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The subject of this thesis was to study if thermoelectricity produced by temperature
differences in ambiance could be used to power a stand alone sensor platform or
to extend the battery life of such a device. The determination of limitations and
requirements was a secondary objective for the thesis. Test setup for thermoelectric
generator was used to measure the amount of energy which could be scavenged from
ambient energy and a thermowell. Energy consumption of the sensor platform with a
selection of different sensors and a transmitter were determined to have comparable
data to the energy scavenged from ambiance and thermowell. Commercial aspects
of studied powering solution in applications chosen for motivation were considered in
comparison to other ambient energy harvesting solutions. Sensing which is strictly
scheduled as well as the transmissions can be powered purely thermoelectrically if
the quantity of thermoelectrical generators is not a budget constrain. Scavenged
average energy was 0.25 µWh

K
and the rate of temperature change needs to be at

least 1 K
h
. The temperature difference needed to wake up the DC-DC booster was

1.27 ◦C and 3.31 ◦C for the sensor platform. The voltages for these temperature
differences were 62 mV and 161 mV respectively. Justified use would require
thermoelectritically powered platforms being competitive against other ambient
energy in certain areas such as places without direct sunlight. Otherwise energy
storage is needed. The price range for studied device would be 33 - 1237,2 e.

Keywords: thermoelectricity, temperature, self-powering, sensor, node, transmis-
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Diplomityön aiheena oli tutkia voiko ympäristön ja lämpökaivon väliltä kerätty
lämpösähkö toimia käyttövoimana itsenäiselle anturialustalle tai lisätä pariston eli-
nikää kyseiselle laitteelle. Rajoitusten ja vaatimusten määrittäminen oli toissijainen
tavoite diplomityölle. Testijärjestely sähkölämpöiselle generaattorille suoritettiin,
jotta saatiin selvitettyä kuinka paljon energiaa ympäristön ja lämpökaivon välillä
on kerättävissä. Sensorialustan energiankulutus yhdessä sensorivalikoiman ja lähet-
timen kanssa määritettiin, jotta käyttöön saatiin verrattavaa dataa ympäristön ja
lämpökaivon väliltä haalittuun energiamäärään. Tutkitun käyttövoimaratkaisun
kaupallisia ominaisuuksia, motivaattoreiksi valituissa sovelluskohteissa verrattiin
muihin ympäristöstä haalittaviin energialähteisiin. Tällä hetkellä anturointi ja
lähetykset, jotka ovat tarkkaan aikataulutettu saadaan toimimaan puhtaasti lämpö-
sähköllä, jos lämpösähköisten generaattorien määrä ei ole budjettirajoite. Haalittu
keskimääräinen energia oli 0,25 µWh

K
ja lämpötilan muutoksen nopeus vähintään 1

K
h
. Lämpötilaero, joka tarvittiin DC-DC tehostimen herättämiseen oli 1,27 ◦C ja

3,31 ◦C sensorialustalle. Jännitteet näille lämpötilaeroille olivat vastaavasti 62 mV
ja 161 mV. Perusteltu käyttö vaatii, että lämpösähköisesti toimivat alustat ovat kil-
pailukykyisiä muita ympäristöstä haalittuja energiamuotoja vastaan alueilla, joissa
ei ole suoraa auringon valoa. Muuten energiavarastoa tarvitaan. Hintahaarukka
tutkitulle laitteelle on 33 - 1237,2 e.

Avainsanat: lämpösähkö, lämpötila, itselataava, anturi, solmu, lähetys
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Symbols and abbreviations

Symbols
◦C Celsius degrees
∆ difference of the respective unit
η efficiency
I electrical current
K Thermal conductivity
Π Peltier coefficient
R electric resistance
S Seebeck coefficient
T temperature
V electrical voltage
Z Thermoelectric figure of merit

Operators
d
dt

derivative with respect to variable t

Abbreviations
DC direct current
EGU energy generating unit
EMU energy managing unit
ESU energy scavenging unit
IOT internet of things
MPPT maximum power point tracking
PMU power management unit
PRS peripheral reflex system
R&D research and development
RMS root mean square value
TEG thermoelectric generator
USART universal synchronous/asynchronous receiver/transmitter
Vdd operational voltage
WSN wireless sensor network



1 Introduction
Big general trends in world today are Internet of things (IoT), wireless sensor network
(WSN) and big data – the ability to extract valuable information from the data pool
of virtually anything that can measured and uploaded for further processing. These
three great technological advances work by each other to give us more information of
our surroundings, of our own conduct and to understand the world we live in better.
Figure 1 presents a function block diagram of a wireless sensor node powered by a
thermoelectric generator.

Figure 1: The overview of a thermoelectrically powered sensor platform.

These trends go hand in hand with the natural willingness of people to ease their
life. Having your dinner ready while coming home from work or to have the lights
come up automatically while entering a room just to paint some kind of image. All
this automation and use of other electrical devices do however require energy. The
positive side about automation is that it can be scheduled and made energy efficient.
With other electrical utilities like a freezer this is not the case. The consumption of
energy by electrical devices remains therefore a challenge for future engineers. To sum
up: the world is in need of devices which have to be optimized in the triangle of energy
efficiency, ability to be scheduled and easing the life of the user. Applications for the
discussed trends that meet such demands must have an unconventional power source
to power or extend battery life. Wireless data readability is a must in the modern
day. Best case is a deploy-and-forget type of device which provides information but
requires no attending. Challenges that need to be overcome for this type of case
are the need for energy that does not come from power grid but from battery, solar
power or thermoelectric power. [1]

This thesis aims to study a self-powered sensor node which transmits data and
the requirements, possibilities and limitations of such apparatus. The focus is on
thermoelectric power source with an additional back-up power from a battery without
charging the power storage system. Battery life extension is examined in the work
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as well. The boundary limitations and possibilities are examined with commercial
analysis which give justification to the use of more expensive components in more
demanding application sites.
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2 Literature review
This chapter discusses studies made on the thermoelectric generator (TEG) systems
such as battery life extender, sensor platforms, sensors and similar topics and they
are presented so that the reader can find more information and better insight on
the topic. The background literature has another important factor which is to give
motivation and structure for the experimental part of the study. Published studies on
thermoelectric elements can be found way back. Even the famous satellite Voyager
uses thermoelectric elements as one of its power source. [2] Thermoelectric generator
as power source for microcontrollers have been studied extensively [3]. TEG powering
sensors have gone under research. [4]

Most of the studies done on TEG powered systems focus on scavenging heat from
active systems rather than from ambient objects such as air [4] [1]. The studies that
do focus on ambient energy harvesting either log the data [5], make literature review
of the subject [6] or theorize the usability of these types of devices [7][8].

In a study by Hudak et al. thermoelectric power is one of the three discussed
power generating schemes. The article reviews the properties of a TEG and theorizes
how maximum power and efficiency are to be achieved. Next microfabricated TEGs
and the microfabrication process are examined. New materials with greater Seebeck
coefficient - compared to silicon based TEGs are briefly discussed and the importance
of high figure of merit Z is stressed as an "important measure of performance".
Team justifies the importance by thermal conductance which is proportional to the
temperature between hot and cold side. Lastly the article displays a table of TEGs
studied over the years with key properties such as materials, number of couples, and
power density to help reader understand the key factors in TEG development. The
team concludes that thermoelectric power generation still needs a lot of studies in
lowering resistance, increasing quantity of thermocouples in an area, and increase the
aspect ratio of the thermoelement. Compatibility with microfabrication techniques,
DC output, and the potential to use any ambient heat source are listed as main
competitive advantages against other studied renewable energy sources. [9]

