.2 Electromagnetic Induction and Electrostatic Harvest-
ing

Electromagnetic Induction works with Faraday’s law. When a permanent magnet
is placed near a coil or a closed loop, it will induce voltage due to the electromotive
force (EMF).

The induced voltage: EM F = −N
dΦ
d t

(3.1)

Φ is the magnetic flux, and N is the number of turns of the coil [3, 5].
A dynamo is an example of a device that converts mechanical energy into

electrical energy through electromagnetic induction. It is typically mounted on a
bicycle, either on the wheel hub or attached to the tire, using the wheel’s rotation
to generate electricity. This electricity can power lights, charge batteries, or supply
energy to other electronic devices on the bike.

A pre-charged variable capacitor is utilized to harvest energy using the electro-
static or triboelectric method. This capacitor has one side positively charged and
the other negatively charged. Applying mechanical force to the capacitor, such
as vibrations or deformation, changes the space between its plates, changing its
capacitance. This action creates a difference in electric potential or voltage. If a
circuit is connected to the capacitor, it can capture this voltage and use it for power
[3, 5, 13].



Chapter 4

Thermal Energy Harvesting

Thermoelectric is exploiting temperature differences across two surfaces to pro-
duce electrical power. Connecting a thermoelectric material across a thermal gra-
dient makes it possible to convert this temperature differential into usable electric-
ity. Thermoelectric is working with three different effects: the Seebeck effect, the
Peltier effect, and the Thomson effect. The Seebeck effect generates voltage from
a temperature difference between two materials, the Peltier effect cools or heats
by transferring heat between two electrical junctions, and the Thomson effect in-
volves heat absorption or emission in a conductor with a temperature gradient,
all integral to thermoelectric energy conversion, see Figure 4.1.

Thermoelectric generator (TEG) operates mainly on the Seebeck effect. When
there is a temperature difference across the thermoelectric material, electrons in
the hotter part gain energy and move toward the cooler part, creating a volt-
age difference. This movement of charge carriers (electrons and holes) due to
the temperature gradient generates an electric potential (voltage). When a load
is connected across the thermoelectric material, the generated voltage drives a
current through the load, providing electrical power [5, 13].

Figure 4.1: Thermoelectric Effects (Adopted from [14])

15
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The core equations governing thermoelectric generation include:

Generated voltage (V): V = α∆T (4.1)

Figure of merit (zT): zT =
α2T
ρκ

(4.2)

Generated electric power (P): P = ηQ (4.3)

Efficiency (η): η=
∆T
Th
=
p

1+ zT − 1
p

1+ zt + Tc/Th

(4.4)

α is the Seebeck coefficient, ∆T = Th − Tc , ρ is the electrical resistivity, κ is the
thermal conductivity, and Q is the input heat [13].



Chapter 5

Electromagnetic Radiation
Energy Harvesting

Harvesting energy from electromagnetic radiation involves converting and stor-
ing electromagnetic waves, such as Radio frequency (RF) signals, microwaves, and
visible light, into usable electrical energy. These electromagnetic wave sources can
be found in communication networks, wireless devices, and natural sunlight. Nor-
mally, human vision can detect wavelengths from 380 to 700 nanometers, 380 nm
< λ < 700 nm [15].

Figure 5.1: Electromagnetic Spectrum

5.1 Photovoltaic Systems

Photovoltaic (PV) and photoelectric are closely related. Both effects require a min-
imum threshold frequency of incident light to generate photocarriers. An external
voltage is applied to extract these photocarriers to form a photocurrent, i.e., the
photoelectric effect. On the other hand, the PV effect can occur without an ex-
ternal voltage source since the necessary potential difference is created by a p-n
junction. This makes PV more relevant for powering an IoT device in remote areas

17
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without an external voltage supply. The most common application of the PV effect
is found in solar panels [16, 17].

5.1.1 Principle of Operation

There are many different types of solar panels, but the principle of operation is
similar. A solar panel is typically composed of two types of semiconducting mate-
rials, a p-type (with excess holes) and an n-type (with excess electrons), that are
placed together to create a p-n junction.

