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Abstract
Engineering requires sensors to control and understand the environment. This is particularly
important in harsh environments. The drawbacks, especially in gas turbines is the complexity
of installing a wired sensor and the weight of the wires. This makes wireless sensors attractive.

A wireless sensor requires a power source for transmission of data. Batteries have previously
taken the role of power source for most wireless sensors, but is unfortunately not suitable for
all applications. Lately, with energy harvesting and supercapacitors in the picture, sensor ap-
plications in high temperature environments, with high power requirements or with long life
requirements have the possibility of wireless interface.

A supercapacitor can handle higher temperatures, higher power output and can have a cycle life
that exceeds batteries by a factor of 10000. The lower energy density and high self-discharge
makes it unsuitable to power a wireless sensor without power source. However, connected to
an energy harvester converting waste energy into electricity makes this a powerful combination.

Energy harvesters thrives in environments where waste energy is plentiful and low conversion
efficiencies can be enough to power both the sensor and the transmitter. A thermoelectric har-
vester is designed and fabricated for the middle to rear part of a gas turbine. The temperature
in this region can reach 1600◦C and require extensive cooling. In the cooling channels the wall
temperature reach 800-950◦C when the cooling air is 450-600◦C. In this location a thermoelec-
tric harvester will have access to high thermal gradients and active cooling.

To harvest the vibrations a piezoelectric energy harvester was built. To harvest enough energy
the resonance frequency of the energy harvester is frequency-matched with the high energy
vibrations. In many applications these frequencies drift and thus require a broad bandwidth
harvester. Simulation and assembly of a broadband coupled piezoelectric energy harvester is
presented in the thesis.

A piezoelectric harvester require electronics and energy storage to gather enough energy to
power up and run a wireless sensor. The thesis covers the fabrication of a high temperature su-
percapacitor capable of temperatures up to 181◦C.

Keywords: Energy harvester, supercapacitor, harsh environment, Thermoelectric,
Piezoelectric, Thermoelectric harvester, piezoelectric harvester, coupled harvester
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L.G.H Staaf, E. Köhler, P. Folkow and P. Enoksson

In Journal of Physics: Conference Series. 28th Micromechanics and Microsystems Europe
Workshop, MME 2017,
Vol. 922, 012007, (2017)

xii



Selftuning energy harvester by sliding weight
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L.G.H. Staaf, A. D. Smith, E. Köhler, P. Lundgren, P. Folkow and P. Enoksson

In Journal of Sound and Vibration,
(2018)

xiii



xiv



List of Acronyms
TEG Thermoelectric Generator
RTG Radioisotope Thermoelectric Generators
zT Figure of Merit for thermoelectric material
ZT Figure of Merit for thermoelectric device
PZT Lead Zirconate Titanate
RMS Root Mean Square
PTFE Polytetrafluoroethylene
NASA National Aeronautics and Space Administration
EMIM Ac 1-Ethyl-3-methylimidazolium acetate
STARGATE Sensors Towards Advanced Monitoring and Control of Gas Turbine Engines

xv



xvi



Contents

Abstract v

Acknowledgments vii

List of Publications ix

List of Acronyms xv

Contents xvii

1 Introduction 1
1.1 Background and motivation . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2
1.2 Wireless energy harvester sensor system . . . . . . . . . . . . . . . . . . . . . 3
1.3 Scope and outline of thesis . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4

2 Thermoelectric Harvester 5
2.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5
2.2 Theory . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6

2.2.1 Seebeck effect . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6
2.2.2 Figure of merit . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6
2.2.3 Thermoelectric generator . . . . . . . . . . . . . . . . . . . . . . . . . 7
2.2.4 Power and efficiency . . . . . . . . . . . . . . . . . . . . . . . . . . . 8

2.3 Model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9
2.4 Design . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12

2.4.1 Materials . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12
2.4.2 Calculations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14

2.5 Harvester parts and materials . . . . . . . . . . . . . . . . . . . . . . . . . . . 16
2.5.1 Alumina substrate . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16
2.5.2 Thermoelectric legs . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16
2.5.3 Electrodes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17
2.5.4 Cables . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17
2.5.5 Power management circuit . . . . . . . . . . . . . . . . . . . . . . . . 17
2.5.6 Ceramic glue . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18
2.5.7 Ceramic paste . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18

2.6 Device assembly . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18
2.6.1 Electrodes and base plates . . . . . . . . . . . . . . . . . . . . . . . . 19

2.7 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19
2.7.1 Harvester measurements . . . . . . . . . . . . . . . . . . . . . . . . . 20

2.8 Remarks . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22

xvii



Contents

3 Piezoelectric harvester 25
3.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25
3.2 Piezoelectric materials . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25
3.3 Harvester design . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26

3.3.1 Quality factor . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27
3.3.2 Coupled energy harvester . . . . . . . . . . . . . . . . . . . . . . . . . 28

3.4 Simulations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28
3.5 Measurement results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29

3.5.1 Shaker table . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30
3.5.2 Gas turbine . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31

3.6 Remarks . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32

4 Supercapacitor 33
4.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33
4.2 Assembly . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34
4.3 Measurements . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35
4.4 Remarks . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36

5 Discussion, conclusion and outlook 37
5.1 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37
5.2 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38
5.3 Outlook . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39

References 41

xviii



CHAPTER1
Introduction

There is a constant need to measure the environment. To measure the outdoor temperature, to
evaluate if there is someone in the passenger seat in the car or to measure the temperature in
a nuclear fuel rod inside a nuclear reactor. The type of environment and application dictates
what kind of sensor that should be used but also how this sensor is best powered and how the
information is communicated. The sensor need to have an appropriate measurement range and
work within a specified accuracy, but also account for power requirement depending on the
available power source. This can be especially important when the sensor communication is
wireless.

There are different levels of wireless sensing, ranging from sensors powered externally but with
wireless communication to neat solutions where power supply, sensor and transmitter are all
combined in one package. Sometimes the reality is somewhere in between and a more suitable
name would then be less-wired sensors [1].

A wireless sensor require a power source which depends on the application, environment and
type of sensor. A battery is often preferred with the combination of high energy content, low
self-discharge and low cost. If for some reason the environment is not suitable e.g. the temper-
ature is too high, the sensor is inaccessible under long periods of time or the peak power is too
high the battery should be replaced or combined with other power source solutions. An exam-
ple of a wireless sensor system can be seen in Fig. 1.1 where a thermoelectric energy harvester
is connected to a power management circuit. The power management circuit stores the energy
inside a supercapacitor until the stored energy exceeds the requirement to start the transceiver
and transmit the sensor data.

Figure 1.1: An energy harvester converts waste energy to electricity and supplies a power man-
agement circuit. If the power exceeds the requirement of the transceiver or if the stored energy
is enough the power management delivers power to the transceiver that sends the sensor data.
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Chapter 1. Introduction

Supercapacitors can provide higher power outputs than batteries and be charged/discharged
with very little degradation, but suffers from higher self-discharge and lower energy content
than batteries [2]. Powering a sensor from a supercapacitor alone is not recommended because
of the high self-discharge, but a supercapacitor coupled to a battery or an energy harvester can
be a powerful combination [3].

The combination of an energy harvester and a supercapacitor is extra powerful in harsh en-
vironments where e.g. heat, vibrations or high pressure are plentiful. A supercapacitor can be
designed to handle vibrations and high pressures and can even get an energy density boost from
operating in high temperatures, as showed in paper IV. Energy harvesters thrives in environ-
ments where waste energy is plentiful, where low conversion efficiencies can be enough to
power the sensor and transmitter, in some cases even without the need of energy storage.

There are many different types of energy harvesters with different properties and challenges that
have to be considered. The power output can e.g. be low voltage DC, high voltage AC or pulse
based and this can set limits on the resistance in the cables or require additional electronics [4].

Also, with sensor environments where e.g. the temperature is too high for the electronics the
sensors cannot be a neat wireless sensor package, instead the electronics have to be on a safe
distance from the sensor. Having the energy harvester close to the sensor could be beneficial
because of the possible extra energy available in the environment, the possibility to power the
sensor with less resistive losses from shorter cables and the use of less cables (weight, cost).

1.1 Background and motivation

One of the key reasons to replacing a wired sensor with a wireless or less-wired sensor is to
reduce the amount of wires used, reducing both the cost of the wires and the time needed to
install a sensor. Also, even if the wireless sensor can be battery powered there is a wish to have
it combined with an energy harvester to increase the life time. To have e.g. a truck that needs to
go into service to change sensor batteries is not practical.

In the case of aircraft gas turbines the need for wireless sensors is extended with the wish
to reduce weight from the wires. The complexity of both wired and wireless sensors increase
in these harsh environments. The biggest obstacles being the very high temperatures and the
fact that the sensors are inaccessible. Changing a battery is not possible even if placed at a
low temperature location and pulling the cables from the sensors is time-consuming or near
impossible at some locations because of the temperature or the moving parts.

A single Rolls-Roycer test gas turbine can contain up to 1500 sensors and 19 km of copper
wire [5]. Because of the high temperatures the wire is shielded with MgO and stainless steel
which increases weight and cost to a point where it is a problem despite the fact that a test gas
turbine never leaves ground.