Moser et al. studied on transient ambient temperature gradient energy harvesting
and powering an autonomous wireless sensor node with such energy. Their two test
setups were set in a tunnel so that no direct sun radiation was able to penetrate to
the heat sink of the TEG and another on an office building north-east. The thermal
design of the energy scavenging unit was optimized by modelling and laboratory
tests. In their work the frequency of the temperature change - both in the wall
the device was attached to and the air that was blowing through the tunnel were
recorded. The difference of these frequencies was in critical part of the study because
it would tell eventually when and how much energy was available for the device to
operate. The results the team gained from the study were 70 mJ of electrical energy
per day, ∆T of 1.2 K was sufficient to power up the DC-DC booster, and energy
harvested enabled 415 wireless data transmissions per day. [5]

There are few studies done on TEG power management types and evaluated the
sensors which go hand in hand with different power management scenarios. In this
thesis the aim is to manufacture a sensor system with microcontroller powered by a
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TEG and battery with different power usage scenarios.
The choice of the used microcontroller brand and model was due to available

development kit readily suited for thermoelectrically powered platform testing [10].
One microcontroller from the Silicon labs’ Gecko model family is introduce as part of
energy harvesting evaluation board. Hence, it was chosen and it gave much structure
for the empirical part of the thesis. Microcontrollers with low learning curve are
available like AVR, PIC, and Teensy but they consume relatively lot of power due to
automation of low level functions. Lower level microcontrollers like EFM have better
controllability which makes it easier to control their power usage.

Best suited microcontrollers are low power while active and have extremely low
power sleep modes since usage of microcontrollers is heavily duty cycled to reduce
the overall energy consumption. Memory and its energy consumption is addressed in
two ways in modern commercial microcontrollers. Either the supply voltage is set as
low as possible for the memory or the data is stored in a non-volatile memory (NVM)
which does not need to be active in order to retain the stored data. Obtaining even
lower energy consumption for the overall device smaller microcontroller could be
embedded to monitor sensors. [6]

Many different thermal energy harvesting systems have been studied due to a
wide range of technical backgrounds of the researchers and application areas on the
topic of TEG powered autonomous sensor units. Studies on waste heat have been
the most frequent since the sources of heat are present throughout the use of the
system which produces the heat. In these type of scenarios much emphasis has been
put on the heatsink or the cold side of the energy harvesting unit. Given that the
heat is always present the cold side must be able to release or move heat with a large
rate. [4] [11]

Rocha et al. studied extension of laptop’s battery life by scavenging waste heat
from the laptop’s microcontroller. TEG thin films were attached to heatsink’s fins
for optimal thermal design. The cold side of the TEG was cooled by the CPU cooler.
The team theorized that they would be able to extend the life time of the battery by
1.6 hours. With temperature difference of 60◦C and 75◦C the battery life of the laptop
could be extended by 3% and 3.8% respectively. DC-DC booster was used as an
amplifier which the controller could then feed to the laptop. Thermoelectric generator
was silicon compatible for it to be integratable with microelectronics. N-type bismuth
telluride, Bi2Te3, and p-type antimony telluride, Sb2Te3 were materials used to
comply with the demands. [12]

In a study about winter time power generation with TEGs north of Sweden and
Mount Lebanon are used as examples of places where a TEG could prove as an useful
power source. Since the electricity network cannot be relied upon throughout the
days, off-grid solutions are needed. PV panels are briefly mentioned but discarded
due to long dark periods in Sweden and their need for maintenance. In the theory
section the difference between maximum efficiency and maximum power output is
reviewed and the special occasions for each is explained. Geometrically optimized
situations are then considered. The power requirement which the TEG should output
is 100 W which was thought to be sufficient energy to power up ordinary household
equipments. In this study the heat source is a wood or a diesel stove. Properties
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of the stove such as temperature and heating power are considered and on these
considerations properties of the TEG are decided. The module design of the TEG is
explained and the essential properties explained which is followed by the re-design of
the mentioned module. Lastly conclusions tell the reader that the studied system
has market potential and that the performance was acceptable. [11]

Jayakumar et al. did a research on powering the devices of IoT. They presented
the energy consumption of commercial low power sensors that are usually used in
IoT devices. Group stated that challenges the designer faces regarding sensors is to
consider the different types of scenarios where the sensing is suppose to take place.
[6]

One study categorized the sensors in different commercial areas and analyzed
the particular properties needed for every such category. The work discussed real
life applications of these sensors in use and presented ideas and examples how to
put sensors in use such as military surveillance and forest fire detection. The group
concluded that although sensors are going to play much larger part in our lives many
technical challenges are still to be overcome such as power consumption and cost of
parts. [13] Now many of these challenges are solved at least partly but not that many
products for end users are available on the markets. Using the categories and their
applications motivators for this work have been constructed such as surveillance of a
herd of animals or human presence at a desired area, passing of a large vehicle over
a platform, and temperature of a selected area.
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3 Theoretical background

3.1 Thermoelectric effect

The Seebeck effect was discovered by Thomas Johann Seebeck in 1823 when he was
able to deflect a compass needle with a closed loop of two different metal that is
heated - which is called the thermoelectric couple. Thermoelectric couple creates an
electric current from a temperature gradient present on the ends of a thermoelectric
couple. [14] The effect can be observed in homogeneous materials when other end of
a pole is heated while the other end is cooled or kept in ambient temperature. The
hot end has more energetic electrons while the cool end has electrons with lower
energy. In present situation a diffusion of electrons happens which creates a current
between the ends of the pole. [15] To create a thermoelectric couple the materials
used do not need to be metals, however the effect is most easily seen on metal pairs.
Another way to say this is that current inside will begin to flow when other end of
the pole is at hot end and the other at cold. Direction of the current depends on
carrier type of the semiconductor. When the different ends of the material are placed
in two different temperatures the conduction band energy level is elevated from one
end and in respect to the other so that electrons are free to flow from higher energy
to lower. [14]

Absolute Seebeck effect (ASE) is an electrical potential generated in an isolated
conductor which is exposed to temperature gradient. The definition of absolute
Seebeck coefficient (ASC) is as follows: at a given temperature instantaneous rate of
change of the ASE with respect to temperature. [14]

Seebeck coefficient S [ V
K
] is defined as

S = −dV
dT

, (1)

where dV is voltage difference [V] and dT temperature difference [K].
Peltier effect is the reverse effect of Seebeck effect and it was discovered by a

French physicist called Jean Charles Peltier. Peltier effect can be seen in action when
the current through a junction of thermoelectric couple absorbs or generates heat
depending on the direction of the electric current over the junction. [14]

Peltier coefficient Π is the amount of heat flow that is reversible at the junction
of two materials while a current flows through the junction within a time unit. [14]
It can be thought as heat absorbed per unit current

Π = Q̇

I
= ST, (2)

where Π [ J
A
] is the Peltier coefficient, Q̇ time unit of heat flow [J] and I [A] is

current. Other way to express Peltier coefficient is through second Thomson relation
with temperature T and Seebeck coefficient S.
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3.2 Thermodynamics

Carnot efficiency is the maximum efficiency that a heat engine such as TEG can
operate with. It is the relation between the work done by the system and the heat
put in the system. It can be derived to a form which is the difference of hot and cold
reservoirs’ temperature divided by the hot reservoir’s temperature [16]

η = W

QH

= 1− TC
TH

. (3)

Peltier element or thermoelectric generator is in thermodynamical sense an in-
sulator. This poses some restrictions for the placement of the element. In some
systems like energy scavenging from LED -modules which need generated heat to be
conducted away thermo electric generator (TEG) would act as insulator and could
not be placed between modules and heat sink. In the application which this thesis
studies there exists no such restrictions. There is no electrical device from which the
heat is extracted so the insulating properties of the TEG have no limiting factor
in that sense. The figure of merit Z is an essential factor because it characterizes
thermoelectric materials by describing efficiently all of the sub-factors’ effect and
weight and their relations.