Light consists of photons, which carry energy. When light hits a solar panel,
photons with enough energy, larger than the material’s work function, can excite
electrons, causing them to jump from the valence band to the conduction band to
a higher energy state, thereby creating electron-hole pairs. Because of the electric
field produced by the p-n junction, electrons and holes will move in the opposite
direction, where the freed electron tends to move to the n-side. This resulting
motion of electrons creates a current in the cell, also known as a photo-current.
Once an electron moves, it results in a "hole" being left behind. This hole can
also move, although in the opposite direction towards the p-side [17, 18]. This
movement of electrons and holes creates the photo-current in the cell, which can
be used to power an external circuit, as shown in 5.2 [19].

Figure 5.2: Illustration of the Photovoltaic Effect

Photocurrent from Einstein, where W = Work function for an electron to be-
come free and ħhω is the photon energy. The difference in ħhω−W describes the
total energy of an electron after becoming free [20].

Ekinet ic =
1
2

meV 2
cathode = ħhω−W (5.1)
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5.1.2 Materials and Technologies

PV panels can be divided into two broad categories: crystalline and thin film ma-
terials. Crystalline solar panels are typically more efficient, expensive, and less
flexible than thin film materials [21]. Most crystalline solar panels are fabricated
from monocrystalline or polycrystalline silicon (Si) materials. This means it can be
fabricated from a single (mono) type of silicone or a combination of two or more
(poly) different silicone materials. Typical solar panel efficiencies range from 18%
for polycrystalline to 24% for highly efficient monocrystalline technologies [22].
Table 5.1 shows a comparison between ploy- and monocrystalline solar panels
[23].

Table 5.1: Mono- vs. Polycrystalline Solar panels

Monocrystalline Polycrystalline
More expensive Less expensive
More efficient Less efficient
Lower temperature coefficient/ more
effective when the temperature
changes

Higher temperature coefficient/
less effective when the temperature
changes

Thin film solar panels are, as mentioned above, cheaper, lighter, thinner, and
more flexible than crystalline, making them easier to carry and implement. Al-
though more durable than crystalline panels, they are less efficient at converting
sunlight into electricity because of the lower temperature coefficient. Since the
solar panels will be mounted on different products and exposed to much vibra-
tions and other environmental challenges, a more flexible type (Thin film) would
be preferred.

5.2 Radio Frequency Energy Harvesting

Radio frequency energy harvesting (RFEH) is a process where electromagnetic
energy in the RF spectrum is converted into usable electrical power. Typically,
sources, ranging from between 3 kHz and 300 GHz, are radio waves, wireless in-
ternet, satellite stations, and digital multimedia broadcasts. This energy can be
harvested with the help of an antenna and a rectifier circuit. The potential for the
RFEH is present indoors and outdoors, but also day and night [24].

5.2.1 Principle of Operation

RFEH systems generally include a receiving antenna, matching network, rectifica-
tion circuit, and power management unit. When combined, the receiving antenna
and the rectifier are defined as a rectenna. The antenna is the key element of a
rectenna that determines the system’s performance because of how well it can



20 M. Alnajjar, E. Andersson: Energy Harvesting for Micro-Scale IoT

pick up incoming radio frequencies. For simplicity, we assume incoming RF is a
sinusoidal wave, and therefore an AC-DC converter is needed. A full-wave recti-
fier is preferable to convert all electromagnetic energy picked up by an antenna
and increase the voltage. A full-wave rectifier can also be implemented in stages,
acting like a voltage multiplier, giving a higher voltage at the load but may result
in unaccepted charging delays. A matching network component is required to re-
duce the transmission loss from an antenna to a rectifier circuit and increase the
input voltage of the rectifier circuit. More specifically, a matching network refers
to matching impedance and will enhance sensitivity from the receiving antenna
to the rectifier circuit. While RFEH utilizes ambient RF, a Wireless Power Transfer
(WPT) system includes a transmitting antenna to power the remote circuit with a
directed transmitted signal, see Figure 5.3. This is irrelevant for mobile products
and unnecessary for powering micro-scale IoT units [25, 26].

Figure 5.3: Block diagram of (a) RFEH and (b) WPT System (Adopted from [25])

5.2.2 Materials and Technologies

A review on antenna technologies for ambient RFEH was conducted by [25]. They
defined the following aspects for selecting the optimal type of antenna. The op-
erating frequency of the antenna depends on the available ambient frequency. A
wide-band, omnidirectional antenna can capture power from multiple frequency
ranges and incoming directions. Therefore, a wide-band antenna is the best op-
tion for mobile units where radio frequencies are unknown and changing. Higher
antenna gain is only essential if the incoming direction is known. For long-range
RFEH, higher frequencies like 2.4 and 5.2 GHz are best. Close-range harvesting
works well with megahertz-range waves.

