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Abstract

This thesis deals with powering sensors embedded in surgical equipment and containers that regularly un-
dergo steam sterilisation. The aim of this thesis was to develop a method of power supply to the sensors that
would allow their operation during the steam sterilisation process. This would enable collection of steam ster-
ilisation procedure data that would be useful in an Internet of Medical Things environment. First chapters
present the research aims, internet of medical things ecosystem and an analysis of hospital logistics and the
processes that surgical instruments go through. The impact on electronics and electrochemical energy storage
devices of the different sterilisation methods used in medical facilities was analysed. Steam sterilisation was
selected for further analysis as it is the most popular sterilisation method. The possibility of using electro-
chemical energy sources in a steam sterilisation environment is analysed next. The analysis has shown that
the use of electrochemical power sources is not feasible from the point of view of both safety (possible self-
ignition) and usability (self degradation and capacity loss) and, in the author’s opinion, the prospect of market
adoption of high-temperature power sources in the near future should be treated with scepticism. Alternative
methods of powering sensors, i.e. energy harvesting, are then examined. The potential application of energy
harvesting methods to the hospital logistics processes discussed previously was analysed. It was decided to use
thermal energy harvesting and thermogenerators as a power source for sensors, considering that each surgical
instrument undergoes a sterilisation process, usually with steam at high temperature. The theoretical basis
of the Peltier and Seebeck processes and the operation of the thermogenerator modules have been analysed.
A literature review of the available technologies and a review of the solutions available on the market have
also been carried out. It was decided that a thermogenerator based on bismuth telluride should be chosen.
After reviewing the available technologies, the technical and business requirements of the industrial partner,
Aesculap AG, were defined. A physical model of the power module was then developed. A module of this type
consists of an aluminium housing to which a thermal generator is attached from the inside. A Heat Storage
Unit (HSU) is attached to the other side of the thermogenerator. The inside of the module is insulated with
aerogel; therefore, the heat flow from outside (during the sterilisation process) to the inside of the prototype
will only pass through the thermogenerator, causing an electromotive force to develop. After the development
of the physical model, the next step was the construction of a virtual model and then the identification of the
parameters of the physical model. For the thermogenerator, an analogous process of building a virtual model
was carried out. For this purpose, the Kubov model based on SPICE environment was used. On the basis
of the manufacturer’s technical documentation, corrected with laboratory measurements, the thermogener-
ator was also parameterised. Finally, the energy consumption of the planned electronic sensor module was
studied. This was done to define the minimum requirements for the power supply module to be developed.
The measurements and simulations needed to validate the virtual models were then carried out. Finally, to
answer the question of whether the proposed technical solution was likely to provide sufficient power to the
sensors, a simulation of the steam sterilisation process was carried out. These simulations showed that the
prototype was capable of powering the planned sensors. In addition, there was a fairly large power reserve.
Therefore, there was a decision to do an optimisation process for the miniaturisation of the whole prototype.
This process showed that the size of the HSU was the key to the performance of power generation. On the
other hand, it was possible to reduce the thickness of the thermal insulation. This allowed the size of the entire
prototype to be significantly reduced to the size of 7.5 mm of HSU height and 5 mm of thermal insulation.
Several international patent applications have also been filed as a result of the research and development work

to which this thesis belongs.






Streszczenie

Niniejsza praca dotyczy tematyki zasilania czujnikéw wbudowanych w urzadzenia i kontenery chirurgiczne,
ktére regularnie poddawane s3 procesowi sterylizacji para wodng. Celem pracy bylo opracowanie metody
zasilania czujnikéw, ktdra pozwalataby na ich dziatanie podczas sterylizacji parg wodng. Pozwolitoby to na
zbieranie danych uzytecznych w $rodowisku Internet of Medical Things. Pierwsze rozdziaty przedstawiaja
cele badawcze, ekosystem internetu rzeczy medycznych oraz analize logistyki szpitalnej i proceséw, przez
ktére przechodzy narzedzia chirurgiczne. Przeanalizowano wptyw réznych metod sterylizacji stosowanych
w placéwkach medycznych na elektronike i elektrochemiczne urzadzenia magazynujjce energie. Do dalsze;
analizy wybrano sterylizacje parows, poniewaz jest to najpopularniejsza metoda sterylizacji. Nastepnie prze-
analizowano mozliwo§¢ wykorzystania elektrochemicznych zrédet energii w §rodowisku sterylizacji paro-
wej. Przeprowadzona analiza wykazata, ze zastosowanie elektrochemicznych zZrédet zasilania jest niemozliwe
biorgc pod uwage wymagania dotyczace bezpieczefistwa (mozliwa reakcja samozaptonu) jak i uzytecznosci
(szybka degradacja i utrata pojemnosci), dodatkowo, zdaniem autora, w najblizszej przyszloéci nalezy scep-
tycznie podchodzi¢ do perspektywy wprowadzenia na rynek wysokotemperaturowych zrddet energii. W
kolejnym rozdziale przeanalizowano alternatywne metody zasilania sensoréw - tj. "energy harvesting odzy-
skiwanie energii. Przeanalizowano wczesniej poruszone procesy logistyki szpitalnej pod katem mozliwego
zastosowania tych metod. Biorac pod uwage fake, ze kazde narzedzie chirurgiczne przechodzi proces steryli-
zacji - najczeéciej parg wodng w wysokiej temperaturze - zdecydowano sie na wykorzystanie thermal energy
harvesting i termogeneratoréw jako zrédha zasilania dla sensoréw. Nastepnie przeanalizowano teoretyczne
podstawy zjawisk Peltiera i Seebecka a takze dziatanie modutéw termogeneratoré6w. Dokonano takze prze-
gladu literaturowego dostepnych technologii budowy ww. modutéw oraz przegladu rozwigzan dostepnych
na rynku. Zdecydowano si¢ na wybér termogeneratora opartego na tellurydzie bizmutu. W kolejnym kroku
zdefiniowano wymagania techniczne oraz biznesowe pochodzace z firmy Aesculap AG. Opracowano pro-
totyp modutu zasilajacego. Modut taki skfada sie z aluminiowej obudowy do ktérej przymocowany jest od
wewngtrz termogenerator. Do drugiej okladki termogeneratora przymocowana jest masa termiczna (Heat
Storage Unit - HSU). Jest ona zaizolowana aerozelem, stad przeplyw ciepla z zewnatrz (podczas procesu ste-
rylizacji) do wewnatrz modutu jest mozliwy jedynie przez termogenerator powodujac wytworzenie si¢ na
nim gradientu temperatur. Po opracowaniu modelu fizycznego zbudowano model wirtualny, a nastepnie
dokonano identyfikacji parametréw modelu fizycznego. Analogiczny proces tworzenia wirtualnego modelu
dokonano dla termogeneratora. Wykorzystano do tego model Kubova opracowany w $rodowisku SPICE.
Dokonano takze parametryzacji modelu termogeneratora na podstawie dokumentacji technicznej produ-
centa. Wreszcie, przebadano projektowany modut czujnika elektronicznego pod katem zuzycia przez niego
energii celem zdefiniowania minimalnych wymagan dla opracowywanego modutu zasilajacego. Kolejnym
krokiem bylo przeprowadzenie niezbednych pomiaréw oraz symulacji celem walidacji modeli wirtualnych,
oraz przeprowadzono symulacje procesu sterylizacji parg wodng aby odpowiedzie¢ na pytanie czy zapropo-
nowane rozwigzanie techniczne ma szanse zapewni¢ moc wystarczajacy do dziatania czujnikéw. Symulacje
te dowiodly ze prototyp jest w stanie zasili¢ planowane do uzycia czujniki, a dodatkowo wystepuje dos¢
duza rezerwa mocy. W zwigzku z tym zdecydowano si¢ na przeprowadzenie procesu optymalizacyjnego
pod katem miniaturyzacji calego modelu fizycznego. Proces ten wykazal, ze kluczowa dla wydajnosci ge-
nerowania energii jest przede wszystkim wielko§¢ HSU, natomiast jeli chodzi o izolacje termiczna to jest
mozliwe zmniejszenie jej grubo$ci. W rezultacie rozmiar catego modelu mégt by¢ znaczaco zmniejszony do
7.5 mm wysoko$ci HSU oraz 5 mm grubosci izolacji termicznej. W ramach pracy zgloszono takze szereg

whnioskéw patentowych miedzynarodowych.
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Nomenclature

Abbreviations and Definitions

AC  Active carbon material

ANSI  American National Standards Institute

BLE  Bluetooth Low Energy

CAD Computer aided design

CAE Computer aided engineering

CFD  Computational fluid dynamics

DCL Direct current leakage

DNA Deoxyribonucleic acid

DUT Device under test - a device which is undergoing testing procedure
EC  Electrochemical Capacitor