Overall efficiency of a thermoelectric generator such as a semiconductor leg pair
is defined as

φ = Win

Qhj

, (4)

where Win is the electrical energy supplied to the load and Qhj is the absorbed
heat in the hot junction which is a sum of Peltier heat and heat conducted from
hot to cold junction. From the heat conducted to cold junction half of the power
generated in both legs by Joule heat needs to be subtracted since the Joule heat
passes the hot junction and only half of it transfers to the cold junction. [17] [18]
This gives us

φ = I2R

SITh +K(Th − Tc)− 1
2I

2R
, (5)

from which can be shown that maximum power output is

φp = 1
2

Th − Tc
Th + 2

z
− 1

4(Th − Tc)
, (6)

when the ratio of the leg resistances and load resistance is 1. The figure of merit
of the leg pair is

Z = S2

RK
, (7)

where S [ V
K
] is the Seebeck effect, R [Ω] the electrical resistance and K [W

K
] the

thermal conductance. When the ratio of the resistances is optimal we get maximum
efficiency
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φmax = ηγ (8)

where η is Carnot efficiency and

γ =

√
1 + ZT̄ − 1√
1 + ZT̄ + Tc

Th

, (9)

where

T̄ = Th − Tc
2 . (10)

It should be noted that the conversion efficiency is mainly dictated by Carnot
efficiency and therefore large temperature differences are desired. Higher figure of
merit does improve the conversion rate but since it is assumed to be independent from
temperature one must consider the application and materials used when choosing
between figure of merit and conversion rate.

Thermal resistance
Rt = L

kA
= ∆TL2

QA
(11)

is the value for how much an object restricts heat flow through itself. The physical
quantities presented in the above equation are L [m] length of the object which the
heat travels through, k [ W

Km
] thermal conductance and A [mm2] surface area of the

object. It can be understood as an insulating value of an object. Matching the
thermal resistance with the temperature gradient and scavenge area helps to extract
more energy for the device which the TEG powers.[19] This is not however in the
scope of this thesis.
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3.3 Transformer

Current flowing through a conductor creates a concentric magnetic field around
the conductor. When the conductor is looped in cylindrical form the magnetic
field intensifies inside the cylinder as the every loop produces a magnetic field of
its own that sum up to the center field. The produced magnetic field can be then
guided through a ferromagnetic core such as iron through another cylindrical looped
conductor structure which in turn produces electric current in the conducting material.
Changing the winding relation the voltage over second winding can be changed to
better suit the system which is fed. This type of setup can be seen in Figure 2 and
is normally called a transformer. [20]

Figure 2: A diagram of a traditional transformer.

Structure of the transformer can be built around one ferromagnetic pole as well
and in many different sizes. The miniature size of the transformer used in the research
does not pose any major considerations or limitations considering its operation. The
relation between primary and secondary voltages, currents and windings is

VP
VS

= IP
IS

= NP

NS

(12)

and the induced root mean square value (rms) of the voltage

E =
√

2πfNBA, (13)

where f is frequency, N the number of windings, B the flux density inside the
magnetic core and A the cross sectional area of the core. The RMS value of the
induced voltage is appliable if the flux is alternating. [21]

3.4 Device and circuit design

Thermoelectric generator is a module or a membrane which takes advantage of
thermoelectric effect to produce electricity. TEG module consists of dielectric plates
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which conceal semiconductor leg pairs, see Figure 3, which are doped to produce
two set of legs with excess holes and electrons to improve electrical conduction.
Connecting the legs in a described manner produces one long uniform route for
the current to flow through. The amount of leg pairs, their dimensions and doping
concentration are the main factors in the characteristics of a module. Large amount
of legs needs a wider module which has more are surface for the heat to flow through.
More dopant in the legs produces less resistance but requires careful optimization
so that thermal resistance does not drop too low for the heat to transfer through
too quickly. Wider legs lower the resistance and increase the heat flow. Taller legs
increase resistance and lower the heat flow.[14] It should be noted that the TEG
module cannot be used continuously if the opposing sides of the module remain in
static temperatures where heat flow from and to the TEG does not happen since
heat flow through the TEG would decrease the temperature difference and no power
would be produced after a certain time period. Therefore in static temperature
situations the use is duty cycled or all the available thermal energy is scavenged at
once. Duty cycle is the ratio of the on and off time of system’s function.

Figure 3: The structure of a TEG. [2]

Once the TEG has converted the thermal energy with small temperature differ-
ence to electricity the voltage, typically measured in tens of millivolts, has to be
transformed to a higher level measured in volts for the microcontroller, sensors and
other peripherals. For this to happen a small transformer is used in which two coils
are wrapped around a common ferromagnetic core which guides the magnetic field
created by the lower (2nd winding) coil. When the magnetic field passes through the
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higher coil the field induces electric current in the coil with higher voltage level. This
energy is then circuited to the power management unit which controls the energy
output and maintains the desired voltage level while simultaneously providing energy
for energy storage.

The device designed for the study consists of TEG, power management unit,
capacitor bank, microcontroller, sensors and wireless transmitter. The microcontroller
monitors every part of the system switching sensors on and off as they are needed
while simultaneously redirecting energy for energy storage and peripherals when
excess energy is available and when peripherals are used. Excess energy is available
when sensors are not actively measuring and power management indicates that energy
is being harvested. The time for the described scenario to happen is one the studied
areas in this thesis. [22]

Microcontroller (MCU) is a processing unit which has been fabricated usually on
a single chip. It contains normally a processor unit, memory and programmable I/O.
Nowadays microcontrollers can be found virtually anywhere from a toaster to cars
to smartphones and their function is to manage the whole system or an independent
part of it. Quite often microcontrollers are paired with sensors or different kinds of
peripherals which can be used to provide information from surroundings for acting
appropriately to several kind of inputs or events. MCU can be a system on a silicon
chip which is capable of doing independent calculations, peripheral controlling and
logic operations. Microcontroller is used when the whole system needs a logic operator
with low energy usage therefore making a full feature computer processor complex for
use in terms of obsolete properties and therefore power usage. Now because of low
energy consumption microcontrollers can be used to replace simpler logic components
like adders and timers and handle all of the logic and timing in a device and thus
gain better control over the larger system.[?]

DC-DC booster circuit is designed to step up the input voltage and maintain
the output ripple free and at a constant level for the end device connected to it
to operate at predetermined voltage levels. DC-DC booster in used in the work
is Linear Technologies’ LTC3108 and it is a buck/boost converter. The operating
principle of a buck/boost converter is simple and it is one of the basic converter
topologies taught in engineering schools. The circuit conducts current through a coil
from the input and duty cycles a flip which disconnects the input from the main
circuit. While disconnection happens magnetic charge of the coil is converted to
current and conducted to a load. The load usually has a parallel capacitor which
charges up and provides power to the load while the flip is switched on for the coil
to charge. Formulation of the amplifying factor reveals that the amplifying ratio of
the circuit is always one or more. [23]

Zigbee is a short range wireless protocol aimed for low energy usage applications
and is therefore well suited for this work. Zigbee is defined by IEEE 802.15.4. A
point-to-point connection is made between the receiving and transmitting end for
communication. Zigbee supports a mesh network which can be utilized to send data
between two devices which are located at the very far ends of the network - being
further away from another than a point-to-point connection could carry. [24]

Infrared detector compares the infrared radiation emitted from the background
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to the emitted infrared radiation by objects which pass the detectors detecting area.
The infrared detector is an energy efficient sensor since the active component of the
sensor consumes few µA’s and all the energy needed to change it’s state comes from
the external infrared radiation. The crystalline sensor element forms a surface charge
when infrared light propagates through the material. From a circuit point of view
the sensor element seems as a capacitor. The charge is then interpreted - with a
sensitive transistor - to logic level(s) and conducted to a microprocessor.

The microcontroller has an inbuilt temperature sensor. The working principle
of such a sensor relies on materials which resistances are temperature dependent.
Measuring the resistance the temperature can be calculated.