Parts of the thesis work has been in close collaboration with several other European universities
and companies connected to the aerospace industry through the European funded project STAR-
GATE [1], mainly GKN aerospace, Rolls Royce PLCr UK, Coventry University and SCITEK
Consultants LTD. Our goal was to find energy harvesting and energy storage solutions to make

2



1.2. Wireless energy harvester sensor system

it possible to replace some of these sensors by wireless or less-wired sensors. Two different
types of energy harvesters has been developed, vibrational and thermal energy harvesters.

The vibrational energy harvester is based on the classified vibrational data available from an
ex-service Rolls-Roycer gas turbine and was designed to work during start up and at cruise
speed. The vibrational data showed that a broad bandwidth harvester was crucial and a coupled
harvester was proposed. This coupled piezoelectric harvester is explained in paper III and
chapter 3.

Given the information about problematic wired sensor locations and temperatures in the test
gas turbine rig a thermal energy harvester was designed to replace wired sensors in the middle
to rear of the gas turbine [5]. The air temperature in this regions can reach 1600◦C and require
active air cooling through cooling channels [6]. The walls in the cooling channels have a more
moderate 800-950◦C temperature and the high flow cooling air a temperature of around 450-
600◦C. A thermal energy harvester in this location would have access to both active cooling and
a high thermal gradient, ideal for a thermoelectric energy harvester. The design and assembly
of such a harvester is explained in paper I, paper II and chapter 2.

The energy storage development in this thesis is mainly focused on temperatures above 125-
150◦C where most high temperature batteries have reached their limit [7]. With supercapacitors
it is possible to go higher in temperature but there is still challenges to solve. The assembly and
measurements on high temperature supercapacitors with liquid electrolyte is discussed in paper
IV and chapter 4.

1.2 Wireless energy harvester sensor system

Although the main topic of this thesis is the energy harvesting and energy storage, it is in-
escapable to discuss the complete wireless sensor system, because the design of the harvesters
and energy storage need to be matched with the rest of the system. With the goal to power a
wireless sensor with energy harvesting, the power requirements from sensor and transmitter are
important for the design. The power losses from cables, power electronics and the self-discharge
of the supercapacitor need to be accounted for as well.

There are countless different sensors available with different power requirements e.g. the NOx
sensor used in trucks require 30 W [8] while a k-type thermocouple require 1 mW [9]. To
reduce the power requirement further it is possible to sample in intervals instead of continuously
and to transmit the data in intervals. Within the STARGATE-project data compression was
developed by Coventry University to reduce the power consumption. The data compression
experiments was focused on temperature measurements with ZigBee wireless interface and
CC2430 hardware platform [10, 11]. The energy harvesters are developed for this hardware
platform and to measure the temperature with a thermocouple.

The power management circuit used with the piezoelectric energy harvesters is MIDE EHE004
[12]. The use of power management circuit is especially important for vibrational harvesters
in order to convert the AC output into DC output. The EHE004 can also be combined with a
supercapacitor that store the energy and only release power to the transmitter when a certain

3



Chapter 1. Introduction

voltage is reached in the supercapacitor, 4.04 V or 5.05 V depending on the chosen output
voltage. If the voltage drops beneath a certain voltage in the supercapacitor the circuit cuts
power to the transmitter and the supercapacitor can charge again. The circuit has four different
output voltages to choose between (1.8 V, 2.5 V, 3.3 V and 3.6 V), all of them appropriate with
the CC2430.

For the thermal harvester the power management is needed for DC-DC boosting, especially for
a thermoelectric energy harvester with only a few thermocouples. To boost a voltage output
starting at 20 mV the power management circuit LTC3108 was chosen [13]. At this low voltage
the efficiency only reaches around 25-30% when boosting to 3.3 V. Conversion efficiencies as
low as 25% add an extra incentive to increase the voltage output from the energy harvester.

1.3 Scope and outline of thesis

Two different types of energy harvesters have been developed, one vibrational energy harvester
based on the classified vibrational data acquired from Rolls-Royce PLCr and one thermal en-
ergy harvester designed for the cooling channels in the middle to rear of the gas turbine.

Paper I and paper II covers the analytical modeling, synthesis, assembly and measurements on
the thermoelectric energy harvester designed for this test gas turbine. Because of the complexity
of the design of the thermoelectric energy harvester, chapter 2 expands on paper I and paper
II to get a more detailed picture of the design.

For the vibrational energy harvester, the design and assembly of this coupled harvester was
the main contribution, most of the parts were off-the-shelf. Chapter 3 describes the coupled
piezoelectric harvester and in paper III the simulation and experimental validation of a coupled
piezoelectric energy harvester is demonstrated.

With the cooling air reaching temperatures above 450◦C there are no available options for elec-
tronics. No wireless transmitter or AC-DC/DC-DC converters can survive this temperature. To
make a completely wireless sensor this needs to be solved and is out of scope for this thesis.
However, for a less-wired sensor the possibility to combine the thermal harvester with a high
temperature supercapacitor cannot be overlooked.

The exploration of high temperature energy storage is covered in paper IV examining the ther-
mal effect on a packaged supercapacitor up to 250◦C.

4



CHAPTER2
Thermoelectric Harvester

2.1 Introduction

Even though the thermoelectric effect was discovered in 1820 [14] the use of thermoelectric
energy conversion has been limited to very few applications due to the low efficiency, but in re-
cent years new materials have placed thermoelectric generators in the spotlight with efficiencies
around 13-15% at 1000 ◦C and theoretical efficiencies up to 25% [15]. Because thermoelectric
generators are solid state they can be made very small and still keep most of the efficiency,
under relatively small temperature gradients [16].

Most off-the-shelf available thermoelectric generators have a maximum operating temperature
below 325 ◦C [17] with a few generators operating at higher temperatures up to 800 ◦C [18].
At temperatures above 800 ◦C there are no off-the-shelf generators available and to keep high
efficiency several thermoelectric materials in segments are needed, making the generators much
more complex [19]. These are mainly used in RTGs (radioisotope thermoelectric generators) in
NASAs space missions or remote lighthouses [20, 21].

In the middle and rear part of a gas turbine the temperature increases to far above 800 ◦C and
cooling air is pumped through the walls and even the turbine blades to decrease the surface
temperature. A thermoelectric energy harvester inside a gas turbine can be placed in one of
these cooling channels. In the middle of a gas turbine the sensor cables are the longest and
most difficult to place, replacing these with wireless sensors or less wired sensors is highly
desirable. At this location the surface temperature is around 800-950 ◦C and the cooling air
450-600 ◦C, potentially giving a harvester temperature gradient of over 200 ◦C over 1 mm.
Because the conversion efficiency (zT) of thermoelectric materials are temperature dependent
and an application in this area would operate in the unusual temperature span of 600-800 ◦C
an analytical model was made to assess what materials are most suitable. The model was also
needed to determine a number of design parameters discussed in Chapter 2.

To convert as much of the available heat as possible, thermoelectric harvesters are typically
designed to operate at maximum efficiency. In this application with the excessive amounts of
waste energy available, it is instead beneficial to design the thermoelectric harvester to operate
at maximum power output. With the challenges of material degradation at temperatures as high
as 800◦C the design has to include this as well.
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Chapter 2. Thermoelectric Harvester

2.2 Theory

2.2.1 Seebeck effect

The Seebeck effect is one of the three thermoelectric effects and explains the heat-to-energy
conversion. The Seebeck effect is observed when two dissimilar materials are connected and ex-
posed to a thermal gradient. The result is an electrical potential proportional to the temperature
difference which is both temperature- and material dependent, called the Seebeck coefficient
(V K-1) [22]. There are n-type and p-type thermoelectric materials, with a negative Seebeck
coefficient from excess of n-type charge carriers and a positive Seebeck coefficient from excess
of p-type charge carriers [23].

2.2.2 Figure of merit

Figure 2.1: zT-value for some common n-type materials between 0-1000◦C [23, 24].

The dimensionless ”figure of merit” for a material is defined as zT = σS2T
κ

, where S is the See-
beck coefficient, σ the electrical conductivity, κ the thermal conductivity and T the temperature.
The zT-value is proportional to the efficiency of the material with a theoretical maximum value,
the Carnot cycle efficiency [26], at zT = ∞. Unfortunately the figure of merit is difficult to in-
crease and improving one attribute usually have negative effect on the others [23], furthermore
the zT-value is temperature dependent and has an optimal temperature range where the zT is
highest, see Fig. 2.1 and 2.2. For a thermoelectric generator the figure of merit is denoted by
ZT.
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2.2. Theory

Figure 2.2: zT-value for some common p-type materials between 0-1000◦C [23, 25].

2.2.3 Thermoelectric generator

Connecting n-type and p-type materials in parallel thermally and in series electrically induces
an electrical current when exposed to a thermal gradient, see Fig. 2.3. This combined ”couple”
produces a potential in the range of tens to hundreds of µV K-1.

Figure 2.3: Two thermoelectric materials in parallel thermally and in series electrically, current
going from left to right and heat from top to bottom.