Considering all the parameters mentioned above, it has been determined that
a patch antenna is the most suitable choice for powering a small IoT device mounted
on mobile products. This is due to its Ultra Wideband (UWB) quality and omnidi-
rectional characteristics.



Chapter 6

Determining the Optimal
Technology

Table 6.1 as adopted from [13] shows the power density of different EH technolo-
gies. It shows that photovoltaic technology for outdoor applications and piezo-
electric and thermoelectric technologies demonstrate the highest power density
compared to other EH technologies. In contrast, RF and electromagnetic harvest-
ing show the lowest power density.

We observe from Table 6.1 that photovoltaic technology produces approxi-
mately 15 mW per 1 cm2 when used outdoors, while piezoelectric technology gen-
erates about 330 µW per 1 cm3. The other explored EH technologies yielded signif-
icantly lower power densities than these. This data underscores that photovoltaic
and piezoelectric technologies are the most promising options for high-efficiency
EH in our applications.

Table 6.1: Efficiency and Power Density Comparison
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6.1 Environmental Considerations and Selection

The same EH technology is not optimal across all seasons or for every application.
Available energy sources, such as sunlight, vibrations, and temperature differences
in car and bike-related products, must be carefully considered to determine the
most suitable EH approach for each scenario.

Since Thule mainly focuses on outdoor and activity based products, sunlight
will be one of the most abundant energy sources, along with mechanical vibra-
tions. Photovoltaic technology excels when sunlight is abundant during daytime
and in the right conditions, functioning independently of any movement. In con-
trast, piezoelectricity operates on vibrations. Engaging in activities and move-
ments while using Thule’s products naturally generates vibrations, making it an
ideal context for piezoelectric energy harvesting. Without mechanical movement,
this technology will remain inactive.

Electromagnetic induction requires substantial movement or a strong mag-
netic field to generate significant power. An example of that is dynamos, which
provide a renewable energy source directly from pedaling; they generally offer a
lower power output than other energy harvesting technologies and require sub-
stantial mechanical effort to function efficiently. Furthermore, dynamos are specif-
ically designed for use with bicycles and can’t be easily adapted for other prod-
ucts, such as car roof boxes, making them less versatile for a wide range of energy
harvesting applications. This limitation, combined with their specific bicycle ap-
plication, led to the decision not to include dynamo technology in this thesis.

To efficiently harvest energy from RF, you need to match both the system’s op-
erating frequency with the ambient one and the antenna’s impedance with the rest
of the system. Known frequencies like NFC (Near Field Communication) could be
utilized, but generally, the power output from RF is low compared to the complex-
ity of topology.

Designing an electrostatic harvesting system to convert mechanical movements
into electricity faces engineering challenges. Variable vibrations, like those from a
car roof, may not generate enough power to justify the system’s complexity [27].

6.2 Sustainable Advantages of the Selected Technologies

Solar panels significantly reduce environmental impact compared to traditional
energy sources like hard coal, which emits about 1000 g/kWh of CO2. In contrast,
solar panels emit 30-45 g/kWh [28]. According to [29], thin film solar panels (of
materials like a-Si, CdTe, and CIGS) have the lowest environmental impact com-
pared to other PV materials. The Restriction of Hazardous Substances (RoHS)
directive limits the use of specific hazardous materials, including Lead (Pb) <
1000 ppm, in electronic and electrical products to protect human health and the
environment [30]. This restriction primarily applies to producers; however, con-
sumers also have a responsibility to avoid purchasing the cheapest products and to
refrain from supporting the production of piezoelectric materials containing lead.
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The solar panels and piezoelectric transducers we intend to buy meet the RoHS
directive. By following these standards, we ensure that our approach contributes
to sustainable development.

6.3 Conclusion

Due to the low power generation and complex implementation requirements, our
experiments excluded RFEH and electrostatic harvesting. We also excluded elec-
tromagnetic induction since it isn’t adaptable for all products. Instead, we focus
on technologies that align better with available energy sources and practical ap-
plication constraints. After considering various EH options, we strongly believe
that piezoelectric transducers and solar panels are the most suitable and efficient
choices. These technologies are particularly promising for powering IoT devices
related to Thule products in outdoor environments. Our initial experimental ef-
forts will concentrate on piezoelectric and photovoltaic technologies, with plans
to explore thermoelectric options if time permits.