EDLC Electrolytic double-layer capacitors

EDLC Electrostatic double-layer capacitors

EESS  Electrochemical Energy Storage Systems

EH  Energy harvesting

EMF  Electromotive force

EPA  United States Environmental Protection Agency
ESD  Electrostatic discharge

ESR  Equivalent Series Resistance, internal resistance
ESS  Energy Storage System

ETO Ethylene Oxide

FDA  Food and Drug Administration

FEA  Finite element analysis

HSU  Heat Storage Unit - A unit for storing heat from outside the module during steam sterilisation



NOMENCLATURE 8

IC Industrial constraint

IC Integrated circuit - an assembly of electronic components, fabricated as a single unit
[EC  International Electrotechnical Commission

IIOT  Industrial Internet of Things

IoMT Internet of Medical Things

LTC Lithium-Thionyl-Chloride cells

MAPE Mean absolute percentage error

MCU Microcontroller unit

MUMPS Multifrontal Massively parallel sparse direct solver

NFC  Near Field Communication - set of communication protocols that enables communication between

two electronic devices over a distance of up to 4 cm
NRMSE Normalised root mean square error
OCV  Open-circuit voltage
OEM  Original equipment manufacturer
PID  Proportional-integral-derivative regulator
PTFE Polytetrafluoroethylene
RF  Radio-frequency

RFID Radio-frequency identification - technology that uses electromagnetic fields to automatically identify
and track tags attached to objects

RNA Ribonucleic acid
SEI Solid-electrolyte interface

SPICE Simulation Program with Integrated Circuit Emphasis - a general-purpose, open-source analog elec-

tronic circuit simulator
TE  Thermoelectric element
TEC Thermoelectric cooler
TR Thermal Runaway
VHP  Vaporised Hydrogen Peroxide

Zigbee Zigbee is an IEEE 802.15.4-based specification for a set of high-level communication protocols that

are used to build personal area networks using tiny low-power digital radios.

Constants
Artp A coefhicient from european norm EN 60751 3.9083 x 1073 °C~!
Brrp B coeflicient from european norm EN 60751 -5.775 x 1077 °C™!
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NOMENCLATURE 9

Symbols
ay, Seebeck coefhicient of n-type material V.-K!
Apn Relative Seebeck coefhcient between p-type material and n-type material V.K1
ay Seebeck coefhicient of p-type material V.-K!
X Power generation safety margin
Qc  Conduction heat W
Q  Joule heating \%
Qp  Peltier heat absorbed or generated (depending on the flow of the current I). w
QreG. Heat dissipated on the cold side of the TEG W
Qrgc), Heat absorbed on the hot side of the TEG w
Qr  Thomson heat W
WrEG Power output of the thermoelectric module (TEG) W
% Temperature gradient, where where x is the distance along the heat flow path K-m™!
Ty Absolute Peltier coefhcient of n-type material J- c!
M Absolute Peltier coefhicient of p-type material J-ct
Tpn Relative Peltier coefhicient between p-type and n-type material equals to the difference between Peltier
coefhicient of p-type material 7, and Peltier coefhicient of n-type material 7, J- c!
p Electrical resistivity Q-m
Pn Electrical resistivity of n-type pellet Q-m
Pp Electrical resistivity of p-type pellet Q-m
ppn Electrical resistivity of TE pair, pyu = pp + pu Q-m
T Thomson coefhicient of a material V.-K!
7pn  Thomson coefhicient of the TE pair equals 7, - 7,,, where 7, is a Thomson coefficient of p-type pellet,
and 7, is a Thomson coefhcient of n-type pellet of TE pair V-K1
0 Thermal resistance K- w-!
©y  Thermal resistance of the couple of pellets K- w!
O71gc  Thermal resistance of the thermogenerator K. w-!
Compensation factor for boost converter efficiency
A Heat transfer area m?
A, Heat transfer area of the n-type pellet in TE pair m?
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NOMENCLATURE 10

Ay Heat transfer area of the p-type pellet in TE pair m?
Apy  Heat transfer area of the TE pair equals to sum of cross-sectional area of p-type pellet and n-type
pellet (A = A4, + A,) m?
Cy Specific heat ] kg_1 K1
Cy thermal conductance - the ability of a material to conduct heat, it is the reciprocal of thermal resistance
WK
d Density of the material kg - m™
E7;  Absolute error of thermocouple readout °C
I Electric current A
Iypc  Current consumed by the analog-digital converter (ADC) during the readout procedure. A
Iycu  Current consumed by the microcontroller unit (MCU) A
k thermal conductivity W.m™. K1
k,, Thermal conductivity of n-type material W.m™.K!
ky Thermal conductivity of p-type material W.m™. K1
R The thermal conductivity of the TE pair W.-m™.K!
L Height of the TE pair m
m Measured value of voltage, current and power
N Number of TE pairs (pellets)
Papc Power consumed by ADC W
Ppicu, pyyo Power consumed by MCU working in active mode W
PrpcU, pys Power consumed by MCU working in passive mode w
r Measurement range of voltage, current and power
R, Electrical resistance of the specific material Q
Ryy Electrical resistance of a single TE pair Q
R7pg  Internal resistance of the TEG module equals RTpg = N - Ry, Q
s Simulated value of voltage, current and power
T Temperature in Kelvin K
T.; Temperature on the cold side of the thermoelectric generator or thermoelectric pair. K
T);  Temperature on the hot side of the thermoelectric generator or thermoelectric pair. K
Tpnoo Temperature value registered using Pt100 RTD °C
Tr,  Temperature value registered using thermocouple °C
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NOMENCLATURE 11
Vs Voltage induced due to the Seebeck effect \Y%
VrEG Voltage across the Thermoelectric Generator \Y%
ZT  Dimensionless form of thermoelectric figure of merit (see Z)

Z Thermoelectric figure of merit characterising the performance of a material or device K-!
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1. Research Aims

Abstract
This chapter defines the main topic of the Ph.D. thesis and formulates the research questions related to the Ph.D.

thesis topic. Second, it also defines the basic design constraints coming from industrial partner B.Braun Aesculap AG,

Tuttlingen, Germany.

Outcomes of this chapter: Defined research questions which will be addressed in this Ph.D. thesis, as well as industrial

constraints limiting the flexibility of the design.

This Ph.D. thesis is related to the concept of Hospital 4.0 - an idea in which the hospital infrastructure
interacts with smart medical devices and tools that allow better maintenance and asset management. The the-
sis explores in particular the topic of powering the low-power sensor nodes for surgical devices with special
attention paid to the process of steam sterilisation. Steam sterilisation is the most popular method of sterilising
surgical goods in European hospitals. It is also very harmful to energy storage devices and portable electronics
as a result of the high temperature and pressure inside the sterilisation chamber. It makes it impossible to use
regular rechargeable battery-driven devices for surgical instruments undergoing steam sterilisation. Using
primary batteries is also not an easy task (need for constant maintenance); moreover, high-temperature pri-
mary cells have a relatively high cost, which limits the applicability of such solutions in hospital environment.

Due to these reasons, this Ph.D. thesis focused on the following research question:

Is it possible to provide a reliable power source for sensors in smart surgical tools during

steam sterilisation?

This research question was divided into the following subquestions that have been formulated in the process

of developing possible solutions.

1. RQ1 What are the possibilities of powering low-power electronics in the steam sterilisation chamber

using energy storage devices?

2. RQ2 s it possible to design a maintenance-free power solution for sterilisable medical tools using energy

harvesting solutions, what are the design constraints?

3. RQ3 What is the energy balance of the proposed design, what are the main constraints and possibilities

for size optimisation?

4. RQ4 What are the limitations in terms of sensor design related to power consumption?

12
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In addition to the research questions listed above, this PhD thesis had to deal with the requirements from

industrial partner Aesculap AG. The main industrial constraints (IC) were:
1. IC1 Applicability in mass production,
2. IC2 Robustness of the design,
3. IC3 Maintenance-free nature of the target solution,
4. IC4 Compatibility with the concept of the Internet of Medical Things (IoMT) system,

During the whole PhD thesis research process, these requirements were strict and were not disputable.
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2. Broad View - Place for the PhD Thesis in the IoMT

Ecosystem

Abstract

This chapter presents the idea of the Internet of Medical Things. This concept involves a network of connected medical

devices and instruments which are stored and utilised in hospitals and other medical facilities. The chapter explains an idea
of an IoMT system concept from the industrial partner Aesculap AG, shortly describes its data layers as well as presents an

overview of the system in relation to hospital infrastructure.

Outcomes of this chapter: Presentation of Internet of Medical Things concept and defining the area where in the

IoMT ecosystem this PhD thesis is placed.