The on-board ambient light sensor is a transistor type sensor called photodiode
which detects changes in the ambient light levels. When the transistor base is
exposed to a change in light current is drawn from emitter to collector which can be
acknowledged as a change in ambient lighting condition. The sensing element of the
sensor is a PN-junction. While the photons enter the sensor element they interact
with the electrons creating electron-hole pairs in the depletion region after which
the present electric field sweeps the electrons to the N-layer and holes to the P-layer.
The charge carriers then create a current which can be detected.

To optimize the power output of the TEG heat sink is applied to the generator
and a heat exchanger connected to a thermowell on the other side. Thermal paste
is used to lower the interface’s thermal resistance by filling the voids between the
two materials which leads to better contact [25]. Using a heat sink the generator has
better thermal connection to the ambient temperature and with the heat exchanger
in the thermowell temperature gradient over the TEG is formed. Contact area and
pressure improve the conduction of heat from one material to another [25].

Goal of thermal matching of the TEG’s resistance is to make it as large or at least
comparable to the thermal resistance of the heat exchanger in order to maximize the
power output. Thermal resistance of thermocouples and the air being equal is the
condition which is used widely in the design of TEGs. Even better power output
would be possible if the thermal resistance of the heat exchanger and TEG could
follow changes in the heat flow from and to the ambiance. [19] Thermowell is an
insulated thermal storage which acts as an anchor to achieve the thermal gradient
needed for TEG energy scavenging. The insulation guarantees that the temperature
of the thermowell follows ambiance with a delay - effectively being colder or hotter
depending on the time of the day. Other way of saying the same thing is that the
insulation guarantees that the heat to and from the storage goes via TEG.

3.5 Tools for commercial analysis

In SWOT analysis a product or strategy of a company or competitor’s company is
tested against competing products or strategies with a simple quadrant table which
consists of strengths, weaknesses, opportunities and threats. With SWOT analysis
one can easily categorize all the different properties of a product in their right places
which then can be assessed with one look. Placements are made depending if a
property gives the product a competing edge, if it makes the product fall behind
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compared to others, if some property will improve the product’s competitiveness in
the future due to an expected change in the markets or if one hinders the market
placement. [26] PEST analysis is a tool for analyzing political, economic, social and
technological aspects of a product or a strategy. PEST analysis can be thought of
a sub analysis of SWOT considering the opportunities and threats sections. [26]
Mentioned analyses can be used simultaneously or separately.
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4 Research material and methods
Specifications of TEG modules used in test setup can be seen in Table 1.

Table 1: The essential values of a thermoelectric module in power generation.
Module Qmax [W] Vmax [V] Thickness [mm] Area [mm2]
CUI INC
CP20351 15.2 15.4 5.1 30*30
Laird technologies
THR-DS-CP2 31 10 18.8 3.8 5.6 30*30
Laird technologies
THR-DS-HT4 12 F2
4040 TA W6 33.0 14.5 4.1 44*40

The essential specifications of the TEG can bee seen in Table 1 above. Relation
between Vmax and hot side temperature, resistance, and surface are are the main
factors while considering power generation of a thermoelectric module in designed
test setup. The hot side temperature - which is the reference temperature in which
the hot side of the module is kept during characterization of "extreme parameters"
[18] - for CUI’s module was 27◦C and 25◦C for both Laird’s modules. Therefore
Laird technologies’ 44*40 module was selected. Selected module proved to be the
best one in empirical tests as well considering the applications that were chosen for
motivation. One TEG module was used and tested in the study. With Lou’s method
[27] one could easily calculate an estimate for the TEG module’s Seebeck coefficient.

Lou’s method gives us

SM = Vmax
Th

, (14)

where SM is the Seebeck coefficient for the module, Vmax [V] the maximum
voltage of the module and Th [K] the hot side temperature of the module. For the
chosen module the equation gives an sensitivity of 48.633 mV

K
. With the sensitivity

and voltage relation presented in Results chapter, see Figure 10, the temperature
differences and voltages needed to wake up DC-DC booster and sensor platform were
1.27 ◦ and 3.31 ◦ and 62 mV and 161 mV respectively.

Thermal resistance RT [K
W
] of the module can be calculated as follows

RT = ∆TL2

AQmax

, (15)

where ∆T [K] is temperature difference between hot and cold side and Qmax [W]
is heat power. Length L is obtained from the datasheets and area A is an estimated
value of the area that the leg pairs cover from the modules surface area. The effective
area A is assumed to be 0.7. Formula gives us values of 0.179, 0.176, and 0.027
respective to the list in Table 1. The selected module’s thermal resistance is low
enough for small temperature difference to induce voltage which can be converted
to energy. Module with higher thermal resistance would need larger temperature
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difference to produce same amount of voltage. It should be noted that the dimensions
of the module are one optimization challenge in the thermal design of the device.

4.1 Power management

Once the heat is converted to electricity it needs to be transformed to higher voltage
level for the sensor platform. The voltage from the TEG is measured in tens of
millivolts and potential needed for the electronics is measured in volts which is 100
times greater than the initial potential. This conversion of voltage level is done by a
coupled inductor with a turns ratio of 100. When the voltage level is transformed to
desired level power can be diverted to step-up converter circuit (LTC3108) which then
sets the voltage to a desired level, outputs low dropout voltage, reserves energy output
by directing power to energy storage and main output. The power management
circuit has a controllable voltage output to minimize energy consumption while
components of the larger device can be shut down when they are not in use.

First the complete device was tested in laboratory under controlled conditions
and the performance was verified. After the verification test setup was build so that
the energy scavenging unit was placed outside in October under a sun roof on a
balcony facing south.

An energy storage is connected to the power management unit for the device
not being only dependent on ambient temperature and the energy scavenging of
thermal gradient. Battery was chosen as the energy storage for the device. It allows
scheduled operation of the system as well as operation of the system at times when
temperature gradient is too small for energy scavenging. PMU’s power output for
the platform has limitations regarding how fast energy can be supplied. Therefore
modification for the circuit was made so that transmissions could be done, see Figure
4.

Capacitor was the second choice for the system but it comes with certain limita-
tions. Capacitors have to be sized right so that the charging time is not too long
and the voltage of the capacitor has to be larger than the operating voltage of the
device. If the operating voltage is not exceeded the capacitor acts as the electrical
sink and does not discharge. To overcome this more circuit design would be needed
resulting in more components and lowering the efficiency. Therefore measurements
could be done only when enough energy is available and for limited time after the
thermal gradient has gone under the critical point of scavenging.

The applications of the sensor device are an important area of this thesis, although
not studied, since they give an idea of the possible duty cycle of the device and a
platform for further examinations with other types of energy storage systems.

4.2 Peripheral power usage

The MCU is in charge of power distribution by connecting the peripherals to the
power source only when they are in use. The exception is the main sensor which
tells the MCU that something “valuable” is worth more examination which results in
turning on second sensor and possibly wireless transmitter. The LTC3108 has one
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Figure 4: The schematic of the energy storage and it’s connection to the evice.

transistor controlled output in itself already but due to amount of independently
controlled peripherals more switches need to be embedded in the setup. GPIO ports
can act as switches since they are at the same voltage level as Vdd. From Table 2 one
can see the current usage of the platform and selected peripherals.

Table 2: The current usage of separate parts at operation voltage @ 3 V
Part Active current Inactive/idle current Sleep
PIR 100 µA 170 µA - A
Light sensor - A - A - A
Temperature sensor - A - A - A
Xbee 45 mA 50 mA <10 µA
Platform 219µA/MHz 219µA/MHz (Emode2) 80 µA/MHz

Data on on-board light sensor and on-chip temperature sensor are not documented
on reference manual of the development board and their power consumption is
therefore assumed to be calculated in the current usage of the platform in later
calculations.

The platform runs at 32 MHz with transmitter, non-volatile memory handling
and PIR sensor. With light and temperature sensor the operating frequency is at 4
MHz. This gives active current usage of 7.01 mA at 32 MHz and 876 µA at 4 MHz
and sleep current usage of 2.56 mA at 32 MHz and 320 µA at 4 MHz. It should
be noted that active and idle current on the platform are heavily dependent on the
program functions driven at a time.