A thermoelectric generator usually consists of several thermocouples in series to increase the
voltage of the device, where each couple consists of one n-type and one p-type leg, see Fig. 2.4.
The legs are connected by electrodes placed on electrically insulating and thermally conduc-
tive material. High thermal conductivity is important for these to ensure that enough heat are
transferred to and from the thermoelectric legs to maintain a high thermal gradient.
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Chapter 2. Thermoelectric Harvester

Figure 2.4: Cross section of a thermoelectric device consisting of seven couples between two
isolating plates, the two different materials have different size. A second type of electrode are
welded to the electrodes inside the device.

When designing a thermoelectric harvester many aspects need to be considered. Not only should
the materials have high zT value in the active temperature range but preferably also have simi-
lar thermal expansion, electrical- and thermal conductivity and absolute value of the Seebeck
coefficient. However, when building harvesters that operate at temperatures above 600◦C the
number of available materials are substantially reduced.

2.2.4 Power and efficiency

To approximate the power output and efficiency of the thermoelectric generator an analytical
model was made. The high thermal gradient, high cold side temperature and the aim to maxi-
mize specific power output (W kg-1) makes the application unique and several known analytical
models had to be combined to achieve a good analytical model. The derivation of power output
is explained in paper II and resulted in a power output

P = (nSavgTdi f f )
2
µ/R(µ +(1+δ ))2 (2.1)

where n is the amount of couples, Savg the average Seebeck coefficient in the temperature range,
Tdi f f the temperature difference between the hot- and cold side of the thermoelectric material,
µ the load resistance ratio and δ the contact resistance. For the calculation of power output the
temperature dependent Seebeck coefficient data for each material is used instead of the average
Seebeck coefficient. The electrical and thermal resistance for each material are also included
the temperature dependence in the calculations.
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2.3. Model

2.3 Model

For this particular gas turbine application [1] the weight and size of the device was decided
to be approximately 0.5-1 grams and 1-2 cm2. Because of the size constraint all the materials
are included in the calculations to get an approximation of thickness, weight and an indication
of where problems could arise during assembly. The high temperature also affects the material
properties such as electrical resistivity and thermal conductivity making it important to include
these temperature dependent material properties in the calculations. An example is the alumina
used as base plates that have a thermal conductivity of about 7 W m-1K-1 at 800◦C and 37 W
m-1K-1 at room temperature [27], see Fig. 2.5 and 2.6.
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Figure 2.5: The power output and open circuit voltage of a 7-couple device with 1 mm thick
base plates as a function of the thermal conductivity of the base plates. Alumina has a thermal
conductivity of 7 W m-1K-1 at 800◦C compared to SiC with 48 W m-1K-1. The thermal gradient
of the environment is 200◦C.
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Figure 2.6: The power output and efficiency of a 7-couple harvester with 0.25 mm thick base
plates as a function of the thermal conductivity of the base plates. Alumina has a thermal con-
ductivity of 7 W m-1K-1 at 800◦C compared to SiC with 48 W m-1K-1. The thermal gradient of
the environment is 200◦C.
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Chapter 2. Thermoelectric Harvester

The calculations was made in Matlab and made it possible to get some first estimations of the
heat transfer and power output of the device. Because of the complexity and the number of
variables the calculations was done in several steps. Variables included number of couples in
square devices (n=1, 3, 7, 11, 17, 23, 31...), height of thermoelectric legs, area of legs, ther-
mal gradient of environment, thermal conductance of base plates, area ratio between n-type and
p-type material, thickness of electrodes, electrode resistance, load resistance, parasitic heat con-
ductance between couples, contact resistance and different thermoelectric materials, base plate
materials and electrode materials. These variables could then be tuned to find the highest power
output possible, including the effect from cables and DC-DC converter, see Fig. 2.7 and 2.8.
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Figure 2.7: The power output and voltage of a 17-couple harvester as a function of the load
resistance after losses in cables.
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Figure 2.8: The power output and voltage of a 1-couple harvester as a function of the load
resistance of the load resistance after losses in cables and DC-DC converter. Because of the low
voltage the DC-DC converter efficiency is set to 30%.

The height of the legs have the highest effect on the power output and reducing the leg height
means higher power output and lower efficiency, see Fig. 2.9. But shorter legs transfers more
heat making it harder to maintain the thermal gradient. A higher thermal gradient on the ther-
moelectric material also increases stress from thermal expansion and for a 200◦C temperature
difference the required minimum leg height for a leg with 1.6 mm width is approximately 1 mm

10



2.3. Model
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Figure 2.9: Top picture: Power output and heat transfer as a function of leg height for
Ba8Ga16Ge30 and Yb14MnSb11. Bottom picture: Power output and heat transfer as a function
of leg height for SiGe.

[28]. The ability to maintain the thermal gradient depends on the amount of heat available, the
heat transfer to the device and the heat transfer through the device. In this project, the amount
of heat available is huge and the device is very small, even with very low efficiency the waste
is negligible compared to the available energy. To simplify the model the hot- and cold tem-
peratures of the harvester was set as constants because of the high gas flow in the gas turbine.
However, to keep the heat sink at a reasonable size the maximum heat input has to be limited
according to Eq. 2.2 [29]:

PD =
TJ −TA

θ
(2.2)

With a junction temperature (TJ) at 600◦C, a cooling air temperature (TA) around 500◦C and a
thermal resistance of 4◦C W-1 gives a power dissipation (PD) of 25 W. The estimated thermal
resistance of 4◦C W-1 could be achieved with a heat sink size of 12 mm × 12 mm × 3 mm
without constricting flow to much in the cooling channels [30]. Please note that in this case,
without any detailed information about size of channel, pressure and airflow velocity inside the
cooling channels the thermal resistance of 4◦C W-1 could be a rough estimation.
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2.4 Design

One challenge when building a 12 mm × 12 mm thermoelectric harvester is the amount of cou-
ples that can fit inside. Increasing the number of legs increases the voltage which is important
but it also makes the device assembly more complex. And if there is a need of an insulating
material or diffusion suppressing material between the legs or electrodes the total volume of
thermoelectric material decreases with more couples. In this regard the choice of materials is of
big importance as will be explained in the following section.

2.4.1 Materials

To choose the materials in this project the analytical model was used in conjunction with assem-
bly crucial properties like thermal expansion, diffusion- or sublimation suppression. Increasing
temperature will affect materials in various ways, like oxidation, sublimation and diffusion.
Thermoelectric materials in temperatures as high as 800◦C can degrade quickly if not properly
cared for. Oxidation can be reduced by proper encapsulation of the device and the individual
legs. Finding a suitable encapsulation is however difficult because of the degradation of the en-
capsulating material itself and that the encapsulating material will have a parasitic effect on the
harvester as the material will transfer heat energy through the device.

Sublimation of material means that some or all of the elements in the material leaves the surface.
Some materials suffer from rapid sublimation which can degrade the material quickly. The
sublimation of a material can in some cases be reduced by encasing the legs in material that
acts as a barrier for the sublimating element. This method can reduce the sublimation with a
factor of 1000 or more [31].

Diffusion can happen where the thermoelectric material meets the electrode or encapsulating
material. Some materials have higher tendency to diffuse than others, so by properly choosing
the materials this problem can be reduced. As an example, Sb has a tendency to diffuse into
other metals/alloys and form antimonide compounds [32]. In this work Sb is used in the p-
type material and the choice of electrode material is therefore crucial. Diffusion can also occur
inside the thermoelectric material where single atoms diffuse from their locations. This type
of degradation indicates that the temperature is too high for the specific material and a lower
temperature or change of material is necessary.

The electrodes can be fitted to the thermoelectric legs in several ways. At low temperature and
with insensitive materials it can be soldered or welded. This is not always the best approach, at
higher temperatures or with sensitive materials where diffusion bonding can be a better method.
Another solution is to not bond the thermoelectric materials with the electrodes and instead
press the base plates together to ensure that there is connection. To reduce stress and ensure
connection throughout the device the legs should be even and have the same height at operating
temperature. One solution is to use springs for every leg to even out the force this way. However,
using springs is complicated and can affect the thermal conductance through the device and
lower the possible maximum thermal gradient substantially.

The thermoelectric harvester needs two electrically insulating base plates with high thermal
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conductivity, see Fig. 2.4. At 800◦C the best choice would be SiC with 48 W m-1K-1, but
with a cost of more than 10 times that of alumina with a thermal conductivity of 7 W m-1K-1

calculations were made to see if the higher price would pay off. If using SiGe as thermoelectric
material SiC would be a good choice because of the high thermal conductivity of SiGe, see
Fig. 2.10. However, with the low thermal conductivity in Yb14MnSb11 and Ba8Ga16Ge30 and
with alumina sheets as thin as 0.25 mm the difference is only 4 %, see Fig. 2.6. Increasing the
thickness to 1 mm would reduce the power output by approximately 17 % using alumina base
plates, see Fig. 2.5.
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Figure 2.10: Power output and heat transfer through the SiGe generator with increasing thermal
conductivity in the base plates. However, because the heat transfer reaches above the maximum
25 W allowed by the heat sink the harvester would not work as intended.