The topic of this Ph.D. Thesis, a power system for low-power sterilisable sensor electronics, was developed
and researched in the context of the Medical Internet of Things. IoMT systems usually have several layers
and integrate hospital infrastructure, cloud systems, and data collection nodes (sensor nodes). According to
industrial constraints IC4 the power system developed in this thesis was part of a broader concept presented
in figure 2.1. This fact affected the initial industrial requirements for the prototype. As shown in Figure
2.1 the whole system can be described from three main perspectives: information flow perspective, power
perspective, and usability perspective. From the information flow perspective, the system consists of three
layers. The first layer is the data collection layer and it is made up of distributed small autonomous sensor
nodes. The second layer - the gateway layer - is designed as a set of data readout points or data readout
devices (e.g. smartphone) which read the acquired data from the sensor nodes, validate it, and forward it to
the third layer, the cloud analysis system. From the power supply perspective, we have two different areas
involved in the system. The first is the area where autonomous sensor nodes perform their tasks. Here, the
nodes need to be self-sufficient and maintenance-free in terms of power supply. The second area is the area
of readout gateways and cloud systems, where power supply can be provided from external sources. The
third perspective is a user experience perspective. Due to the extreme work environment according to time
management, the sensor nodes must be maintenance-free and autonomous. Data collection gateways have
been designed as semi-automatic (smartphone) or automatic. Finally, the cloud data analysis layer can be
automatic or manual depending on the business case. Taking into account all these perspectives, the initial

requirements for the sensor node and for the sensor node power supply module have been defined.
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3. Introduction

Abstract

This chapter briefly introduces the issue addressed in this dissertation: the power supply of electronic sensors em-
bedded in medical containers, part of the IoMT system, which can be sterilised by steam. This requirement is driven
by the technological cycle of surgical instruments in the hospital and is a factor that prevents the use of electrochemi-
cal energy storage systems. The plan for the entire dissertation is then presented, and each chapter of the dissertation
is briefly described. Finally, a visual representation of the dissertation is presented along with a diagram of the research

methodology.

Outcomes of this chapter: The outcome of this chapter is an outline of the topic of the dissertation and motivation
for the dissertation, a description of the different chapters of the dissertation, and a visual representation of the research

methodology presented in this dissertation.

Digital healthcare is a very fast-growing area of the medical industry with a huge potential to deliver secure
and high-quality patient care and drive greater business efficiency. Many reports suggest that digitalisation is
becoming a new business opportunity for the healthcare industry involving the Internet of Medical Things,
Big Data and automatization. This could allow the connection between patients, healthcare professionals,
manufacturers and providers [1]-[3]. There are strong indications that bringing the idea of traceable and
connected devices to the operating room can significantly improve the efficiency and safety of surgical proce-
dures [4], [5]. Moreover, some papers highlight the direction towards digitalisation in hospital management
systems to create "Smart Connected Hospitals" with sensor nodes and tracking systems. To make this possible
many different technologies are suggested for [oMT, such as radio frequency identification (RFID), ZigBee ,
Narrow-band Bluetooth and Bluetooth Low-Energy (BLE) [6]. Medical and surgical tools incomparably dif-
fer from other IoT-enabled devices for consumer markets due to the need for sterilisation. However, each of
these devices and technologies requires a power source. In the case of surgical tools and containers, the power
source must stand for sterilisation procedures. However, the steam sterilisation process is very harmful to
conventional electrochemical energy storage systems (EESS) . In this dissertation, multiple possible EESS has
been analysed, like primary and secondary cells, supercapacitors, and hybrid capacitors. In the case of primary
cells, there are solutions on the market that will endure the conditions of steam sterilisation, however, they
are economically inefficient and require constant maintenance. In contrast, secondary (rechargeable) cells are
in most cases not suitable for steam sterilisation conditions at all. In the case of supercapacitors and hybrid
capacitors, there are some solutions on the market which are suitable for steam sterilisation; however, their
price and need for maintenance make it difficult to consider them as a desired solution for low-power sensor
electronics. Thus, the aim of this PhD dissertation is to find a solution to the problem of maintenance-free

powering of sensor electronics inside surgical sterilisable container.
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3.1. Aim and Scope 17

3.1. Aim and Scope

The subject of this dissertation concerns the power supply of electronic sensors intended for medical devices
that undergo the steam sterilisation process. The aim of the thesis was to find a solution that allows the
unattended operation of sensors for the purposes of the medical Internet of Things inside an autoclave, i.e. in

conditions extremely unfavourable for electrochemical energy storage systems.

3.2. Structure of the Dissertation

This PhD thesis consists of 13 chapters, the first of which presented the thesis and related scientific issues,
the second focused on describing the context in which the thesis is set, and the third presented the structure

of the thesis. The following chapters are listed and described below.

Chapter 4 focusses on the conditions that determine the technical requirements for surgical instru-
ment supply systems. It presents the working environment of surgical instruments, their life cycle inside

the hospital, and discusses the types of sterilisation to which devices and surgical instruments may be subjected.

Chapter 5 is devoted to an analysis of the available scientific and technical developments in the field of
electrochemical energy storage. The available technologies of primary cells, secondary lithium-ion based
cells, supercapacitors, and hybrid capacitors are systematically analysed for their use in high-temperature
environments such as the steam sterilisation process. An economic analysis of each solution and a safety
analysis of each technology were performed. As a result of the analysis, the lack of the ability to use these
technologies to realise the topic of this thesis was identified. An analysis of the potential development of these

technologies in the near future was also done.

In chapter 6, in the absence of traditional power technology capable of operating under steam sterilisation
conditions, the focus is on alternative technologies as energy harvesting. Different types of energy harvesting
were analysed and their application in the context of surgical instrument logistics was examined. Thermal
energy harvesting technology based on Peltier-Seebeck modules was selected as particularly useful. The
theoretical basis for the operation of such modules was then analysed and the technologies and solutions
available on the market were reviewed to prepare recommendations for future steps in the design of the

power supply system.

Chapter 7 outlines the requirements for the prototype being developed by the industrial partner Aesculap
AG. The chapter describes the essential business and technical requirements that are critical factors in creating

a new technical solution.

Chapter 8 presents the concept of both the system and the planned research design. This included the
selection of an electronic sensor, which would be a sort of sample application to be fed into the system that
is being developed in the thesis. The procedure for selecting the thermoelectric generator, the insulation

materials, and the overall conceptual design of the prototype was also described.

Chapter 9 describes the characterisation of the physical model. The characterisation procedure is defined,
and the selection of appropriate sensors used for the characterisation registration is proposed. This selection

was made based on previously defined requirements. The selected sensor, a K-type thermocouple, was then
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3.2. Structure of the Dissertation 18

validated for accuracy using a reference resistance temperature detector and the entire procedure and the test
bench are described. The expected measurement error of the measuring system was then calculated. The
procedure for characterising the thermal response of the prototype using a thermal chamber and previously
selected sensors is also presented. The second part of the chapter presents the characterisation procedure for
the thermogenerator selected in Chapter 8. The measurement bench, the procedure, and software specially
built for this purpose in the LabView environment are described. The chapter also presents the results of the
collected measurements, which will be used to validate the simulation models of both the prototype and the

selected thermogenerator.

Chapter 10 Chapter 10 describes the creation of simulation models of both the prototype and the thermo-
generator. The creation of the prototype simulation model started with creating a 3D model of the prototype
and its adaptation to the needs of the FEM simulation software. Next, the selection of the necessary physical
parameters to be carried out and the selection of the values of these parameters for each material are described.
In the next step, the preparation of the FEM simulation is described. First, the construction of a suitable
mesh was analysed, the procedure of creating the mesh and its evaluation and refinements were described,
and finally, the mesh results obtained and its parameters were presented graphically. These parameters were
within the recommended limits, guaranteeing the correctness of the numerical simulations. In the next step,
the selected boundary conditions are described. These conditions were the surface temperature of surgical
instruments previously measured in an autoclave. These conditions were applied to the surface of the virtual
prototype. The next step describes the numerical settings of the simulation and the possible impact on the
results of each parameter. Finally, the settings of the simulation run and the parameters that can affect the

accuracy of the simulation are described.

The second part of this chapter describes the modelling of a thermogenerator using the SPICE environ-
ment. First, a literature review of the available thermogenerator modelling technologies was made. Then
criteria were formulated to select a specific model that allowed its practical use in the R&D departments in
the industry. Then, the Kubov model was selected, described, and implemented in the LTSpice environment.
Then, its parameters were selected based on the technical documentation of the thermogenerator, the theo-
retical basis described in Chapter 6 and the measurements of the thermogenerator characteristics described

in Chapter 9. Finally, the results of the thermogenerator simulation are presented in the table and graph.