4.3 Sensor platform

The microcontroller used in the device studied in this thesis was Silicon Labs’
EFM32GG990F1024 (1 MB flash and 128 kB RAM) and it was coupled on an
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evaluation board which was sold as STK3700 Giant Gecko Starter kit [28]. The
reason for choosing this microcontroller was its ability to perform on low voltage levels
and its energy efficiency which comes from sophisticated energy modes that allow the
MCU stay asleep while sensing was active and sensed data could be send to other
peripherals. The internal temperature sensor is located inside the microcontroller
circuit. Light sensor is on the same development board as the microcontroller and
the PIR sensor is connected to microcontroller via three different connection points:
voltage (3.3 V), ground and GPIO pin which can be seen in Figures 5 and 6. The
PIR sensor will indicate if there are people in the monitored area.

Figure 5: The platform’s pinout and the pins’ functions. Obtained from ARM mbed
Developer Site. [29]

The sensors used in the thesis have very low power consumption when they
are not active and have everyday applications by sensing meaningful targets in the
environment they are in. These are presence and movement of people or animals,
ambient temperature and light conditions. Chosen sensors present a range of power
usage in the low energy end of the spectrum due to their operation principles. Sensors
that have the described qualities are infrared detector, on-chip temperature sensor
and an on-board ambient light sensor.
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Figure 6: The platform connected to Xbee transmitter while transmitting.

Although different types of sensors only work in binary logic it does not auto-
matically mean that these sensors would use less power. The phenomena behind the
sensing is what matters when measuring power consumption as well as the standby
energy usage. The possibility to turn off the sensor while not in use is a factor
to be considered but this is not studied in detail in this thesis. The appropriate
applications for the sensor platform are assumed to function as long as power is
available because of the types of events the sensors can detect.

4.4 Program interface/code - protocols and drivers

Each peripheral requires an interface through which it can communicate with the mi-
crocontroller. Such interfaces on Giant Gecko are Universal Synchronous/Asynchronous
Receiver Transmitter (USART), Inter-Integrated Circuit (I2C), and Serial Peripheral
Interface (SPI). Through these interfaces the data is sent and certain initializations
are made to set up the peripheral. In addition to the initializations the microcontroller
also needs to know how to handle the information received or send to the peripheral.
This set up and handling interface is called a driver which gives instructions to the
microcontroller how to communicate with the peripheral. [28]

The transmitter used in the study was Digi International’s XBee series 1 antenna
transmitter which uses 50 mA while receiving or idling and 45 mA while transmitting
at 3.3 V operating voltage. The device interfaces to other devices via USART and it
was connected to PB9 and PB10 ports on the platform. Other power options include
sleep mode, which uses less than 10 µA’s.[30] Pins and their functions are visible in
Figure 7.
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Figure 7: The pin out of the Xbee transmitter.

LESENSE is a low energy sensor interface on the Giant Gecko microcontroller
which enables the usage of sensors while keeping the microcontroller in a sleep mode.
LESENSE decoder can process the data and a large set of events can be stored in
the buffer so that no interrupts to the microcontroller are needed. [28]

Peripheral reflex system (PRS) is an interface which handles data from peripherals
to each other without waking up the CPU. One example is forwarding data from
sensor to RAM and moved to non-volatile memory are with or without an interrupt
from another peripheral like button.

Program code is a set of instructions for the microcontroller about what to do
when energy supply is connected and interrupts are given or certain action is needed.
The programming of Giant Gecko is done using C language with assembly and special
hardware commands. Main parts of the program are non-volatile memory handling,
peripheral drivers, interrupt handling and transmitting.

The program itself consists of interrupts produced by the sensors or the MCU which
are then recorded as meaningful events in the non-volatile memory or interpreted
as send commands to send sensed data straight away. When the send command
is activated by sensing, a timer or a counter the data in the memory - volatile or
non-volatile - is then send via zigbee module to a computer where it can be read. In
the programming one had to consider the hardware limitations and capabilities such
as the self initialization time of the PIR sensor 30 s and which type of pull resistor
should be used with the PIR sensor.

The programming of the device was made with Simplicity Studio program which
has Eclipse IDE integrated in it and other useful features for product development
such as Energy Aware tool to test the current usage of the code. Large part of the
code was adapted from the application demos which were embedded in the Simplicity
Studio. Adaptation leads to faster development and speeds up the learning process
of the microcontrollers usage.

During the experiments code was adjusted to match the scheduling of power in
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different scenarios depending on the sensor used. In some cases the device should keep
going as long as possible and then wake up again if sufficient energy was available
and in some cases make measurements and then go to sleep until new scheduled time
window opened. The transmissions of the sensed data was to follow the different
scenarios and they can be seen in Table 3. [22]

Table 3: The three different transmission scenarios.
Scenario Ongoing Scheduled Quantity based
Definition Send everytime Sense and log Sense and log

something is until scheduled until predetermined
sensed send quantity of sensed

events have happened
and send

4.5 Power usage scenarios

For acquiring the best possible energy efficiency for the overall system all possible is
done with the microcontroller kept in sleeping mode. Approximately 120 mV under
load is needed from the TEG to wake up the board so it is possible after a cold night
when the sun rises. Power usage scenarios are presented in Table 4.

Table 4: The three different power usage scenarios.
Scenario Sending Sensors Active/sleep
1 Ongoing PIR, light a, a
2 Scheduled PIR, light, temperature a, s, s
3 Quantity based PIR, light a, s

Active and sleep modes (a and s) are presented respectively to the sensors listed
in the third column. PIR sensoring is assumed to keep the MCU in active state
throughout the use. Light and temperature sensing can occure while the MCU is
kept in sleep mode. Transmission requires waking up the MCU. In scenarios 1 and
3 usage of ongoing temperature measurement is not justified regarding the chosen
motivational applications.

Battery system that was used had 2100 mAh of energy available but when the
charge drops below 20% so does the voltage under operational level. This gives 1680
mAh of available energy from the battery. In all scenarios when PIR sensor is used
battery is the main source or energy and TEG acts as battery life extender. In
scenarios 2 and 3 when light or temperature sensor is used TEG is the main power
source and battery acts as the back-up power source.

Quantity of transmissions made during the sensing period are heavily application
dependent. Therefore the following input values for sensed events are chosen to give
reader some type of idea what the energy consumption would be in real life situation.
In different scenarios the quantity of events is chosen in a way that would justify
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use of the respective scenario. Scenario 1 has one sensed event once every hour.
Scenario 2 has one transmission every two hours and five sensed events in every
hour. Scenario 3 has five sensed events in every hour and therefore one transmission
every hour. Average current consumption is presented in the Table 5. The energy
usage of temperature and light sensor is negligible due to their optimization and
physical location inside and close to the MCU. Location has effect on resistance
losses and therefore in the energy consumption. The transmission is assumed to
wake up, transmit and go to sleep in 30 seconds while requiring sensor platform to
operate in active state for 1 minute. In scenario 1 transmission energy is negligible
due to short duration.

PIR is assumed to sense events that last for ten seconds. Power usage with
temperature and light sensor is essentially the same. Then the average hourly
consumption is calculated and can be seen in Table 5. Hourly current consumption
presents the energy usage of PIR sensor and sensor platform on the left side and
current consumption of light or temperature sensor and sensor platform on the right.
Life time column shows the days the respective sensor and sensor platform can
operate. Last column presents the daily life time extension gained from energy
produced by TEG. The TEG produces energy on daily basis and the extension
is therefore presented as extra life time per battery life time in each scenario and
component combination. For example in scenario 2 the gained lifetime was 1.3 days
over the 151.2 days of battery life with light or temperature sensor. The calculation
was done with the assumptions for daily average energy made in chapter 6.1 for the
time frame presented in Figure 11. With the average power gained over the whole
test period the extension times would be almost 1000 times lower.