Chapter 7

Methodology

The experiment setup involves installing and configuring Arduino Mega 2560
Rev3, Adafruit INA219, solar panels, and piezoelectric transducers for testing on
car and bike-related products, specifically roof boxes and bike trailers. The goal is
to determine if each technology’s generated output is sufficient for energy supply,
compared to the energy requirement 20 J per day.

7.1 Solar Panel Testing and Setup

For this thesis, we acquired two types of solar panels: a rigid polycrystalline panel
with a rated output of 6 W at 5.5 V and a thin film panel rated at 1 W at 6 V. We
initially subjected each panel to tests in a controlled environment to verify their
performance and to confirm their effectiveness under standardized conditions.

Initially, the solar panels were evaluated indoors and outdoors using precise
measuring instruments such as a multi-meter and oscilloscope to assess their per-
formance accurately. Indoor testing was conducted in a controlled environment,
allowing us to verify the panels’ output at lower voltages and under stable con-
ditions. We experimented with different resistors to find the optimal value to en-
hance each solar panel’s output power. Outdoor testing allowed the panels to be
assessed under real-world conditions, exposing them to varying intensities of sun-
light and various environmental factors. This comprehensive approach ensured a
thorough understanding of the panels’ performance in different settings and con-
ditions.

7.1.1 Circuit Interface and Testing

The circuit assembled for testing was designed with essential components to eval-
uate the solar panels effectively. The configuration included:

• Solar panels: The thin film and polycrystalline.
• Load: A 2.5 kΩ resistor was used with the thin film panel, and a 360Ω

resistor was selected for the polycrystalline panel.
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• Current sensor: The Adafruit INA219, known for its precision in current
and voltage measurement.
• Microcontroller: An Arduino Mega 2560 Rev3 was employed to control the

setup and process data from the current sensor.

The testing circuit for the solar panels was designed to be straightforward,
given that the panels generate a direct current (DC), eliminating the need for com-
plex measurement components. The essential element in our setup was choosing a
load to facilitate the highest power output. For this purpose, we utilized one 2.5 kΩ
resistor for the thin film panel and one 360Ω resistor for the polycrystalline panel.
We used a manual impedance matching technique to determine these values by
systematically adjusting the resistance to align the load with the solar panel’s max-
imum power point, thereby optimizing power output. This method highlights the
importance of carefully adjusting the input impedance of devices to match the
solar panel’s output impedance for higher efficiency. Using a resistor with a larger
value will decrease the current, resulting in reduced power output. Conversely,
if we use a resistor with a smaller value, the voltage will decrease, leading to
reduced power output.

The solar panel was connected to its corresponding load through the INA219,
which was placed in the circuit between the solar panel and the load to measure
current flow and voltage. This sensor was responsible for capturing and trans-
mitting the measurement data to the Arduino, facilitating data visualization and
analysis. See the circuit diagram under section 7.4, ’Summary of Connections’.

We conducted extended internal testing with these setups under low-voltage
conditions to ensure accuracy. We continuously monitored the system using the
Arduino and an additional oscilloscope during these tests. This allowed us to verify
the accuracy of the recorded values and ensure that the INA219 sensor operated
within its thermal limits. Once the performance of the circuit and measurement
system was validated, the solar panels and configured circuit were installed on
a car roof box and a bike trailer. These assemblies were placed securely for real-
world testing under varying environmental conditions.

7.1.2 Solar Panel Setup

We initially identified locations that received the most sunlight for the solar panel
setup to ensure maximum exposure. The panels were then securely mounted on
flat, stable surfaces on the roof box and the bike trailer, as illustrated in Figure 7.1.
This placement strategy aimed to achieve the highest average energy production,
disregarding the optimal angle to the sun since the vehicles’ movement would
frequently change this alignment.

Each solar panel was tested independently to facilitate a detailed performance
evaluation. For the roof box, the panels were installed at the same location and
subjected to similar testing conditions. This included similar exposure to weather
conditions and sunlight levels, as they were tested along the same route.