Chapter 11 compares the results obtained experimentally with the results of numerical simulations. The
simulation results coincided with the experimental results from the experiments described in Chapter 9.
This allowed to conclude that it is possible to use simulation models to simulate the entire steam sterilisation
cycle and to validate the efficiency of extracting electricity from the proposed prototype. Next, on the basis
of these results, several optimisations have been made to answer the question of how much the prototype
can be miniaturised, with the assumed energy consumption by sensors and electronics. The results of these

optimisations are presented at the end of the chapter and commented on accordingly.

Chapter 12 describes the simulation of the sterilisation process and the optimisation of the size of the
prototype. In this chapter, a series of simulations of the steam sterilisation process was carried out for different
sizes of the model. Based on the thermal simulations, electrical simulations were carried out to estimate
the amount of power generated by each variant of the model. This chapter aimed to estimate the smallest
possible size of the model that would generate sufficient power to supply the sensor module with the specified

minimum power consumption.
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3.3. Visual Map of the PhD Thesis Research 19

Chapter 13 summarises all the work carried out in this dissertation. It discuss the problems identified dur-
ing the development work, the methods used to overcome these problems, and the results of the research and
development work. The chapter also describes the results of the work carried out in the form of international
patent applications and discusses potential next steps and scientific challenges related to powering IoT devices

in a steam sterilisation environment.

3.3. Visual Map of the PhD Thesis Research

In order to better illustrate the contents of this dissertation, a visual content map has been created, as shown

in Figure 3.1.
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4. Work Environment

Abstract

This chapter describes the work environment of sterile medical devices. It describes a surgical instrument life cycle

starting from the stock management phase, through delivery to use in the operating room, washing, quality control,
packing, and sterilisation for the next use. The most critical part of the cycle is sterilisation. This can be done using several
different methods, which are described in this chapter. The most popular is steam sterilisation because of its simplicity and
low cost. This method involves heating the sterilisation chamber to 134 °C for at least 4 min. Finally this chapter discusses

the influence of each method on electronic devices and lists the related design challenges.

Outcomes of this chapter: Presentation of surgical device lifecycle, presentation of surgical goods sterilisation meth-

ods, discussion on their influence on surgical electronic devices and their design.

One of the key requirements for surgical electronic devices is to ensure their reliability in daily use in
the environment of a healthcare facility. Every single surgical instrument has its life cycle: from the storage
room to the operating theatre, and to the central cleaning and sterilisation area. This is to assure the safety and
efficiency of the delivery of sterile goods in the environment of a healthcare facility. It is necessary to take a
deeper look at this cycle, as it determines the very specific requirements for surgical devices and their power

sources.

4.1. Surgical Instrument Lifecycle

In the hospital environment, surgical electronic devices are usually part of larger surgical instrument sets.
Proper handling and decontamination of these sets is an essential requirement for patient safety, as they can
provide a potential route for the transmission of pathogens and bacteria into the body of a patient [7], [8].

Every set needs to be managed appropriately, which is usually termed the lifecycle of surgical instruments
as it is presented in Figure 4.1. It is an essential requirement if the hospital needs to deal with a large number
of surgical procedures and needs to ensure the availability of instruments in each operating room. The cycle
usually starts in a warehouse where the instruments are stored and can be picked up for the operation, and
finishes when the instruments are stored again to be ready for another operation. Instruments are stored in
surgical containers and transported with medical carts throughout the process, as shown in the Figure 4.2.

Usually, literature shows that the management of surgical instruments in a hospital is carried out in the
following phases [10]-[12]:

1. Stock Management - The stock management phase is performed in storage areas. Different surgical
containers containing the instruments are transported from the sterilisation facility on case carts and

inserted into shelving. This must be carried out very carefully so as not to damage the surgical containers

20



4.1. Surgical Instrument Lifecycle 21
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Figure 4.1. Instrument lifecycle process diagram.

and not to expose their contents to contamination. Each container is inventoried and placed in a suitable
place where it remains until the request from the operating room. When this happens, the appropriate
containers are collected and stacked on previously prepared case carts. These carts are available according

to the daily schedule of the surgical procedures.

2. Operation Room - Upon arrival in the operating room where the patient is operated, the containers
are opened and their contents are transferred to the surgical trays from which they are taken and used
during the operation. When the operation is complete, all instruments are placed back in the containers
and transported to the decontamination room. Reusable surgical instruments are then transported for

cleaning, while disposable instruments are placed in special boxes to be disposed of.

3. Washing - Reusable instruments are washed after the operation. This process consists of prewashing
(automated or manual, depending on the type of instrument and available resources) and washing in a
washing machine. The instruments are first washed to ensure that all organic and inorganic residues are
removed from their surface. The instruments are then subjected to an ultrasonic bath which removes
dirt and surgical residues from microcracks and difhicult-to-reach areas. The final step is washing in a

washing machine to remove microorganisms and detergents remaining on the surface.

4. Quality control and Packaging - After washing the instruments, each of them is visually checked.
To be packaged for sterilisation, it must be dry and clean. If any debris is noticed, it is sent for washing

again. All clean instruments are then packed in containers for sterilisation.

5. Sterilisation - After packing, surgical instruments are ready for sterilisation. Sterilisation is defined as
the technological process of destroying all the forms of microbial life. The sterilisation process usually

takes between 10 and 60 minutes, depending on the technology used. The issue of sterilisation of surgical
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4.2. Sterilisation 22

Figure 4.2. Example of surgical instruments tray being inserted into surgical container on the transporting

cart in the central sterilisation facility [9].

instruments will be discussed later in this chapter. Once sterilisation is complete, the containers with

the instruments are placed in a case cart and transported to the storage rooms.

When designing electronic surgical devices, each of the described processes must be considered. Condi-
tions during sterilisation can be particularly severe for electronic devices, so the types of sterilisation will be

discussed in detail later in this chapter.

4.2. Sterilisation

Use of inadequately sterilised surgical devices and instruments involves a high risk of transmitting
pathogens. However, documented transmission of pathogens associated with an inadequately sterilised crit-
ical item is exceedingly rare. This is probably due to the sterilisation processes used in healthcare facilities.
Sterilisation plays a key role in the decontamination of surgical devices. It destroys all microorganisms on the
surface of an article or in a fluid to prevent the transmission of disease associated with the use of that article
[13]. Medical devices that have contact with sterile body tissues or fluids are considered critical items. These
items should be sterile when used because any microbial contamination could result in disease transmission.
Such items include surgical instruments, biopsy forceps, and implanted medical devices. If these items are heat
resistant, the recommended sterilisation process is steam sterilisation, because it has the largest safety margin
due to its reliability, consistency, and lethality. Most medical instruments and devices used in healthcare fa-
cilities need to be made from materials that are heat stable. This requirement comes from the sterilisation.
There are several different methods of sterilisation, described and evaluated in the literature [13]-[16] as it is

shown in the figure 4.3.

4.2.1. Moist Heat Sterilisation

According to the European standards EN ISO 17665-1:2006 and EN 285:2015+A1:2021 steam sterilisation

involves directly exposing sterilised products (e.g. surgical instruments, implants) to steam at the required
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Figure 4.3. Different types of sterilisation used in healthcare facilities around the world.

temperature and pressure for a well-defined period of time. All three parameters (pressure, temperature, time)
depend on the specific autoclave model, the specific sterilisation programme, and the type of product being
sterilised. Two sterilisation temperatures are commonly used: 121°C and 134°C. The exposure time for
a given temperature is 30 min minutes for 121 °C degrees and 4 min minutes for 134 degrees, respectively.
There are two basic types of sterilisers (autoclaves) in use - a steriliser with a gravity vent system and a steriliser

with a forced vent system.

In the gravity vent system, the sterilisation process consists of three phases. The first is the heating phase.
In this phase, with the vent open, saturated steam is admitted into the steriliser chamber. After reaching a
certain temperature level (usually a level defined by the device manufacturer), the vent opening is closed and
the infused steam causes the pressure inside the chamber to increase until it reaches the appropriate level to
ensure the sterilisation temperature specified in the standard. The second phase is the so-called plateau phase,
a phase in which both pressure and temperature are maintained at a level that ensures effective sterilisation.
The plateau phase can last from 4 to as long as 45 minutes, depending on the sterilisation temperature, the
type and weight of products to be sterilised, and the size of the sterilisation chamber itself. The third phase is
the cooling phase, where steam is discharged through the outlet valve and air is admitted into the sterilisation
chamber, slowly cooling its interior. It is this slow heating and cooling that is a desirable feature in this type
of sterilisation, which is used to sterilise solutions, among other things. A schematic of the steam sterilisation

process using gravity venting is shown in Figure 4.4.