Thermoelectric materials

From calculations the thermoelectric materials Ba8Ga16Ge30 [24, 33] and La-doped Yb14MnSb11
[25] gave the best results in the temperature range (600-800◦C). The materials figure of merit
can be seen in the comparison of different thermoelectric materials, see Fig. 2.1 and 2.2.

Using a synthesis procedure covered in paper I the n-type material was synthesized with a
highly crystalline material as a result. The melting point of Ba8Ga16Ge30 is approximately 966-
974◦C and sets the absolute upper temperature limit of the device. However, degradation begins
at a lower temperature 725-925◦C and depends on the synthesis method [33, 34]. Ba8Ga16Ge30
is sensitive to moisture and oxygen at higher temperatures but is considered to be stable at room
temperature. This means that no special measures are needed when cutting or handling the
material. The figure of merit for this material is high and at 700◦C values above 1.2 has been
reported with Seebeck coefficient of -220 µV K-1, electrical resistivity 17 µΩm and thermal
conductivity at 1.25 W m-1K-1 [24]. The thermal expansion is quite high at 14.2 µm K-1 [28].

In paper I the synthesis of the p-type material gave less abundant results with some Sn residue
left on the crystalline material. La-doped Yb14MnSb11 is sensitive to moisture and air and low
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levels of oxygen oxidizes the surface. Moreover, the material also reacts with many other mate-
rials. Research shows that Yb14MnSb11 is stable in contact with alumina, graphite and molybde-
num [35, 36, 37]. Using Mo or graphite as an electrode material or as protective layer between
the electrode material and Yb14MnSb11 is therefore possible. The figure of merit for the La-
doped Yb14MnSb11 has been reported as high as 1.2 with a Seebeck coefficient of 200 µVK-1,
electrical resistivity 7.5·10−5 Ωm and thermal conductivity at 0.6 W m-1K-1 [25]. The thermal
expansion is higher than Ba8Ga16Ge30 at 16-17.9 µm K-1 [38, 39].

2.4.2 Calculations

All calculations include cable losses from the 25 cm long cables discussed in section 2.5.4, with
41.2 mΩ resistance. DC-DC conversion is also included and depends on voltage output with
lowest efficiency at 20 mV, giving only 25 % efficiency with Linear Technology LTC3108 [13].
The calculations were done in Matlab.

Leg size

Starting with the size of the thermoelectric legs which is the most important factor when design-
ing a device. Following the equations in paper II it is easy to understand that decreasing the
leg height will increase heat throughput and power output, see Fig. 2.9. The leg size is therefore
pushed to the limit and the area to length ratio 2.6:1 is the size limit for Ba8Ga16Ge30 to handle
200◦C without internal stress fracture [28]. Combined with limitation by the maximum heat
input of 25 W given by Eq. 2.2 the size of the leg is set to 1.6 mm × 1.6 mm × 1 mm.

Electrodes

Because of the p-type material the electrode material is limited to graphite, Mo or Mo-coated
material [35]. Graphite electrodes could simplify the fabrication process compared to Molyb-
denum electrodes with better thermal and electrical contact between the thermoelectric material
and the electrode as well as having a less violent reaction to oxygen in high temperatures com-
pared to Molybdenum [40]. However, with a much lower electrical conductivity and the low
thermal conductivity in the c-axis the optimum electrode thickness would then be 3.6 mm, see
Fig. 2.11[41]. This would make the device thickness 8 mm compared to 1.7 mm for the Mo
electrode device and above the weight and size limit decided. Calculations based on molybde-
num as electrodes, with resistivity of 220 nΩm at 700◦C [42] show that an electrode thickness
is in the tens or hundreds of µm for a good weight to power ratio, see Fig. 2.12.

Connecting cables directly to the Mo-electrodes can be done by spot welding but because of the
volatile oxidization of Mo this has to be done before closing the device. A more elegant solution
that makes it possible to seal the device before attaching cables is to spot weld a less sensitive
material (INCO600) to the Mo-electrode, see Fig. 2.13.
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Thickness of graphite electrode [µm]
0 500 1000 1500 2000 2500 3000 3500 4000

P
ow

er
 [m

W
]

0
50

100
150
200
250
300
350
400

S
pe

ci
fic

 p
ow

er
 [m

W
/g

]

0
20
40
60
80
100
120
140
160

Power
Specific Power

Figure 2.11: The power output and specific power of a 17-couple harvester as a function of the
thickness of the graphite electrodes. Maximum specific power is achieved when the electrodes
are approximately 3500 µm.

Thickness of Mo-electrode [µm]
0 50 100 150 200 250 300 350 400

P
ow

er
 [m

W
]

0
100
200
300
400
500
600
700
800

S
pe

ci
fic

 p
ow

er
 [m

W
/g

]

0
200
400
600
800
1000
1200
1400
1600

Power
Specific Power

Figure 2.12: The power output and specific power of a 17-couple harvester as a function of
the thickness of the Mo-electrodes. For maximum power the electrodes should be as thick as
possible, but for maximum power to weight ratio the electrodes should be approximately 50-100
µm.

Sublimation stop

Yb14MnSb11 sublimates and Mo-electrodes oxidizes at high temperatures. Therefore, the har-
vester was fabricated in an oxygen free environment and later also sealed with ceramic glue to
not let oxygen or moisture through. The material that surrounds the thermoelectric legs should
also keep the sublimation in check. Progress in sublimation repression has been made with alu-
mina paste and is therefore used in this work [43, 35, 31]. When Yb and Sb starts to sublimate,
the Sb flows through the alumina and the material starts to degrade, but the Yb is stopped by the
alumina and creates a thin layer of Yb that the Sb cannot pass. This method has been showed to
reduce the sublimation with a factor of 1000.
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Figure 2.13: Spot welded INCO600 on Mo-electrode. The Mo oxidizes at high temperature,
INCO600 does not. This enables two electrodes to be placed outside the harvester and sealing
the harvester without attaching cables inside.

2.5 Harvester parts and materials

The materials used in this project were chosen based on both the power output calculations and
the material properties, such as physical and chemical durability. A basic device consists of two
base plates, electrodes, cables, thermoelectric materials and sealant, see Fig. 2.4.

2.5.1 Alumina substrate

The base plates have the purpose of being a stable build platform and to transfer heat to the
thermoelectric material from the surroundings. Alumina is a hard, electrically insulating, inex-
pensive material with moderate thermal conductivity but can be made very thin. The alumina
substrates were delivered in 50 mm x 50 mm plates with a thickness of 0.254 mm.

2.5.2 Thermoelectric legs

When cutting the thermoelectric materials the strategy was to cut pieces small enough that 17
couples would fit in 1.44 mm2 and still have some room for insulation and sublimation barrier
between the legs. Cutting the Ba8Ga16Ge30 to the desired size proved difficult with fragments
chipped of the corners, destroying the legs. With limited amount of La-doped Yb14MnSb11 and
with the risk of exceeding the area-to-height ratio for internal stress the area was not increased
beyond 1.6 mm × 1.6 mm [28]. The decision was to cut both the La-doped Yb14MnSb11 and
the Ba8Ga16Ge30 to a size of 1.6 mm × 1.6 mm × 1 mm, see Fig. 2.14. This gives room for
approximately 0.5 mm sublimation barrier between the legs.

To protect the materials from oxygen and moisture during the cutting procedure a coating of
wax was applied to the crystals inside the glove box. Also, during the cutting of Yb14MnSb11
the cutting fluid was changed from water to hexadecane which produces a protective thin oil
coating on the newly cut surfaces of the crystals.
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Figure 2.14: The size (1.6 mm × 1.6 mm × 1 mm) of the thermoelectric legs in the harvester.
The material in this picture is Ba8Ga16Ge30.

2.5.3 Electrodes

Using a pure graphite electrode would make the fabrication process easier with the graphite
electrode having the possibility to deform under pressure and keeping the thermoelectric mate-
rials intact.

However, the calculations points towards molybdenum being a much better choice. The Mo
electrodes was cut from a 80 µm Mo-sheet and glued to the substrate with a very thin layer of
high temperature ceramic glue. To improve the connection a 25 µm graphite sheet was placed
between the Mo electrode and the thermoelectric material. The outer most electrodes were spot
welded to Inco600 alloy, making it possible to seal the device before attaching cables. 2.13.

2.5.4 Cables

The cables were prepared at GKN Aerospace in Trollhättan for this project. One cable contains
two thin nickel plated copper wires, these wires are insulated with MgO, has an outer shell of
stainless steel and are sealed at the ends with glass. The glass seal is essential to protect the
insulation from moisture.

2.5.5 Power management circuit

The desired voltage for the transceiver was 3.3 V. With the relatively low voltage output from the
harvester several different types of power management circuits where evaluated and included in
the calculations, going as low as 20 mV voltage input and 25 % efficiency with the LTC3108
[13].
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2.5.6 Ceramic glue

To seal and protect the materials from oxygen the harvester is encased in two kinds of ceramic
glue (Renolit 762 and Thermic 1100) capable of creating a gas impermeable seal up to 800◦C
respectively 1100◦C [44, 45]. The inner glue (Thermic 1100) was applied and cured inside the
Argon filled glove box and the Renolit 762 was applied outside the glovebox. Both glues are
water soluble, but should maintain the seal under normal conditions given that the Renolit 762
compound is approved and used by both Rolls-Royce PLCr and GKN Aerospace.