Table 5: Power usage in three different scenarios.
Scenario Hourly current Life time Extension from

consumption @ 3 V [days] TEG
1 57.138 mAh / 56.968 mAh 1.23 / 1.23 7.4 s / 7.5 s
2 57.15 mA / 462.92 µAh 1.23 / 151.2 7.4 s / 1.3 days
3 57.13 mAh / 483.833 µAh 1.23 / 144.7 7.4 s / 1.2 days

PIR sensing and platform always on can only gain minimal life time extension
with TEG. Low energy sensing via LESENSE and PRS can gain more lifetime
extension through TEG. Scenarios 2 and 3 could be attained using only TEG as
a power source when the platform would be kept in low energy mode. This would
probably require use of more than one TEG module and solving challenges that come
with the use of multiple modules.

4.6 Measurements

The energy consumption and operation of sensor platform was done in laboratory
experiments to verify that sensed values could be stored in non-volatile memory of
the platform. Transmitting the data was a simple test where the data was sent when
the transmitter was given instructions to do so. Thorough testing of each described
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situation and optimizing code for each different scenario is not in the focus of this
thesis.

Energy scavenging unit (ESU) field tests were done during October and November
in Finland, Espoo. The device was facing south to collect any sunlight which would
heat up the ambient heat sink faster than the ambient temperature to provide more
energy for the TEG to produce. The structure of the ESU is presented in Figure 8.

Before the field testing ESU was tested and measured in laboratory. The measure-
ments made for the study from one element were to determine energy at disposal and
at what time table and the temperature difference between heat sink in ambiance
and the heat exchanger in thermowell. Measurements from microcontroller with each
separate sensors and transmitter were made in laboratory conditions.

4.7 Design of the energy scavenging unit

Figure 8: The ESU’s structure.

The thermowell inside Styrofoam insulation has volume of roughly 1 liter. The
outer measures of the ESU were 20x25x35 cm3. While designing the energy generating
unit as seen in Figure 8 - thermowell, heat exchanger, TEG and heat sink it is
important to minimize the thermal resistance since high values between the junctions
hinder the movement of heat and therefore obstruct the overall functioning of the
system [25]. Another key factor of the device’s optimal operation is the thermal
insulation of the thermowell from ambient. If heat leakage is present the liquid
thermal bank inside the thermowell changes temperature roughly at the same speed
as the ambient temperature preventing extraction of sufficient electricity due to low
∆T. Largest possible contact area was achieved choosing heat sink and exchanger
which were the same size as the TEG module and pressure was achieved securing heat
sink and exchanger with zip locks to the module. Plastic zip locks are suitable for
they have low heat conductance and they are durable making them weather resistant.
The part of the heat exchanger which is in touch with the ambient should be insulated
around the interface between TEG and heat sink. This is done to optimize the heat
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flow through the TEG. To put it shortly, heat flow is forced through TEG so there
is a large Rt through the TEG and elsewhere the system is insulated.

Figure 9 presents the copper constantan differential thermometer which was
attached to the heat exchanger in the thermowell and on the heatsink in the am-
bient to get the temperature difference between these two points. The differential
thermometer’s operating principle relies on thermoelectric effect which generated
between two metals. Constantan wire is between the points of measurements and
copper between each individual point and measuring device.

Figure 9: Figure presents the schematic of the differential thermometer used in the
measurements.
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5 Commercial analysis
There are many economic considerations for choosing thermoelectrical power over
competing technologies. TEG can improve efficiency of existing systems like stove
blower which redistributes energy from the stove through out the space. TEGs can be
used in many places due to their compact size. TEG can be inserted in narrow spaces
or even underground. Heat is typically energy which is otherwise wasted or regarded
as waste. Compared to photovoltaic panels TEGs can harvest energy during the day
as well as during night. This gives possibility of not having any energy storage. In
certain cases like tracking sun set and sun down TEG driven device would need no
other energy source. Black sink is a supplement to the device and therefore does not
try to compete directly with photovoltaic technology.

Further evaluation of thermoelectrical power from the point of view of this work
are of practical kind. It is not sustainable to build grids in rural areas which are not
like to be inhabited by people. There is no need for human workers to collect the
data. No need exists for replacing batteries - at least often if backup energy source is
used. Possibly no need for servicing the network’s power infra. This way even data
could flow from a great distant with great certainty. Computing the measured or
sensed data can be done on-site. Like audio processing of a passing herd or flock.
The more TEGs the more stability improves in many ways. One being that no staff
is needed to repair, change battery or make measurements. [1]

5.1 SWOT and PEST analyses

The SWOT analysis covers most obvious properties of the TEG powered sensor
platform. The analysis is done for the whole system so energy and platform are
considered. Strengths possessed by TEG driven sensor platform are mostly benefits
over other renewable energy sources such as piezo or solar energy. The platform
is capable of computations which is not possible with simpler logic units. Being a
platform means that the device can be coupled with an array of sensors or peripherals.
Parts of the platform are easily sourced. Energy for provided by the TEG is virtually
unlimited especially in optimal climate. The graphical analysis is presented in Table
6.

Weaknesses can be thought of as trade offs compared to strengths. Demanding
computations consume a lot of energy as well as continuous data transmission. Cost
of the device is high and lowering costs would require a factory in order to embed
the system on a single chip or a circuit board.

Opportunities for the TEG driven platform arise from the use of thermoelectricity
being a supplement energy source for other renewable energies. Areas with waste
heat such as volcanoes or hot springs are optimal sites for TEGs to scavenge energy.
Development of new materials could make thermoelectricity even more competitive
against other renewable energies.

Dedicated systems which are not considered "smart" by todays standards are
a threat to sensor platform due to their low cost manufacturing and design. If
the design and manufacturing site of the whole system prove to be too expensive
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Table 6: The SWOT quadrant.
Strengths Weaknesses
-capable of computations -excess use requires much energy
-capable of producing it’s own energy -cost
-versatile -low cost manufacturing requires a
-platform (tech) factory
-virtually unlimited energy
-easily sourced
-self-governing
-no need for tremor
-works in total darkness
Opportunities Threats
-supplement to competing technologies -non-smart technologies (dedicated
-platform for new technology systems)
-areas with waste heat -low cost manufacturing requires a
-material development factory

-needs patenting

the device becomes unprofitable and uncompetitive. The studied platform needs
patenting to keep competitors of the markets which might be difficult since the whole
system is a collection of non-proprietary technologies.

Graphical PEST analysis seen in Table 7 has relevant properties listed.

Table 7: PEST analysis quadrant
Political Economic
-support for other -expensive to produce
energy sources -patenting

-low cost manufacturing requires a
factory

Social Technological
-networking -easily embedded to network
-sharing of data -works in nature

-material development

Political challenge for a TEG driven platform is support for other energy sources
and their use such as tax deduction or government support for research.

Economic challenges are the production price, investments required for a factory,
and need for patenting.

Social aspects of the platform are the ability of networking the device with other
devices. Group of research groups could each have their own platform act as a node
so that expenses could be divided to form a network. Sharing of the data is easy due
to "smartness" of the platform.
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Technological advantages and future development are benefits for TEG driven
sensor platform. The device is easily connected to an existing network or it can act as
a host for other devices. The platform works in nature and has low need for service.

5.2 Analysis of R&D costs

Development board being ready for development and operation was one of the key
factors so that prototyping time could be set as low as possible so that focus of the
study could be put on program and circuit development.

The analysis is divided in parts including, time-to-market analysis and cost
analysis.

Time-to-market can be assessed taking into account challenges, work and delivery
time of a device introduced to markets. To keep the time-to-market as low as possible
modules are utilized eliminating the use of components and fabrication of circuit
boards. Possible obstacles are discussed in the analysis tools section. One full month
of man hours is assumed to be the time which would be needed for engineering by a
professional. Work done on the engineering of the device supports this estimation.
Careful approximation of time-to-market for studied device excluding fabrication
and sourcing for manufacturing site would be three months.