The second type of steam sterilisation is sterilisation using forced air removal systems and is presented
in Figure 4.5. This type of sterilisation is used in cases where gravitational air removal may be difficult, for
example, in porous materials or packaged items. The sterilisation process in this case consists of six phases. The
first of these is the air removal phase. It involves the pulsed vacuum generation in the sterilisation chamber in
alternation with a pulsed increase in pressure. It happens by mechanically pumping air out of the chamber and
then introducing steam at a pressure above atmospheric pressure. The value of the pressure depends on the
manufacturer and the specific model of the autoclave, but is usually within the limit of up to 3 bar. The next
phase is the filling phase, in which saturated steam is introduced into the steriliser chamber until the pressure

and temperature in the chamber reach the values assumed by the given sterilisation programme.
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Figure 4.5. Forced venting steam sterilisation procedure diagram. Temperature changes are presented with
a solid line, while pressure changes are presented with a dotted one. The process consists of six phases: 1) air
removal phase, 2) filling phase, 3) plateau phase, 4) removal phase, 5) drying phase, 6) vacuum removal phase.

Letter a indicates the level of atmospheric pressure.

The third phase is the plateau phase, which, exactly as in the case of the previously described gravity
method, consists of maintaining the assumed level of temperature and pressure for a certain period of time.

The fourth phase is the evacuation phase, in which steam is removed from the sterilisation chamber, causing
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a vacuum. In the fifth phase, the drying phase, the predetermined drying temperature and the vacuum are
maintained in the sterilisation chamber for a specified time. Finally, the last phase is the vacuum elimina-
tion phase, in which air is admitted into the sterilisation chamber and the pressure is levelled to atmospheric

pressure.

4.2.2. Dry Heat Sterilisation

Dry Heat sterilisation is used in the case of materials and devices that cannot handle moist (i.e. powders
or very sharp surgical instruments due to corrosion). Among several types of dry heat sterilisers described in
the literature [17], two of them are widely used: static air and forced air. The first one has heating coils at
the bottom of the sterilisation chamber, so the hot air is coming up, heating the whole space and instruments
inside. The second type is equipped with a motor-driven blower that circulates air throughout the chamber.
The advantage of this type is that the temperature distribution is more equal. There are two parameters used
in this method: temperature and time. Depending on the mode, we can distinguish sterilisation in 170 °C for
60 minutes, 160 °C for 120 minutes and 150 °C for 150 minutes. The main advantages of this method are low
installation and operating costs, use of nontoxic sterilisation agent (hot air), and that it is noncorrosive for the
metals, but still the penetration grade is satisfying. However, it is also a time-consuming method, involving
the exposure of surgical instruments to high temperatures. In case of embedded devices the high temperature
is a main disadvantage, as it is in the range of most commercially available semiconductors and energy storage

systems; thus, the good thermal insulation needs to be implemented into such devices.

4.2.3. Ethylene Oxide Sterilisation

Ethylene Oxide sterilisation is performed with heat or moisture sensitive devices and materials. This
method is using Ethylene Oxide (ETO) - a colourless lammable and explosive gas. ETO shows microbi-
cidal activity by alkylation (replacement of a hydrogen atom with an alkyl group) of protein, DNA and RNA
. This prevents normal cellular metabolism and replication. The whole process of sterilisation involves five
stages: preconditioning and humidification, gas introduction, exposure, evacuation, and air washes [13]. It
takes approximately two and a half hours. The problem is that ETO is absorbed by many materials, and to
provide safety for medical staff, the sterile equipment must undergo aeration. Aeration is performed to re-
move residual ETO, and it takes 6-12 hours. The main disadvantages of ETO sterilisation are the lengthy
cycle time, potential hazards to patients and healthcare staff, the lammability of the gas, and its cost. Thus,
ETO sterilisation is used in healthcare facilities only if the steam sterilisation is not possible and remains the

second popular method in hospitals, however not in the entire medical industry [18].

4.2.4. Chlorine Dioxide

Chlorine Dioxide sterilisation is one of the chemical based methods which have been registered by United
States Environmental Protection Agency (EPA) in 1988 as a sterilising agent. Chlorine dioxide (ClO;) acts
as an oxidising agent on amino acids [19]; however, the exact mechanism by which free chlorine destroys
microorganisms still needs to be studied [13]. The whole sterilisation process consists of five stages: humid-
ification preconditioning, conditioning, generation of ClO,, exposure of the sterilised utensils, and finally
aeration. This method is used mainly in laboratories as it is still not approved by the Food and Drug Ad-
ministration (FDA) for use in healthcare facilities, however, it could still be considered a technical possibility.

The procedure involves only low temperatures from 15 °C until 40 °C. Most importantly, chlorine dioxide
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is nonflammable and not carcirogenic. All of these factors make it very convenient for embedded electronics

and batteries.

4.2.5. Vaporised Hydrogen Peroxide

Vaporised Hydrogen Peroxide (VHP) sterilisation of medical equipment has been developed in the mid-
1980s [20]. There are two main methods of VHP delivery to the sterilisation chamber. In the first method, a
deep vacuum is used to pull liquid hydrogen peroxide (30 - 35 % concentration) from a disposable cartridge
through a heated vaporiser and then, after vaporisation, into the sterilisation chamber. A second approach to
VHP delivery is the low-through approach, in which the VHP is carried into the sterilisation chamber by
a carrier gas such as air using either a slight negative pressure (vacuum) or a slight positive pressure. VHP
sterilisation has many advantages including rapid cycle time (e.g. 30 to 45 minutes), low temperature, en-
vironmentally safe by-products, good material compatibility, and ease of operation [21]. This method of
sterilisation is safe for embedded electronics due to its low temperature (from 25 °C to 50 °C) however, the
vacuum generated throughout the process may not be acceptable for embedded batteries and energy storage

systems. The penetration capabilities of VHP are less than those of ETO [13].

4.2.6. Hydrogen Peroxide Gas Plasma

Invented and patented in 1987 the Hydrogen Peroxide Gas Plasma sterilisation is one of the newest methods
with FDA approval [13]. In this method, the gas plasma is generated inside a closed chamber, in deep vacuum,
by radio frequency and microwaves. The microwaves excite the gas molecules so that they become free
radicals. Free radicals generated in the plasma field are capable of interacting with essential cell components
(e.g., enzymes, nucleic acids) and thereby disrupting the metabolism of microorganisms [22]. The method
consists of two cycles; first the hydrogen peroxide is difused into a chamber, and in the second stage the plasma
is generated. The whole cycle takes from 1 to 3 hours with a temperature range of 37°C to 44 °C which
makes it compatible with more than 95% of the medical devices available on the market. Hydrogen peroxide
plasma sterilisation is suited for objects that cannot sustain the high temperature and moisture necessary for
steam (autoclave) sterilisation. The required vacuum is not as deep as with VHP sterilisation. Although the
low process temperature of 40°C to 65°C is appealing, the 13.56 MHz RF energy in the range of 200 W
to 400 W during the plasma discharge phase is problematic for embedded electronics. Hydrogen peroxide

plasma sterilisation should not be used for objects containing semiconductors [23].

4.2.7. Gamma Ray

Use of gamma ray sterilisation method is increasing in recent years, and more and more temperature-
sensitive devices are being sterilised using this method [24]. The objects to be sterilised are put on a conveyor
that transports them to the area of strong gamma radiation. The conveyor stops exposing a particular object
to a defined amount of gamma radiation. Then, the conveyor moves on and exposes the next object. The
ionising radiation causes excitations, ionisations, and, where water is present, free radical formation. All three
processes cause the disintegration of essential cell components, such as enzymes and DNA, resulting in cell
death. According to the literature the dose of 25 kGy is perceived as a gold standard in gamma ray sterilisation
method [25], this dose is also recommended by the ISO 11137-2:2013 norm. In addition to affecting living
cells, gamma radiation also affects polymers and semiconductors. The effect on electronics depends on the dose

and the dose rate. In the extreme, a total ionisation greater than 5000 rads in silicon delivered over seconds
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to minutes degrades semiconductor materials for long periods. In practise, however, such high doses are not

present in medical industrial sterilisation.

4.2.8. Electron Beam

In this sterilisation method, the accelerator generates an electron beam - a concentrated, highly charged
electron stream. The objects which need to be sterilised are put on a conveyor, which transports them through
a window where they are exposed for the electron beam. The conveyor speed is set so that the proper dose
of radiation is applied to each object. Reaching the penetration needed for sterilisation requires energy levels
of the magnitude of 5 to 10 MeV [26], [27]. In this sterilisation method the electron beam radiation forms
free radicals that react with macromolecules, damaging cellular DNA which leads to cell death. It destroys
all types of pathogens, including viruses, fungi, bacteria, parasites, spores, and moulds. This method is faster
than gamma ray sterilisation, it does not produce nuclear waste, however electron beam radiation does not
penetrate as deep as gamma radiation. When it comes to embedded electronics, this method can cause charge
build-up (Electrostatic Discharge - ESD) which can cause damage; thus, objects containing semiconductors
should not be sterilised with this method.