2.5.7 Ceramic paste

The thermoelectric legs are separated by a ceramic grid made out of alumina, see Fig. 2.15.
The ceramic grid is built from a water based paste (Cotronics Thermeez 7020)which when
cured is unsolvable in water [46]. The alumina can operate at up to 1100◦C and should act as
a sublimation barrier for Yb14MnSb11 [35]. The ceramic grid makes it easier to assembly the
device and it acts as a glue to keep the harvester intact during assembly. The ceramic grid was
made by curing the ceramic paste in a PTFE (Polytetrafluoroethylene) mold pressed against a
base plate, see Fig. 2.15.

Figure 2.15: The left picture shows a 7-couple ceramic grid made to make assembly easier. The
legs in this picture are a bit smaller than the legs used in the actual devices. The picture to the
right shows a PTFE mold with an area-ratio of 1:2.6 for Ba8Ga16Ge30:Yb14MnSb11.

2.6 Device assembly

A 7-couple device was successfully assembled during the project but this 4-month synthesis and
assembly was completely destroyed in an unfortunate accident during the final stage, when seal-
ing with Renolit 762 glue. All voltage measurements on this device were done inside a glovebox
without proper temperature measurements. To keep within the project deadlines the decision
was to build 1-couple harvesters with the material still available. The assembly of an 1-couple
proof-of-concept harvester is explained in paper I. The materials used was Yb14MnSb11 and
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Ba8Ga16Ge30 with 1:1 area-ratio, molybdenum electrodes, alumina base plates, alumina (Ther-
meez 7020) insulation and INCO600 electrodes spot welded inside the module. The module
was sealed with two different ceramic glues.

2.6.1 Electrodes and base plates

The electrodes could not be placed exactly flat and the legs was neither perfectly flat nor of the
exact same height. The solution was to make electrodes on one side that could act as compres-
sion springs as well, see Fig. 2.16.

Figure 2.16: A schematic figure showing an electrode that has been shaped to act as a spring
during first heating. The electrode has some spring force left even when pushed flat.

Most of the compression of the spring electrodes are permanent, when compressing from 0.5
mm thickness to 90 µm it will retract to 190 µm. Measured difference of the height of the
legs was below 50 µm. By also including a 25 µm graphite sheet to plastically deform under
pressure, the force required for good electrical connection was noticeably reduced.

2.7 Results

Two materials were synthesized, Ba8Ga16Ge30 and La-doped Yb14MnSb11. The figure of merit
of the materials was estimated using a combination of both measured properties and properties
gathered from other work.

The Seebeck coefficient of Ba8Ga16Ge30 reached a top value of 185 µV K-1 at 725◦C with a
resistivity of 3.2 mΩcm. The thermal conductivity was estimated based on previous work using
the same method, which has given consistent results on thermal conductivity [24]. Measure-
ments on this batch was not possible due to lack of material.

For the La-doped Yb14MnSb11 even less material was available from synthesis and only one
measurement was possible on this material, the Seebeck coefficient from room temperature to
207◦C. At this temperature the Seebeck coefficient reached 30 µV K-1, one third of previously
reported values [47].

Because of the challenges discussed in section 2.5 and 2.6, the assembled thermoelectric energy
harvesters had an area ratio of 1:1 and was comprised of one single thermocouple of La-doped
Yb14MnSb11 and Ba8Ga16Ge30.
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2.7.1 Harvester measurements

The measurements were conducted both at Chalmers University and at GKN Aerospace, with
higher temperatures and bigger thermal gradients possible at GKN Aerospace.

Low temperature

The low temperature measurement was conducted during the curing of the outermost glue.
During the curing procedure the harvester was locked tight between two aluminium blocks, one
with active cooling and one acting as heat source. The temperature on the hot side was slowly
cooled down from 224◦C to 48◦C and started with a maximum environmental temperature
gradient of 176◦C, see Fig. 2.17. The measured voltage from the device reached 18.5 mV, about
70 % of simulated voltage.

Figure 2.17: Hot side temperature (pink fill) and temperature gradient (green fill) during cool
down of the hot side temperature. The measured voltage (black solid line) is compared with the
simulated voltage (purple dashed line).

Since the harvester, in one sense, is a thermocouple temperature sensor and the measured See-
beck values was used in the simulations, the actual temperature gradient inside the harvester was
about 70% of the environment. Based on the Seebeck values the temperature gradient inside the
module reached approximately 123◦C.

GKN furnace

At higher temperatures a change of test rig was necessary. The furnace for high temperatures
was equipped with an Inco600 rod inserted into the furnace through a hole in the bottom. This
rod was used on the cold side of the harvester and the temperature was measured next to the
harvester with some thermal isolation on top. A copper heat flange was placed on top of the
harvester to absorb and distribute enough heat to the harvester.

The temperature was slowly increased over 180 minutes without active cooling on the inco600
rod, see Fig. 2.18. The thermal gradient was controlled by controlling the temperature increase.
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At approximately 280◦C and 160◦C thermal gradient something happened inside the harvester
which reduced the voltage output. The voltage continues to increase as expected after this re-
duction until 500◦C where it suddenly regains the lost efficiency. From 600◦C the furnace was

Figure 2.18: Hot side temperature (pink fill) and temperature gradient (green fill) during mea-
surement of harvester voltage and resistance. The measured voltage (black solid line, top figure)
show a maximum value of 8.5 mV when the temperature gradient peaks at 200◦C. The resis-
tance (points, bottom figure) shows a peak at 750◦C during reduced voltage output.

set to full power in an attempt to keep the thermal gradient at 200◦C, until 800◦C was reached
and the furnace was shut down. The voltage dip and increased resistance at 650-750◦C indicates
that there is insufficient pressure on the harvester legs.

Gas turbine

During the time period when access to the gas turbine was available, no thermoelectric energy
harvester was assembled and ready for measurements. A feasibility test was instead done at
lower temperatures with a commercial thermoelectric harvester with a size of 40 mm × 40 mm.
The harvester was placed between a copper block and an actively cooled CPU-fan, see Fig.
2.19.

The voltage output from the harvester quickly reached 5 V before melting during the first run. A
voltage output over 1.2 V is enough to start the wireless sensor which makes it feasible to power
the transceiver without any electronics. During the following tests the harvester was thermally
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Figure 2.19: A commercial thermoelectric harvester squeezed between a copper block and a
CPU block. The copper block was placed on the gas turbine exhaust in an existing mount with
the three screws.

insulated to keep the thermoelectric module from melting. When the voltage output reached
1.2 V the wireless sensor started up and sent temperature measurements. Because of the active
cooling the harvester could sustain the wireless sensor until turbine shut down.

2.8 Remarks

The Seebeck coefficient measured on the La-doped Yb14MnSb11 stopped at 207◦C where the
thermoelectric rod broke in half. The rod was the only part that was big enough for Seebeck co-
efficient measurements, but suffered from some visible tin inclusions in the middle of the rod.
Although the inclusions looked superficial it is possible that the thermoelectric rod broke be-
cause the tin melted and big parts were made of tin, leaving a thin rod of La-doped Yb14MnSb11
under pressure. If this is the case then the measured Seebeck coefficient is too low.

All the measurements were performed without thermal paste to improve the thermal conduc-
tance to the harvester. For the low temperature measurements thermal paste was possible, but
with the harvester so unique and precious it could not be risked to use thermal paste that po-
tentially could damage the harvester before the measurements at GKN Aerospace. The low
voltage measured during the high temperature measurement could have the same explanation,
with very rough surface on the INCO600 cooling rod. Inspection of the copper heat flange after
the measurement also showed a rough and bent surface, distorted by the heat.

To reduce the thermal input during the gas turbine measurement, an insulating block of stainless
steel was inserted between the copper block and the exhaust. With this insulation it was possible
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to reach above 3 volts and still keep the temperature below the maximum rated 138◦C for the
harvester. This was however not without problems and if the voltage increase was too slow the
transceiver would be locked in start up mode. A system software update should fix this problem.
To be certain of success, a switch was included to let the voltage reach 1.2 V, before releasing
any power to the transceiver.
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CHAPTER3
Piezoelectric harvester

3.1 Introduction

There are several different types of energy harvester technologies to consider when building a
vibrational harvester e.g. electrostatic, electromagnetic, magnetostrictive, triboelectric, piezo-
electric and more [48, 49, 50, 51, 49, 52, 53]. In the case of vibrational harvesters, it is not
practical to place them in the same location as the thermal harvester in chapter 2, where tem-
peratures reach above 450◦C.

Capacitive harvesters does not work well in high temperatures as high temperatures can reduce
the electret stability [54]. Magnetostrictive energy harvesters have been shown to work at tem-
peratures of at least 225◦C but with some loss in power output at higher temperatures [55].
Work on high temperature piezoelectric energy harvesters have resulted in harvesters capable
of 250-300◦C, although these harvesters suffers from reduced power output at temperatures
above 200◦C [56, 57]. Because of this the intended position in the gas turbine was chosen so
the vibrational harvester never reaches temperatures above 100◦C during a test run.