Cost analysis will take into account all of the working hours as well as the modules
and components which forms a basis for the readers to do further cost analysis to
asses the payback time and investments needed for prototyping the device. Cost
analysis will not however take into account the time needed for mechanical design or
the exterior design of the device since the aim is not to produce a device for ready
for end customers but a working prototype which is a proof of concept.

Table of parts needed for the system and their price ranges are listed in Table 8.
Values were obtained from Farnell element14’s website [31].

Table 8: The cost of the device and its parts.
PSU Harvesting circuit Sensor platform
thermowell 1 - 25 e PMU 3.4 - 7.6 e microcontroller
heat exchanger transformer 3.4 - 4.5 e 0.86 - 7.30 e
0.12 - 378 e energy bank 7.9 - 150 e capacitors, resistors and
TEG 16 - 243 e capacitors and electronics other electronic parts
heatsink 0.12 - 378 e 0 - 10 e 0 - 10 e

sensor(s) 0.2 - 23.8 e

Parts prices presented in Table 8 are based on similar or better parts than the
ones which were used in this work. The total price range is 33 - 1237,2 e. Quantity
of ordered parts is taken into account in the price range. Price of a thermowell
is an approximation since this type of component is not readily available of the
shelf. Sourcing cheaper components could be achieved for example from Alibaba or
Ebay but this may lower the quality of the end device. Using producers and logistic
companies from developing countries may have issues such as agreements on quality
and shipment times which have to be resolved to insure the added price benefit they
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provide. The manufacturing of the finished device can be outsourced which leads to
lower initial costs. This requires paying a premium price of the total costs which
lowers margins even after the initial factory costs would have been recouped. The
factory and labor costs are not in the scope of this work and therefore not considered
any deeper.
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6 Results

6.1 Voltage measurements of the energy harvesting unit

Voltage measurements and temperature difference between the heat sink and thermo
bank of the energy harvesting unit were made with a Fluke 45 multimeter which
was connected to the TEG. The device was placed outside and the measurement
leads were drawn inside between window and window frame. The measurements
ran through October while the structure of the EHU was iterated to maximize the
voltage output. From Figure 11 one can see the voltages of the last design of EHU
during late October and early November. The conversion from open to loaded circuit
voltage can be seen in Figure 10.

Figure 10: The relation between open circuit voltage of the used TEG and the voltage
of the TEG under load.

One can quickly see that the TEG voltage follows the temperature changes in
the ambiance accurately although the absolute changes do not follow the outside
temperature changes with as large factors as can be seen in Figure 12. On horizontal
axis is the date and time over two days and on the vertical axis in figure a) are
millivolts and b) Celsius degrees. During the rise of the high double peak on November
2. sun was warming the black heatsink helping the voltage to rise faster and higher.
During this time frame the average scavenged energy was 139 µWh

K
and the total

average scavenged energy from late October to middle November was 0.25 µWh
K

.
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a)

b)

Figure 11: Figure shows a) the voltage of the TEG over 2 days and b) the tempera-
ture over the days which voltage was recorded. Figure was obtained from Finnish
Meteorological Institute’s web page. [32]

The calculated temperature difference was computed from the voltage generated
by the TEG and the sensitivity which was calculated in chapter 4. Differential
temperature measurements between heatsink and thermowell liquid are relatively
larger than the calculated temperature difference. This is logical since the temperature
difference is presumably larger over the heat sink and thermowell than on the cold
and hot side of the TEG. The average percentage of the temperature difference
which the TEG sensed and was available for the conversion 45%. The value tells us
that the thermal design worked satisfactorily.

The average energy harvested during the time frame was 0.012 mW which scaled
with the open and loaded voltage relation and measured current generation of the
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Figure 12: Figure shows the temperature difference measured by the thermocouple
and the temperature difference calculated from the voltage produced by the TEG.

TEG. This would give an average of 1036.8 mJ energy a day. This would give less
than 0.4 s for continuous transmission (simulating usage of PIR sensor) and 9 and
5 transmissions respectively in scenarios 2 and 3 with light or temperature sensor.
Ballpark figures for the device to operate only on TEG would be minimum of 7 ◦

change in temperature during 7 hours or faster. This would require for the device to
boot up as well since the temperature difference cannot sustain throughout the day.
The device would - in this situation - wake up, sense, and send the sensed data.

6.2 Sensor platform, sensor and transmitter measurements

In figure 13 the internal temperature sensor’s current usage and the high peaks of
over 5 mA are the moments when sensing takes place. In all of the figures presented
in this subchapter horizontal axes display the time frame in which the sensing is
taking place and the vertical axes show the current usage during this time frame. As
one can see the current usage of the peripherals differs greatly from few microamps
to tens of milliamps.
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Figure 13: Figure presents the current during the use of internal temprature sensor.

Internal temperature sensor’s and development board’s current consumption is
low, only 3 to 7 µA and during the temperature measurement consumption rises
very briefly over 5 mA.

The currrent usage of light sensor stays below 2 mA even during measurements
which can be seen as sharp spikes in Figure 14.
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Figure 14: Figure shows the current usage of the development board and on-board
light sensor.

Baseline consumption of the development board and light sensor is between 2
and 3 µA.

Current usage of the development board can be seen to drop drastically in Figure
15 when the board goes from active state to energy saving mode. Modes with even
lower current consumption can be activated with trade off regarding the operation of
the microcontroller.
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Figure 15: Figure shows the current usage of the external infrared motion sensor
(blue) and the current usage of the development board (orange) while it goes from
active to sleeping in energy mode 2.

Average current consumption with PIR sensor is at 4.4 mA. Much higher current
consumption compared to other sensors is due to development board being active
even when the sensor is not measuring anything.

Xbee transmitter’s current consumption during pinging can be seen in Figure 16.
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Figure 16: Figure shows the current usage of the development board and Xbee while
transmitting.

The regular form in the current usage presents the moment when the transmitters
receives data and immediately sends data back. In Figure 17 the current consumption
of the non-volatile memory is presented.
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Figure 17: Figure shows the current usage of the development board while values
are stored in the non-volatile memory section.

Current usage of the NVM is the most energy consuming and is one of the
bottlenecks in the device. A surge of current is needed to ensure that the data is
stored in a memory section which does not loose the data even if the power input to
the device is disconnected.

From the figures above can be stated that energy consumption of sensors, trans-
mitter and platform is low enough especially when use is scheduled to operate for
extended periods with battery on energy provided by TEG.
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6.3 Commercial possibilities for TEG powered sensor plat-
forms

Considering the advantages that powering or extending lifetime of sensor platforms
with TEG has it can be said that a niche exists for this energy harvesting solution.
The applications best suited for TEG powering are off-grid, are located in areas
where sunlight is not constant or present at all, and have no seismic activity. Areas
which have waste heat provide the best opportunity for TEG powered devices due to
extra energy these sites provide and the interest range of institutions have in sensing
them. Advantages against solar cells are obvious when the need for straight line of
sight to sun is considered. TEGs can be installed in places with total darkness such
as a cave, underground, and under water. The surface of the TEG does not need any
cleaning. The ESU is connected thermally to a heat source and thermowell and in
optimal cases - regarding service - heat exchangers are mechanically connected to heat
source and thermowell as well. Comparing TEG with piezoelectric energy sources
brings up one clear advantage for TEG - no mechanical stress for the components.
Piezoelectric energy source requires vibrations which can cause great stress for the
components. Use of a TEG favors steady domains which are preferable to the end
device as well. Rain and wind energy have challenges in miniaturization and more
limitations regarding the target areas for use than TEG. Tidal and wave energy have
advantages when sensing happens close to the bottom of an area filled with water.
When sensing happens close to the surface of water a buoyant system equipped with
TEG should prove to be better.
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7 Summary

7.1 Conclusions

The operation of the studied device is possible but with certain limitations. Energy
scavenged per temperature difference between ambiance and thermowell was 139 µWh

K
.