4.3. Implications for Electronics and Energy Harvesting

As was shown, the surgical instrument life cycle defines the requirements for electronic embedded devices.
It also provides opportunities for energy harvesting on the other side. Steam autoclave sterilisation and ethylene
oxide are two of the most popular methods of sterilisation among hospitals. From these two, steam sterilisation
has the most harsh conditions for embedded devices. It’s high temperature, humidity and presence of vacuum
leverages the design requirements for the sterilisable electronics. However, it also makes possible the thermal
energy harvesting, one of the most reliable methods for supplying the low power sensors and actuators. The
second method with a great potential for thermal energy harvesting is dry heat sterilisation. However, this
method is not as effective and efficient as wet heat (steam) sterilisation and therefore is not so spread around
healthcare facilities [14]. Due to this, in the frame of this Ph.D. thesis, only the steam and dry heat sterilisations
are being considered. The summary of the impact on electronics and possible energy harvesting from different

sterilisation methods is shown in the Table 4.1.

M. Daniot  Powering Medical Internet of Things Systems in a Steam Sterilisation Environment



28

4.3. Implications for Electronics and Energy Harvesting

Table 4.1. Summary of different sterilisation methods, their impact on embedded electronics and potential for energy harvesting, based on [23].

Method Critical Parameters Compatibility Energy Harvesting
Hioh - Can affects the electronics,
- High temperature,
5 o P - Reduces lifetime of the embedded primary battery, Probably
Steam - Humidity, ) ) ) s .
- Causing exothermic chemical reaction in lithium-based possible
- Vacuum )
secondary batteries
- Can affects the electronics,
] - Reduces lifetime of the embedded primary battery, Probably
Dry Heat | - Very high temperature . . . T .
- Causing exothermic chemical reaction in lithium-based possible
secondary batteries
Ethyl - Fl bility, Probabl
yene ammabiity - Vacuum environment can affect embedded ESS vy
Oxide - Carcinogen impossible
Chlori Probabl
. o.EBm - - There is no critical parameters for embedded electronics or ESS roba .%
Dioxide impossible
Vaporized
. Probably
Hydrogen | - Vacuum - Vacuum environment can affect embedded ESS . i
] impossible
Peroxide
Hydrogen ) )
P y - Vacuum, - Radio field energy required to generate the plasma Probably
eroxide
- Plasma discharge may not be compatible to semiconductors impossible
Plasma
Gamma - Radiation, - The semiconductors and ESS may be damaged by radiation, Probably
Ray - Nuclear waste if they are not designed for exposure. impossible
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5. Energy Storage Systems - State of the Art

Abstract

In this chapter, energy storage systems (ESS) for high temperature applications are discussed. First, the overview and
development challenges of the ESS in the medical field are presented. Next, primary cells, secondary rechargeable lithium-
base cells, electrolytic double layer capacitors (EDLC) and lithium-ion capacitors are preselected for further investigation.
As the first, high temperature batteries are being investigated. Despite several different technologies which are usable in
the temperature range up to 220 °C their main disadvantage is the need of replacement and accelerated degradation in
high temperatures. Next, the li-ion-based secondary cells have been investigated. This technology has the main thermal
limitation coming from several factors related to the chemistry of the anode, cathode and separator making it almost
impossible to bare temperatures higher than 60 °C and resulting in the exothermic reaction of thermal runaway. There is,
however, one solution on the market which is designed for medical use and temperatures up to 135 °C, its disqualifying
disadvantage is however high price, availability and manufacturer’s requirements towards full disclosure of R&D process.
The electrochemical and lithium-ion hybrid capacitors have been analysed next. Here, a high-temperature-resistant
models are available; however, they need to be recharged very often due to limited capacitance, thus the requirement of
maintenance-free has not been met and these technologies were not considered for further development. As a result of
the research on possible ESS for high-temperature maintenance-free sensor node, it was decided to not choose any of the

technologies in the ESS domain and search for alternative power sources.

Outcomes of this chapter: As a result, an analysis of the available high-temperature ESS has been created. On
the basis of the analysis and technological limitations of available technologies, it was decided to select the lithium-ion
supercapacitor as a potential power buffer and to continue investigation for alternative power sources such as energy

harvesting technologies.

One of the key components of the Internet of Medical Things node power module is the energy storage
system. To select the optimal solution, a market analysis was performed to select the appropriate technology.
Electrical energy drives most modern devices and appliances. The same is true for medical devices where
energy storage systems are usually a bottleneck in the design process, due to the harsh working environment
of surgical devices mentioned in the chapter 4. Energy Storage Systems can be defined as a system that converts
electrical energy from the power network to a portable form that can be converted back to electricity and
used later [28]. Every ESS is designed for a given application, and it is a result of several compromises. Usually
there are two drivers of the design process of a given storage system: power requirements and working
environment. The diverse requirements resulting from this lead to the diversity of ESS technologies being
used today. Each of these technologies has its own performance characteristics that make it suitable for a
specific application. To continue the discussion, some basic definitions describing energy storage systems
need to be introduced first. There are two main parameters which allow us to compare different types of ESS

in terms of application requirements - specific power and specific energy. Specific power, also known as the
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gravimetric power density, indicates the loading capability. It is a relationship between the power delivered
by the storage system and its weight. Unit is W - kg_1. High specific power is important for applications with
weight limitations and high power demand. Specific energy, or gravimetric energy density, defines the energy
capacity in a given weight of a particular ESS. The unit is Wh - kg™' [29]. It is important factor for devices
with low power consumption but with the requirement of long life. According to these two parameters, it
is possible to describe and compare different energy storage systems regardless of their chemistry. Only the
systems applicable to portable devices have been selected for comparison in this thesis. Electrochemical systems
offer a wide selection of available technologies, including primary and secondary battery cells, supercapacitors,

and hybrid capacitors. To have an overview, the most important technologies are listed in the figure 5.1.
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Figure 5.1. Overview on electric energy storage systems potentially usable for medical technology applica-
tions. Based on [30]-[34].

As mentioned in chapter 4 temperature is a main issue in adaptation of energy storage systems to the
environment of steam sterilisation. It affects the structure and properties of the materials comprising the
device, as well as its chemistry and efficiency. Currently each ESS is designed for a very specified temperature
range as is shown in Figure 5.2. In industry it is possible to distinguish devices operating at low temperatures
(0°C), room temperature (0°C to 40 °C), elevated temperatures (40 °C to 80 °C), high temperatures (80°C
to 300°C) and very high temperatures - above 300 °C [33]. This classification should not be perceived as a
strict one, as in different industrial areas the definition of temperature ranges may differ and overlap suggested
borders. It is worth mentioning that the adaptation of new energy storage systems is closely related to market
size. Devices designed for the biggest market, consumer electronics, usually operate from —20 °C to 60 °C [29],
[37]. The availability of ESS operating in this temperature range is usually good. Every other system designed
for different temperature range shall be considered as a specialised system. For such devices, availability and
price can differ and are highly dependent on current market situation and the possible ordering quota.

It is also worth mentioning that there are several challenges that limit the fast development of high-
temperature energy storage systems, especially those based on electrolytes. Most of the materials used for
the development and production of ESS are those that are stable and nominally function in the range of room
temperatures. It may be also caused by R&D costs optimisation, by adoption the materials and technologies
from the consumer-electronics market. The other problem is related to the safety issue. As mentioned in

several papers [33], [38]-[41], despite the design of sophisticated safety systems, some ESS still suffer from
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Figure 5.2. Overview of the temperature ranges of specific industrial grade batteries in comparison to steam
sterilization environment. Thermal runaway phenomenon (TR) in Li-Ion batteries starting at 80°C is a main

limitation for using rechargeable batteries in high temperatures environments [33], [35], [36].

high temperature under various circumstances. Such a rapid heating of a single cell in a power pack and
reaching a certain onset temperature can lead to a chain reaction called thermal runaway (TR) and serious
safety incident [42]. Mitigation of TR outcomes might be reduced by using low-flammable materials; how-
ever, their development is still in its infancy and most materials, especially elecrolytes, are lammable and have
low boiling points [33], [43], [44]. Also covering the cell with non-flammable thermal resistant material is
only a partial solution as the main problem is that chemical reactions during the TR are mostly exotermic.
Each ESS is combined from several different materials. Each of them has it’s own work characteristics and
can function separately as well as interact with the others to achieve the design goals of the ESS. As a result
many different chemical reactions, side effects, and transfer phenomena may occur. All of these are thermally
controlled according to the Arrhenius equation [45]-[48]. At high temperatures, the desired reaction kinetics
and charge carrier mobility are faster. The behaviour of protective layers on the cathode and anode may also
be influenced [49], [50]. On the other hand, the intensity of side reactions, interface deterioration internal
resistance, heat accumulation and self discharge is increased. The chemical compatibility of materials in the
energy storage device is thus altered, causing possible uncontrollable exotermic chemical reactions. Even if
safety issues are solved by changing materials, there are still challenges associated with the life cycle of the ESS.
Elevated temperature causes corrosion processes on the nonactive materials of the device such as packaging,
circuits, insulators, and current collectors (which blocks the access to the active material of the electrode)[51].
Finally, the overall performance of the ESS is a result of the synergy between its components, and what is
more important - replacing the single component with a thermally stable alternative does not guarantee the
overall thermal resistance enhancement of the whole device. All of the issues mentioned above cause the de-

sign process of the high-temperature ESS to be very sophisticated and holistic. Thus, there is a shortage of
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technologies on the market that are capable of withstand high and elevated and high temperatures. Each of
these ESS technologies will be described in detail in this chapter.