The gas turbine application calls for a lightweight, broadband energy harvester. With the capa-
bility of operation in elevated temperatures, a piezoelectric energy harvester seems like the best
choice. Another advantage of building a piezoelectric energy harvester is that most parts needed
for the design are available off-the-shelf.

3.2 Piezoelectric materials

The piezoelectric effect arises in some materials when exposed to tension and compression and
was first published in 1880 [58]. The source of this piezoelectric effect comes from the crystal
structure and how the atoms move under pressure to create a dipole moment. An example of
how this dipole moment arises in a quartz crystal can be seen in Fig. 3.1. In rest, each oxygen
atom has the same distance to the silicon atoms, but applied stress changes the position and
creates a net of dipole moment which causes polarization and an electric field, which is called
the piezoelectric effect. There are many different types of crystal structure that give rise to
polarization under pressure [59]. One of the most commonly used is the perovskite structure
e.g. lead zirconate titanate, PbZr0.5Ti0.5O3 (PZT). PZT are used in the commercial cantilevers
used as parts in the harvester designs in paper III.

PZT is also ferroelectric which means that below a certain temperature (Curie temperature) the
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Figure 3.1: Left figure (a): The quartz have no dipole moment when unstressed because of the
symmetry. Right figure (b): Piezoelectric effect when quartz is stressed and causes a dipole
moment and an electric field.

material have a spontaneous polarization, and that above the Curie temperature the material
loses its piezoelectric properties [60]. The spontaneous polarization happens in groups of unit
cells and is called Weiss domains [61]. The Weiss domains have random polarization vectors
and the average polarization in the material is zero if cooled down without any external electric
fields.

When fabricating a piezoelectric material for harvesters the Weiss domains are forced in the
same direction by applying an electric field when the temperature is slightly below the Curie
temperature. This treatment is called poling and will slightly deform the material to be anisotropic
and give it a permanent polarization.

3.3 Harvester design

The basic design of a piezoelectric energy harvester is a cantilever with a thin layer of piezo-
electric material on one or both sides of the beam, see Fig. 3.2a. The commercial piezoelectric
cantilevers used in paper III have a beam of glass fiber reinforced epoxy laminate (FR4) [62],
two layers of piezoelectric material and flexible electrodes on each side and one material.

A piezoelectric accelerometer is built to absorb all vibrations equally [63]. This requires that
the accelerometer never reaches its resonance frequency because of the amplification created
by self-resonance. For a piezoelectric energy harvester the ambition is to have as much ampli-
fication as possible. Inspecting the vibration spectrum of the environment gives information on
how to design the harvester to have the resonance frequency matched with the most energetic
vibrations in the environment.
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3.3. Harvester design

Figure 3.2: Left figure (a): Two single cantilevers, one with tip mass and one without. Both
cantilevers are fixed to the frame. Right figure (b): Coupled harvester with the top cantilever
fixed to the tip of the bottom cantilever.

For a single degree of freedom (SDOF) system the undamped natural frequency is expressed as
follows in Eq. 3.1.

ω0 =

√
k
m

(3.1)

Where ω0 is the undamped natural frequency, k the effective stiffness of the system and m the
effective mass. With the added damping of the system the resonance frequency is expressed as
follows in Eq. 3.2.

ωres = ω0 ·
√

1−2ζ 2 (3.2)

3.3.1 Quality factor

If the self-resonance frequency of the harvester matches the vibrations in the environment it is
possible to amplify the response in the harvester. This amplification can be made very efficient
and reach a factor 200 and more, under the condition that the mass of the environment is far
greater than the mass of the harvester [64]. The amplification can be expressed with a quality
factor (Q) seen in Eq. 3.3 below.

Q =
2πE
∆E

(3.3)

Where E is the stored energy and ∆E the energy lost each cycle. If the damping is low, the same
quality factor can also be expressed as in Eq. 3.4.

Q ≈ ωres

∆ω
(3.4)

where ωres is the resonance frequency (Hz) and ∆ω the bandwidth (Hz) [65]. A high quality
factor means low losses and high amplification (which of course is a good thing) but it also
gives a narrow bandwidth. A narrow bandwidth could be acceptable in some scenarios but in
most real world applications this is one of the big challenges with vibrational harvesting.
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In our case with the vibrational data available from the gas turbine the frequency at cruise speed
varies with several hertz. A broader bandwidth is therefore crucial for this application. Several
solutions are available to counter this e.g. to have several cantilevers in an array to cover the
entire spectrum, damping or external dampers, moving mass or two-degree-of-freedom coupled
harvester [66, 67, 68, 69].

The harvesters presented in this thesis are based on the coupled design to increase the band-
width, see Fig. 3.2b.

3.3.2 Coupled energy harvester

The energy harvester was assembled with off-the-shelf piezoelectric cantilevers from MIDE.
These cantilevers have a fixed resonance frequency that can be tuned by introducing a mass at
the tip of the cantilever. The bandwidth is also fixed for the cantilevers but will widen slightly
when introducing a tip mass. With two single cantilevers it is possible to cover two different
frequencies, either by two different types of cantilevers or by introducing a tip mass, see Fig.
3.2a. Two single cantilevers can therefore give double power output or approximately double
the bandwidth depending on the tuning of the cantilevers.

Connecting one cantilever to the end of another cantilever will give a different scenario, see Fig.
3.2b. This design will naturally have two different resonance frequencies for the two cantilevers
with a complex relationship between them. The mode forms from this multi-mode harvester
design are explained in paper III. The folded design with the top cantilever pointing back
towards the fixed point, make it possible to have a higher resonance frequency on the bottom
cantilever than with a non-folded design. However, it also makes the calibration more difficult
and simulations are necessary to calculate the tuning of the harvester.

3.4 Simulations

Attempts were made to find the optimal tuning for the harvester by hand, but the results were
less than optimal because of the complexity of the problem. The tuning of the coupled harvester
requires specific lengths and tip masses on the cantilevers to give high power output but also
specific lengths and tip masses to give correct resonance frequency. These variables do not
always match and can give correct resonance frequencies but with low amplification.

To help with the tuning of the harvester, extensive simulations were made with different materi-
als for the couplings and different lengths and tip masses. All simulations are made in COMSOL
Multiphysics which is a software for modeling engineering applications [70]. The software uses
the finite element method (FEM) to solve the partial differential equations that the specific prob-
lem is expressed in.

Simulations show that the coupled harvester in Fig. 3.2b give higher power output than two
single cantilevers tuned to the same frequencies, in fact up to 4.7 times higher power output,
see Fig. 3.3a. One explanation for this boost in power output is the added mass to the bottom
cantilever from the top cantilever. The folded design makes this possible while still maintaining
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Figure 3.3: Left figure (a): Simulated power output of the coupled harvester (blue solid line)
compared with two single cantilevers (red dashed line). Right figure (b): The measured power
output (blue solid line) and the simulated power output (red dotted) does not match. Introducing
a thin layer (10 µm) of damping material between the couplings and the cantilever gave a more
fitting curve (green dashed line).

a relatively high resonance frequency on the bottom cantilever. More insight about the increase
in power output comes from inspecting the stress distribution in Fig. 3.4 and the resonance
modes in paper III.

When inspecting the first resonance mode, when the bottom cantilever in the coupled harvester
is in resonance, it can be seen that the coupled design have a more even stress distribution over
the piezoelectric material, see Fig 3.4a. In fact, the stress on the bottom cantilever can be made
almost perfectly even in simulations. The top cantilever has less stress than the single cantilever
but similar shape in the stress distribution with high stress at the fixed point, reduced over the
length of the cantilever.

The second resonance mode, when the top cantilever is in resonance, shows an even stress
distribution for the bottom cantilever but in this case the bottom cantilever give close to zero
power output because of a s-formed shape of the cantilever, see Fig 3.4a and paper III. The
power output is still higher than from the single cantilevers and with wider bandwidth. This
extra amplification comes from the coupling with the bottom cantilever.

3.5 Measurement results

The simulations showed power output up to 4.7 times that of two single cantilevers. To confirm
this a piezoelectric energy harvester was assembled and measured upon. The cantilevers in the
simulations are based on the off-the-shelf cantilevers from MIDE and the coupling material was
tested with both PTFE (Polytetrafluoroethylene) and other aluminium.

29



Chapter 3. Piezoelectric harvester

Figure 3.4: Comparison of stress distribution between a single cantilever (grey dashed line), the
coupled bottom cantilever (orange dotted line) and the coupled top cantilever (blue solid line).
Picture A show the first mode of resonance and B the second mode resonance.

The measurement was done in three different environments. Most of the measurements were
undertaken on a shaker table at Chalmers University of Technology. The tuning and the final
design corrections were made with the help of this shaker table. Some measurements were made
at GKN Aerospace where the shaker rig was equipped with an oven and with the capability
of more powerful vibrations. Finally, there were some measurements on an ex-service Rolls-
Roycer gas turbine with the harvester connected to a wireless sensor interface.