This tells us that multiple TEG modules with current ESU structure are needed for
the device to operate solely on thermoelectric energy. Therefore a battery or another
type energy storage is needed. For the device to be operational only with TEGs the
temperature change must happen every day and the changes must be measured at
least in the range of 5 to 10 ◦C degrees and rate of change must be at least 1 K

h
. More

than one TEG has to be used in series for the voltage to be sufficient enough to wake
up the EMU circuit. With PIR sensor in all scenarios and in the scenario 1 with light
and temperature sensor changes must be rapid and high to provide enough energy. In
other scenarios slower changes in temperature are sufficient but not ideal. LTC3109,
two LTC3108s or similar DC-DC booster system should be used so that temperature
difference in either direction through TEG can be harvested as energy. This does
require much better compensation of the TEGs internal resistance. Therefore more
TEGs have to be used and their relative positioning has to be optimized in order to
keep the resistance sufficiently low while harvesting more energy. Another option
is to manufacture the TEG so that the doped semiconductors can be arranged to
compensate for internal resistance. Optimizing the DC-DC booster for module with
a larger resistance and ideally the booster would follow the changes in resistance due
to temperature changes.

If one wishes to power their devices on purely thermoelectric energy an array
of TEGs are needed which requires more thermowells since one could not maintain
temperature different from ambiance high enough. Therefore the certainty of and
ability of stand alone operation must be considered against how critical the correct
performance of the device is. If the device exists in such a place which human can
not go to or the transmission of data has to happen at a certain time multiple TEGs
have to be implemented.

Optimized code for maximum sleep time of the MCU and its peripherals is
critical for extended battery life. Overall a good control of the whole system through
microcontroller is the key. If however TEG(s) must be the only power source
scheduling starts to play a bigger part in the picture. Optimization of used memory
and its usage are key factors in scheduling since use of wrong type of memory can
result in loss of data or be extremely current consuming. Scheduling sets requirements
to save energy so that meaningful events can be recorded or data being sent when
the receiving end is ready to receive. If the TEG is thick the heat flux through it is
smaller but at the same time it can better hold the temperature difference.

Frequencies in temperature changes and differences between heat sink and ther-
mowell affect the produced voltage in the TEG. Fast changes in the ambient are the
best since the thermowell changes temperature much slower resulting in temperature
difference over a long period of time. The minimum rate of change for temperature
difference to occur between thermowell and ambiance is 1 K

h
.
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Transmitter needs a surge of energy and therefore LTC3108’s storage capabilities
do not work since the storage pin cannot direct current fast enough. Therefore with
the EMU that was used the external energy storage was coupled directly with the
sensor platform as can be seen from the Figure 4. The measured energy consumption
on the development board are not totally accurate since the values reflect energy
consumption of functions.

This type of solution should be tested in different kind of climate and season.
The Finnish fall is the worst possible scenario for this type of device since the
temperature differences throughout the day are very small, less than 5◦C. During
Finnish spring winter time ambient temperature fluctuation is much larger and would
therefore be more suitable for thermoelectric ambient energy harvesting. Other places
such as southern Europe should be better suited since the temperature fluctuations
throughout the year are in the desired range.

Short list of trade offs and design challenges discovered during the study which
have to be solved in application specific situations for best usability. Relation between
maximum power and efficiency. Maximum power point tracking (MPPT) could offer
a solution here. The optimal relation between voltage and current. Transformer
windings relation and acquired voltage from the TEG. DC-DC booster properties
such as battery back-up, battery charging, and capacitor back-up. Capacitor energy
storage which needs higher voltage than MCU operational voltage for charging the
capacitors. Diode bridge battery other DC-DC booster. Microcontroller selection
is very critical since the MCU should not have any extra properties than what
are needed for usage or one should be able to turn them completely off. Usage of
fabricated parts or components of the shelf.

The price range provides a lot of options in the design of the end device. The
lowest component cost might still be too large for deploy-and-forget type of device.
If the device is retrieved or serviced on the field the higher cost point is justified
since better accuracy and reliability are achieved.

Technological trends make the manufacturing of wireless sensor networks and
their nodes much more cost-effective and improve their operation. Materials are
studied and developed which improve the efficiency of power sources such as TEG
and help to embed electronics in smaller size. Microcontrollers become more and
more energy efficient because of new materials and more sophisticated control over
the hardware. Prices of materials and components drop due to increase in market
competition and availability

7.2 Nonidealities in the system

The studied device has nonidealities which have to be solved and developed for the
device to be ready for markets. First the general nonidealities are discussed and then
application specifics are mentioned. Waterproof exterior is a non-negotiable property
of the device since it is designed to work in nature where weather conditions cannot
be controlled. Ideal thermal design of the ESU, specifically attachment of the TEG
to the heat exchangers needs to be optimal for TEG to sense and convert as much of
the temperature difference to voltage as possible. Maximum power point tracking
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or input source compensation need to be matched to the TEG to maximize either
the efficiency or the power output of the TEG. The conversion rate of the available
thermal energy to electricity was under 1%. Application specific nonidealities are the
design of the device which is essential for the device to fit for example under water or
between a small crack in a large rock. Depending on the application one might want
to separate the ESU and sensor platform with long wires. Most application dependent
part of the device is the program running in the sensor platforms microcontroller.
Scheduling of the sleep, sensing and transmissions need to be optimized for the
usability of the device to reach its maximum. The microcontroller should be kept in
sleep or low energy modes as much as possible and route all the data from the sensors
to the transmitter through the sophisticated low power communication protocols
to minimize excessive power usage. The scheduling should take into account the
power input by either collecting more data or sending the data when excess power is
available. The excess energy could be harvested and stored as another option, again
depending on the application.

7.3 Outlooks

Since the key point of this thesis was to make a proof of concept all different parts
of the whole system could not be studied and optimized thoroughly. Here are some
ideas for next generation of students to consider as a subject for research or thesis.
Thermal interfaces of the energy scavenging unit and how pressure, junctions, and
adhesives could improve the heat flux through the heat exchangers to the TEG.
See Figure 8. TEG materials, structure, and geometry have a great effect on the
operation. Wider TEG means more heat flux, optimal structure gives higher efficiency
like materials. Modules straight of the shelf are not optimized and therefore TEGs
should be fabricated for the application. Studies on materials and internal structure
of the thermoelectric modules give much promise about the future of thermoelectric
power such as work on transversal TEG studied by Dressler et al. [33].

Optimizing of the program code for one application. Sleep levels should be as low
as possible and usage of PRS and LESENSE and similar communication protocols as
high as possible. Optimizing the microcontroller for WSN applications by designing a
model that has only the necessary properties or considering FPGA or other simplified
circuits. Optimized peripherals that have capabilities best suited for the overall
function for individual application such as sleep mode and passive operation principle.
DC-DC booster that is best optimized for the application regarding efficiency or
maximum power output. Other type of DC-DC booster solution might prove to be
better if it can produce more voltage from the electricity that was produced by the
TEG. The current from the TEG in relation to the voltage is high but if the booster
cannot match the resistance of the TEG which grows with the voltage much of the
energy cannot be harvested. A method to determine which type of energy storage is
best suited for an individual application. Energy storages such as super capacitor,
capacitor and battery should be considered.

One subject could study if it is possible to get decent amount of threshold voltage
with a solar radiation collector. This type of the scavenging could have advantages
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in water environments where a large thermowell is always present and the hot side
of the TEG could be held in very high temperatures. Optimal area or limitations of
an area for thermoelectric ambient energy harvesting is very important to resolve to
give TEG powered devices competitive advantage where they are best suited. For
example in Rome during November the temperature change is 10◦ during a day [34].
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