Before reviewing of the ESS types and chemistries, it is important to define the parameters and factors
critical from the project perspective. In case of described power system in this dissertation the predicted

working environment and conditions are as follows:

Environmental resistance - the ESS applied to the system needs to withstand an environmental chal-
lenges during the whole surgical container lifecycle, from storage through washing procedure, steam

sterilization, drying and on the use in the operating theatre.

- Easiness of use and maintenance - ESS needs to be rechargeable, ensuring it is maintenance-free,

and it needs to be replaceable in an easy and robust way.

- Self Discharge Rate - It should have a possibly low self-discharge rate, as it is not possible to guar-
antee the regular recharging interval due to the complexity and diversity of applications in the clinical
environment. Based on internal data on surgical instrument usage statistics collected by the company

Aesculap AG, it was assumed that the device can be in the idle state for a maximum of 3 months.

- Discharge Current - It does not to have a high discharge current, as the predicted use will be for
powering from ultra-low-power to low-power devices and sensors. The ultra low power device can be
defined as device with energy consumption less than 0.1 mW and low power in this case can be defined

as device with energy consumption less than 5mW.

Due to these requirements following ESS have been analysed: primary cells, secondary rechargeable

lithium based cells, electrostatic double-layer (super)capacitors (EDLC) and lithium-ion capacitors.

5.1. High Temperature Batteries

Batteries, both those with a standard operating temperature range and those designed to operate in an
extended temperature range can generally be divided into three types: primary, single use batteries; secondary
(rechargeable) multi-use and reserve batteries which are single use and need to be activated before usage. Each
battery can be defined as an assembly of one or more cells (unit cell). A cell is a basic electrochemical unit,
that converts chemical energy into electrical energy and, in case of rechargeable cells, vice versa. It should
also be mentioned that both batteries and cells are commercially available, except that batteries are available to
individual consumers, while training is often required to purchase and work with the component cells, and
the cells themselves are not offered to the mass market.

Each cell is composed from several different components depending on the manufacturer and the detailed

technology, however, there are some elements which are shared by all types of cells:

- Anode - an electrode that lithium ions flow out and is oxidized during discharge (electrochemical def-
inition); however in battery industry we refer to the anode as a negative electrode (no matter if it is

charged or discharged),

- Cathode - an electrode that accepts the lithium ions and is reduced during discharge (electrochemical
definition); however in battery industry we refer to the cathode as a positive electrode (no matter if it is

charged or discharged),

— Separator - an ion permeable, electrically non-conductive material which prevents electronic contact

between electrodes in the cell,
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— Electrolyte - the non-conductive medium (usually liquid) which provides the ion transport mechanism

between the positive and negative electrodes of the cell.

All of these elements are depicted in Figure 5.3.
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(a) Charging mechanism of Li-ion cell. (b) Discharging mechanism of Li-ion cell.

Figure 5.3. Lithium-ion battery cell during charging (a) and discharging (b) [52].

Physical and chemical parameters of each of these components affects heavily the performance and oper-
ating ranges of the cell, and thus of the battery itself. The composition of the anode and cathode materials
can be named as cell chemistry. There are many different chemistries under development at the universities;
however, only very few of them have their market release. Due to the practical aspect of this dissertation, only

cells available on the market or in pre-release phase will be taken under consideration.

5.1.1. High Temperature Primary Batteries

Primary batteries, or nonrechargeable batteries, are widely used due to their high performance, great
convenience, ease of use, and very good shelf life. Primary batteries have usually higher energy density in
comparison to the rechargeable secondary batteries. This is caused by the lack of need for design compromises
to accomodate charging functionality. In situations where consistent power is required without charging, pri-
mary batteries are adequate as they do not exhibit voltage delays even after long storage periods. However, the
biggest disadvantage of primary cells is that, at the end of their life, they need to be maintained and replaced.
It should be taken into account that the low initial cost of the cell is compensated by costly maintenance in

the long run.
Primary cells can be divided into four main chemistries [29], [37], [53], [54]:

— Alkaline Manganese Dioxide (Zn / MnO,) - Introduced to the market in 1960, with 1.58 V open
circuit voltage (OCV), with low to moderate discharge rates and with operating temperature from
-10°C to 55 °C. Having varying sizes including AAA, AA, C, D and 9V sizes, it is very popular both in
industrial and consumer applications. Despite it’s low cost and established market position, it is not ap-
plicable due to the low operating temperature and possible damages caused during the steam sterilisation

procedure.

— Silver-Oxide (Zn / AgyO) - With 1.6V - 1.86 V OCV (depending on the model and manufacturing
technology) and high energy per unit weight combined with long operating range they might be
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considered as a good choice for low power electronics. Due to the high cost of a silver they are available
mainly in very small sizes as button cells. Their main markets are consumer electronics, hearing aids,
and medical devices. Despite of their high chemical stability, safety and flat discharge curve they cannot

be used in sterilizable electronics, as their operating temperature ranges from =10 °C to 55°C

- Zinc-Air - A main competitor to Alkaline and Silver-Oxide batteries. In Zinc-Air batteries the electrical
power is generated by an oxidation process of zinc and oxygen from the air. These types of batteries
can have 1.65V OCV. Batteries with lower OCV (1.4 V) achieve a longer lifetime. This battery needs
a removal of a sealing tab that enables airflow, and reaches a full operational voltage within 5 seconds.
Their main advantages are high energy density (300 - 400 Wh/kg), flat discharge curve, and low cost.
Their main disadvantages are limited power output, short life after activation and being dependent on
environmental conditions. Due to its chemistry and need for airflow, this type of batteries cannot be

considered as useful for sterilisable electronics.

- Lithium-based chemistries - Lithium-based cells are composed of metallic lithium anode, electrolyte
made of different compounds and cathode made of different materials determining the type and ap-
plication of a whole cell. The performance of lithium-based cells depends on their electrochemical
system, size, and internal design. The advantages of lithium-based cells are high energy densities (up
to 1300 Wh/l or 760 Wh/kg), high power density (2200 W/ or 970 W/kg), high OCVs (1.8 V - 4.1V),
wide current capabilities (1 pA to 130 A) and what is most important, a wide operating temperature
range, from —65 °C to 220 °C, low weight, flat discharge curve, very long shelf and operating life. It
is also worth to mention that it’s yearly operation cost is relatively low, even if their unit price is high.
However, like all of the chemistries, lithium-based chemistry has limitations such as safety concerns in
a case of a safety event, passivation during restart, high heat dissipation, and high unit price. We can

distinguish the following main lithium chemistries for primary cells:

Lithium-Sulphur-Dioxide (Li/ SO) - Lithium sulphur dioxide battery uses lithium as the anode
and a porous carbon cathode with sulphur dioxide as the active cathode material. With 3.0V OCV high
discharge rates and wide operating temperature range from —60 °C to 70 °C it is a good candidate for
extended temperature and power applications such as military and space. It also has a specific energy of
260 Wh/kg and an energy density of 415 Wh/l.

Lithium-Thionyl-Chloride (Li / SOCl,) - The Lithium-Thionyl-Chloride (LTC) cell contains
a metallic lithium anode and a liquid cathode comprising a porous carbon current collector filled with
SOCl,. It has OCV of 3.6V and very high specific energy and energy density of 590 Wh/kg and
1100 Wh/l respectively. The end-of-discharge cut-oft voltage is 3.0 V. The biggest advantage of LTC
cells is a very wide operating temperature range from -55 °C to 220 °C, and ability to withstand very
strong vibrations. A strong passivation effect in this type of chemistry ensures long shelf-life. Unfor-
tunately, there are limitations in a load which can be connected to the LTC cells. A constant current
is a preferable way of draining the LTC cell, as it ensures a longer cell lifetime. LTC chemistry is very
commonly used in oil & gas drilling applications as well as in some of the medical devices. As a result
of safety reasons, it is not present in consumer electronics. This type of cell chemistry (and the respec-
tive battery models) could be a possible candidate for energy storage system for sterilisable electronics.
However, safety considerations, high unit cost, and the need for maintenance are limiting factors for

practical use of LTC chemistry and cell as a solution for the problem adressed in this Ph.D. thesis.