3.5.1 Shaker table

The measurement setup in the Chalmers lab is a tone generator and a shaker table connected
to it. The procedure for the measurements are similar to the simulations, where the harvester is
fixed on a shaker table and the frequency is increased in small steps over the frequency span
50-200 Hz.

All the single cantilever and coupled harvester measurements had the same mass on the shaker
table to do as little difference in impact on the acceleration profile as possible.

The first obvious difference comparing with the simulations is the lower resonance frequencies
in the measurements, see Fig. 3.3b. Based on Eq. 3.1 and 3.2 it can be seen that this behavior
points towards lower stiffness and increased damping in the prototype compared to the simu-
lations, with the lower stiffness being the main cause of the lower resonance frequency. This
behavior is seen in the simulations despite the use of the same materials in the cantilevers and
the same PTFE couplings as the prototype.

By introducing a 10 µm thick layer of soft material between the coupling and the cantilevers in
the simulations and thus reducing the stiffness the simulations gave a more fitting result. One
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reason why this damping factor can be fitting is that the connection between the cantilever and
the coupling is not a perfectly smooth surface and the screws used for clamping is made of
PTFE and cannot be too tight, therefore leaving a thin gap of air and rough PTFE islands.

Additional measurements were conducted at GKN Aerospace to inspect two properties of the
harvester further, how the harvester will be affected by increased temperature and high acceler-
ation vibrations.

The temperature measurements were conducted under moderate vibrations, giving about 8 V
voltage output at room temperature from a single cantilever. With increased temperature the
resonance frequency and voltage output dropped slightly, reduced by approximately 2 Hz from
150 Hz and approximately 1-2% voltage output at 100◦C. The harvester location in the gas
turbine will never reach more than 100◦C, far below the rated maximum operating temperature
of the cantilevers at 150◦C [71].

The harvesters was also subjected to high acceleration vibrations to examine the durability of the
harvester design, all under elevated temperatures of approximately 50-70◦C. In this violent se-
ries of measurements the acceleration was slowly ramped up until something broke. Couplings,
solder joints and cables were the first to give up and small redesigns with better fasteners for
the couplings and plaited high vibration durable cables were introduced. In the final measure-
ment the harvester reached a maximum possible voltage output of 80 V with approximately
3 g sinusoidal RMS acceleration. With increased acceleration, continuing to 10 g sinusoidal
RMS acceleration there were some degradation in the harvester and the voltage output slowly
decreased from the initial 80 V to 76 V during a 30 min measurement at 10 g.

3.5.2 Gas turbine

Several trips were made to Rolls-Royce PLCr in Derby, England to measure on an ex-service
gas turbine. Even with the data from our previous measurements on the engine as well as the
vibrational data from Rolls-Roycer measurements it proved to difficult to prepare the coupled
harvesters before arrival, despite having several differently tuned coupled harvesters at our dis-
posal.

None of the coupled harvesters showed the promising power output seen in the simulations
and the shaker table experiments. The power output from the harvester was however enough to
charge the supercapacitor, start the ZigBee wireless sensor and send the temperature data to the
control room for approximately 75 s, see Fig. powerdrain. Attempts to re-tune the harvesters on
site was unsuccessful because of the complexity of tuning them by hand. Because of the easy
calibration of a single cantilever an attempt to use 10 single cantilevers did reach slightly higher
voltage output than the coupled harvesters but still not enough to power the CC2430 ZigBee
transceiver [11] for continuous drive. Based on the power requirement of the CC2430 and the
power output from the harvesters, showed that the CC2430 can only transmit data once every 2
s.
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Figure 3.5: The MIDE EHE004 power management releases the power to the CC2430 ZigBee
transceiver when the supercapacitor voltage reaches 4.05 V. The start up sequence takes a large
part of the available energy in the supercapacitor and is discharged to 2.95 V over the next 75
s with constant transmitting of temperature data. At 2.95 V the power management cuts power
and the supercapacitor starts to charge again.

3.6 Remarks

The difference between the measurements and the simulations was substantial without the soft
layer in the simulations. Adding a soft layer reduced the stiffness and the difference in reso-
nance between the simulation and the measurement but it is not an elegant solution. After pub-
lishing paper III the couplings was improved significantly by replacing the PTFE with small
electrically isolated metal screws and aluminium blocks. This moved the measured resonance
frequencies closer towards the simulated values, making it easier to tune, but the added mass
reduced the available frequency span.
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CHAPTER4
Supercapacitor

4.1 Introduction

A conventional capacitor consists of two conductive plates separated by an insulator (dielectric).
Increasing the area of the plates, reducing the distance between the plates or increasing the
dielectric strength of the insulator will increase the capacitance of the capacitor. The energy
density (E) of a capacitor can be expressed by the capacitance (C) and the voltage (V) as follows
from eq. 4.1.

E =
CV 2

2
(4.1)

Supercapacitors also have two electrodes, but instead of a solid dielectric medium between the
electrodes the supercapacitor has an electrolyte. To protect the electrodes from short circuit
and still keep the electrolyte capable of reaching both electrodes, an ion permeable electrically
insulating separator is placed between the electrodes, see Fig. 4.1. The electrodes also differ
from those in a conventional capacitor, having a porous high surface area (usually more than
1000 m2/g) [72].

The high surface area in the electrodes gives a high capacitance if utilized. The pore size of the
electrode material and the ions in the electrolyte determines how much of the material that can
be utilized. Electrolytes can be aqueous, organic or ionic liquids. Ionic liquids are molten salts
that are in liquid form in room temperature. The electrolyte also determines the voltage of a
supercapacitor and range from 1.23 V for aqueous electrolytes to 4 V for ionic liquids [73, 74].

With applied voltage on the supercapacitor ions will diffuse into the electrode pores and accu-
mulate on the electrode surface of opposite charge. These layers (double layer) of charge have
a very small distance between them and in combination with the high surface area this gives
supercapacitors approximately 10-100 times higher energy density [75, 76].

Even with this substantial increase in energy density, it is not enough to challenge the energy
density of batteries. However, with no chemical reaction in a supercapacitor the power density
is higher and the cycle life is much higher than batteries and can reach more than 10 million
cycles compared to approximately 1000 for batteries [77].

With the increased power density and increased cycle life it can (in some scenarios) be beneficial
to combine a high power density supercapacitor with a high energy density battery to charge
the supercapacitor from the battery and handle high power fluctuations with the supercapacitor.

A more powerful combination is to combine a supercapacitor with an energy harvester as power
source. In paper IV a supercapacitor is assembled with the aim for high temperature application
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in combination with the energy harvester solutions discussed in paper I and paper III.

A supercapacitor capable of operation in 800◦C would be optimal for the thermoelectric har-
vester but is difficult to achieve. Because of the need of electronics the primary goal is to reach
a temperature higher than the electronics can handle.

Military (and aerospace) standard for electronics is 125◦C, but of course this is the minimum
requirement and higher temperatures are always welcome [78]. The demand for high tempera-
ture electronics goes even higher in the oil drilling industry where the electronics need to handle
200◦C [79]. At this temperature there are very few solutions available and going beyond 200◦C
leaves only silicon carbide electronics, capable of up to 600◦C.

Organic and aqueous electrolytes are excluded at temperatures above 125◦C because of their
low boiling points. Ionic liquids can handle temperatures far beyond 125◦C [80] but with the
drawback of higher viscosity which leads to reduced capacitance and lower power density [81].
Increasing the temperature to 120◦C from room temperature will decrease the viscosity by a
factor of 32 [82].

For long term use it is important that the electrolyte have low corrosive effect on the other
materials in the supercapacitor. The corrosive effect will increase with increased temperature.

4.2 Assembly

The objective was to build a functional proof-of-concept supercapacitor that could be combined
with an energy harvester. Temperature stability was one of the main points when choosing
materials.

The electrolyte is the most difficult part, especially for a 800◦C supercapacitor. The choice of
electrolyte is 1-Ethyl-3-methylimidazolium acetate (EMIM Ac), an ionic liquid capable of tem-
perature well above 125◦C. The maximum operating temperature of pure EMIM Ac is 181◦C,
but depending on the materials it interacts with this temperature can be lower [83].

The electrodes are made of activated carbon (Kurarayr , YP-80F), carbon black and PTFE
binder with the weight ratio 80:10:10. The PTFE binder reduces the maximum operating tem-
perature of the electrode to approximately 300◦C, a non existing problem as long as the elec-
trolyte sets the upper limit.

The collectors are made of stainless steel foil and the separator is a glass microfiber filter (What-
man r). Tests show that the separator can handle more than 300◦C [84].

The parts are assembled with two carbon electrodes on each side of a glass fiber separator, with
the collectors connected to the electrodes, see Fig. 4.1.

Of course, a functional supercapacitor needs to be hermetically sealed to keep the electrolyte.
The assembly was first done with ceramic encasement with successful result but unnecessary
expensive and tedious for temperatures below 260◦C. A cheaper and simpler polyimide film
(Kapton r [85]) with silicone adhesive capable of up to 260◦C was used during the measure-
ments with the added benefit of flexibility, see Fig. 4.1 and 4.2.
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Figure 4.1: Schematic of a supercapacitor with a glass fiber separator in the middle, separat-
ing the two carbon electrodes. The collectors are attached to the carbon electrodes and finally
everything is sealed between the two sheets of polyimide film with silicone adhesive.

4.3 Measurements

A small oven, capable of 300◦C and in situ measurements, was built and placed close to the
measurement equipment (Gamry Reference 3000AE) with the supercapacitor placed inside,
see Fig. 4.2. Two measurements were conducted on two separate supercapacitors. The first

Figure 4.2: The supercapacitor inside a small oven capable of 300◦C. The supercapacitor is
placed inside a small vise to keep pressure on the electrodes during the measurement.

measurement examines the component degradation from a temporary high temperature heat
treatment. The supercapacitor was subjected to 190◦C for 2 h with capacitance measurements
before and after. The heat treatment showed no degradation of the components, instead a slightly
increased capacitance after cool down that could be a result from increased wetting.

The second measurement was made in situ to examine temporary loss or increase of capacitance
during exposure at elevated temperatures, see Fig. 4.3. Also, an excessive heat treatment at
250◦C was conducted to see the effect of decomposition.

The supercapacitor for the second measurement was heat treated at 150◦C for more than 2 h be-
fore the measurement to reduce the effect of increased capacitance seen in the first measurement.
The temperature was then lowered and held at 37◦C until the cyclic voltammetry measurement
reached steady state with 57 mF capacitance measured. During the following temperature in-
crease to 178◦C, the capacitance increased and the maximum voltage slowly decreased. It has
later been shown that the voltage limit is reduced from 1.5 V at room temperature to 1.3 V at
150◦C [86].
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When the temperature reached 178◦C it was held for 2 h and reached a steady state capacitance
of 92 mF, an increase of 61% compared to 37◦C. The temperature was now further increased to
250◦C where it is certain that decomposition takes place. Inspection of the cyclic voltammogram
show some non-electrostatic reactions (a hump at 0.4 V) that indicates degradation, Fig. 4.3. The
degradation could also be seen visually with a color change of the capacitor.

Figure 4.3: Cyclic voltammogram from three different temperatures, 37◦C, 178◦C during 2 h
and 250◦C during 10 min. The measurement at 37◦C showed a capacitance of 57 mF, when
increased to 178◦C the capacitance increased by 61% to 92 mF. The final 250◦C heat treatment
showed signs of degradation of the supercapacitor, but still no capacitive loss after cooling
down.

The first measurement shows that the supercapacitor gains permanently increased capacitance
from the heat treatment, possibly because of the reduced viscosity, resulting in better wetting.
The second measurement shows increased capacitance during exposure to elevated tempera-
tures. The increase is substantial, but the increase in energy density is not equally big because
of the lower voltage limit.

4.4 Remarks

The cycle life at 178◦C is not investigated in paper IV but further investigation show that EMIM
Ac have 85% retention at 1000 cycles when kept at 150◦C [86].

The excessive heat treatment resulted in greatly increased capacitance, but also visible degrada-
tion. Despite the degradation the capacitance was increased and after 10 minutes of excessive
heat the supercapacitor was cooled down to 178◦C again with slightly increased capacitance
than before. The amount of degradation and the effect of the degradation on the supercapacitor
was not investigated.
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Discussion, conclusion and outlook

5.1 Discussion

The low temperature measurement on the thermoelectric harvester reached only about 70% of
the simulated value. With the thermoelectric harvester containing one thermocouple with mea-
sured Seebeck coefficients it also acts as a thermoelectric temperature sensor. The sensor does
not measure the temperature of the environment or even the temperature gradient of the environ-
ment, it measure the temperature gradient of the thermoelectric legs inside the energy harvester.
The temperature gradient reached approximately 123◦C based on the measured Seebeck coef-
ficients. The rest of the temperature gradient is lost in the base plates, the electrodes and all the
contact interfaces between the environment and the thermoelectric legs.

The reduced voltage output (8.5 mV versus 75 mV in simulations) during the high temperature
measurement indicates a bad contact inside the harvester. Unfortunately no resistance measure-
ment was done close to the first voltage drop at 280◦C, see fig 2.18. During the second voltage
drop measurements on the resistance show a correlation between the resistance and the reduced
voltage. A probable explanation to the bad contact comes from the copper heat flange, acting
as both a thermal transfer unit and a mass to maintain pressure on the thermoelectric legs. With
the apparent distortion at higher temperatures the pressure on the legs could be uneven and give
bad contact.

The piezoelectric harvester results on the gas turbine did not give the power output predicted by
the shaker table or the simulations. There are a few possible explanations for this behavior. One
of the more likely reasons why it performed poorly is the encapsulation box and the mounting
of the box to the gas turbine. The mounting was far from optimal and could possibly be a
big damping factor of the entire system. The box itself also made an impact on the resonance
frequency and depending on how the box was oriented it gave different results despite the use
of a similar mounting method. Tuning the harvesters at site proved to be too difficult even with
the pre-tuned markers and different settings prepared with simulations.

The cycle life of the supercapacitor at 178◦C is not investigated in paper IV but further inves-
tigation show that EMIM Ac have 85% retention at 1000 cycles when kept at 150◦C [86]. The
excessive heat treatment resulted in greatly increased capacitance, but also visible degradation.
Despite the degradation the capacitance was increased and after 10 minutes of excessive heat
the supercapacitor was cooled down to 178◦C again with slightly increased capacitance than
before. The amount of degradation and the effect of the degradation on the supercapacitor is not
investigated.
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5.2 Conclusion

The goal in this thesis was to power a wireless sensor node on a gas turbine with energy harvest-
ing, and transmitting temperature data to a computer in a control room nearby. Two different
energy harvester concepts were undertaken, a coupled vibrational energy harvester with in-
creased bandwidth and a thermoelectric energy harvester for the temperature span 600-800◦C.
For energy storage a supercapacitor capable of temperatures up to 178◦ was investigated. The
power management circuit and the transceiver was bought off-the-shelf.

A thermoelectric energy harvester was designed and built using in-house synthesized n-type and
p-type materials. The intended design with 1:3.7 area ratio was abandoned due to lack of ma-
terial and replaced with 1:1 area ratio, giving the design 84% of the planned power output. The
measurements in low temperature and high temperature gave results below simulated values and
no power measurements or gas turbine measurements were conducted with the thermoelectric
harvester.

The second harvester type was the coupled piezoelectric energy harvester, designed to have
increased bandwidth without losing power output. The design is quite durable in the current
form, capable of withstanding powerful vibrations. When subjected to vibrations with 10 g
RMS, the harvester showed 5% degradation over 30 min, but did not break. These kind of
vibrations will never occur in any engine unless it is catastrophically unbalanced.

For the coupled piezoelectric energy harvester it is crucial to store the energy to be able to power
up the transceiver. The goal for the supercapacitor is to operate in temperatures beyond what bat-
teries can handle (125-150◦C). The maximum temperature of 181◦C that the electrolyte (EMIM
Ac) can handle, was the minimum temperature of which the other materials were based. The
measurements show that the supercapacitor can operate in elevated temperatures and actually
gain 61% capacitance when the temperature is increased from 37◦C to 178◦C.

The gas turbine measurements were made with the coupled piezoelectric harvester and a com-
mercial thermoelectric harvester. The piezoelectric harvester was connected to a power manage-
ment circuit and managed to power the transceiver for 75 s before the commercial supercapaci-
tor was empty. The continuous sending could not be sustained with the piezoelectric harvester.
The power output from the harvester could only power the transceiver with 2 s delay between
transmission, which is still enough for the application.

The commercial thermoelectric energy harvester was more powerful than the piezoelectric har-
vester and it was possible to start up and send temperature data with the transceiver, even with-
out any power management or energy storage. The commercial harvester could easily power
the transceiver, and if combined with an intelligent system for power distribution a single ther-
moelectric harvester could power tens of wireless sensors nodes.
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5.3 Outlook

No power measurements were conducted on the thermoelectric energy harvester. Before con-
ducting any power output measurements it is important to solve the contact issue. The con-
nection of the electrodes to the Yb14MnSb11 material can be done by diffusion bonding [87],
i.e. heating the materials to 1000◦C under high pressure during 12 hours. This is a temperature
higher than Ba8Ga16Ge30 can handle so the diffusion bonding needs to be done on Yb14MnSb11
separately, before assembly of the device. Diffusion bonding between titanium and other met-
als can be made at much lower temperatures than 1000◦C and bonding a thin layer of Ti with
the Mo-electrode can be done at low pressures and 700◦C [88]. It is however not known if
Ba8Ga16Ge30 can be bonded with Ti without problems.

For the vibrational energy harvester it could be beneficial to design it for 200◦C and above
to increase the possible locations for harvesting in a gas turbine. When combining it with a
supercapacitor it is feasible as a power source as long as the supercapacitor can handle the
temperature. With a 61% capacitance increase when increasing the temperature from 37◦C to
178◦C an electrolyte with even higher temperature stability is interesting.
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