Lithium-Manganese-Dioxide (Li / MnO3) - This type of cell is composed of a lithium-based

anode, an electrolyte containing lithium salts in an organic solvent, and the heat-treated form of MnO,
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(electrolytic manganese dioxide - EMD). This type of chemistry is similar to LTC, however, its spe-
cific energy and energy density are lower, reaching 280 Wh/kg and 588 Wh/l respectively. Lithium
manganese dioxide cells have in general 3.25V OCV, having many different forms, i.e. bobbin, spiral,
coin, prismatic and cylindrical, they are one of the most universal and popular primary cell chemistry.
In some cases, the cell is pre-discharged to lower the OCV, resulting in corrosion reduction. Having a
flexible range of discharge rates, from low to high, and a wide temperature range, from =20 °C to 60 °C,
with the possibility to reach 125 °C in some coin cell designs (specially developed materials for coin cell
gasket and separator), they are a very good choice for sensor systems exposed to variable environmental
conditions. High-temperature coin cell designs have very low continuous discharge current (usually less
than 1 mA). The disadvantage of such a cell is a low passivation that may lead to capacity loss over time.
This type of battery could be used as an energy storage system in the case of steam sterilisable sensor
nodes, however, as in the case of LTC batteries, it raises the need of replacement and a design of spe-
cial battery holder with safety mechanisms. Also, extended temperature versions of this cell chemistry

cannot be used and handled by not trained personnel.

Lithium-Sulfuryl-Dioxide - The chemistry of this cell is similar to LTC containing lithium an-
ode, a carbon cathode, and the electrolyte of LiAlCl4 in SO, Cly, resulting in an OCV of 3.95 V, placing
this technology as one with the highest OCV delivered. It has also one of the highest energy density
of 1040 Wh/l and a specific energy of 480 Wh/kg. A strong passivation effect in this technology en-
sures long shelf-life; however, the self-discharge rate is higher than that in LTC-based systems. This cell
chemistry is also sensitive to temperature, OCV might depend and change on environment temperature
variations. This behaviour and safety concerns prevent this technology from reaching the wide market,

and the number of manufacturers and offered models is due to this fact very limited.

Lithium Carbon Monofluoride (Li/CFx) -This cell chemistry has an active component made
of lithium for the anode and polycarbon monofluoride (CFx) for the cathode. Such chemistry assures
high chemical stability. Li/CFx based cell is a solid cathode system, with a specific energy of 250 Whrkg
- 820 Wh/kg and 635 Wh/l - 1180 Wh/l of energy density depending on the cell size (bigger cells are
more efficient and energy rich). Compared to LTC chemistry, it has a low passivation effect and, because
of this, a higher discharge rate. Another drawback of this type of battery is a low nominal voltage of
only 2.6V and very low possible constant current drain (usually not higher than 0.5mA in coin-size
cells and not higher than 5.0 mA in the case of the bobbin type.

Lithium-Iron-Disulphide (Li / FeS;) - This type of chemistry is using solid cathode of FeS;
mixed with carbon and Polytetrafluoroethylene (PTFE), an anode of lithium alloyed with aluminium
and polyethylene separator. The electrolyte is a 0.75 mol solution of Lil in an organic solvent blend.
These cells, with 1.78 V. OCV, have a nominal voltage of 1.5 V and therefore can be used as a replacement
for Alkaline batteries. Disulphide electrode discharges in two steps, resulting in two distinctive voltage
plateaus in the discharge curve. This might be helpful for the low-drain applications (like sensors) allow-
ing the easy fuel gauge implementation. Li/FeS; chemistry offers specific energy of 310 Wh/kg. The
operating temperature range varies from —40 °C to 60 °C, however, applications for high-temperature

(90 °C) and high-temperature separators (>150 °C) are under development [55].

5.1.2. High Temperature Secondary Batteries

Secondary batteries have been the leading technology of energy storage in recent years. Due to the dry
heat and steam sterilisation technologies, there is a need for secondary batteries able to cope with elevated

temperature ranges. Despite its limitations the leading technology in this area is still lithium-ion chemistry.
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There is also a growing number of alternative chemistries and their variations in the development phase;
however, it is a very fast growing area on the market and further developments in these technologies are
predicted to happen.

High-temperature lithium-ion batteries are key technologies in areas like space industry, automotive,
emergency roadside systems, container and cargo tracking, military communication batteries, and deep-space
applications. In addition, in the medical industry, there is a high demand for reliable and cost-effective lithium-
ion secondary batteries. Due to the different chemistries we can distinguish following types of secondary li-ion

batteries:
m Lithium Cobalt Oxide (LCO),
m Lithium Manganese Oxide (LMO),
m Lithium Nickel Cobalt Manganese Oxide (NCM),
m Lithium Nickel Cobalt Aluminum (NCA),
m Lithium Iron Phosphate (LPF),
m Lithium Sulfur-Lithium Metal (Li-S),
m Lithium Titanate (LTO),
m Lithium with nano-structure Silicon Anode (Li-Si),
m High temperature Lithium-based microbatteries.

Only very few of these cell chemistries, such as LiFePOy [54], are safe for operating in extended temper-
ature.

To talk about extended-temperature batteries, it is important to define the standard operating temperatures
for storage, charging, and discharging of the cell. All of these processes involve different chemical reactions and
thus have different temperature ranges. For storage, as a standard temperature range, based on the datasheets
of the cell manufacturers and work by Leng et al. [37], [56], we can consider temperatures from 10°C to
35 °C. During the charging procedure, cells may face high temperatures and high charging voltage, causing
the cell chemicals reaction to accelerate. That might lead to a higher potential for performance degradation
and raises a safety concern. For this reason, cell manufacturers usually recommend a narrower temperature
range for charging, usually in the limits of 0°C to 45°C. However, in the low temperatures a Li-plating,
which is the formation of metallic Li on the anode particle surfaces, might occur. This is causing a dendritic
growth and can cause an internal short, thus charging currents can already be limited for temperatures around
5°C. For discharge, the operating temperature limits are usually wider, from =20 °C to 60 °C due to the less
heat generated by the cell itself while discharge.

Operating at extended temperature involves multiple negative phenomena to a cell such as, low cycle,
calendar and shelf life; increased internal pressure causing cell packaging expansion, shrinkage of the sepa-
rator; chemical damage - electrode passivation, corrosion and emission of combustible gases; higher safety
risk for thermal runaway. However, the discharge capacity is increased, as the literature suggests [57]. There
are two major problems with Lithium-ion secondary batteries in elevated temperature: ageing and thermal
runaway. While the first mechanism only causes damage to the cell itself, the second usually results in a vi-
olent release of flammable gases, often ending in the explosion of the battery pack and the entire device. In
a standard consumer-grade cell, the thermal runaway mechanism starts in the temperature from over 80 °C
and is evolving as listed below[35], [58]-[60]:
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m 60°C - Maximum operating temperature,

m 30°C - Solid electrolyte interface, (SEI) layer breaks down,

m 90°C - Separator pores close preventing ions from passing,

m 100°C - 120 °C - Electrolyte breaks down and begins producing flammable gases,

m 120°C - 130 °C - Separator melts causing electrodes to short circuit,

m 130°C - 150 °C - Cathode breaks down and begins generating oxygen,

m 180 °C - Melting point of lithium, after this point the reaction becomes self sustaining.

The main problem with high-temperature secondary batteries is the lack of industry standards for the

manufacturing and testing of the batteries for extended temperatures. To the best knowledge of the author,

such a standard does not exist (neither IEC standard nor ANSI standard, state for 2023). Without an official

standard, it is very hard, and sometimes even not possible, to compare between cells and select the right one

for the specific needs. However, market research has been done by the author to combine possible candidates

for the sterilisable energy storage system. The results of the market research are available in the Table 5.1.

Due to the specifics of the application, two different scenarios are being considered - battery is charging while

steam sterilisation and the battery is charging before or after steam sterilisation. In the first scenario, only one

cell model has been found that fulfils this requirement, it is a Tadiran Israel TLI-1550HT cell. In the second

case, there are multiple cells available on the market; however, only one, Saft VL25500-125 could be a possible

candidate for a power storage in the sterilisable electronic device.

Table 5.1. Batteries available on the market, state on 2022.

Manufacturer Model Nominal Voltage Operating Temperature Capacity
High-Power China  14500AT-800 3.7V -20°C to 85°C 800 mAh

High-Power China  18500AT-1500 3.7V —20°Cto 85°C 1500 mAh
High-Power China  32650DT-4000 3.7V -20°Cto0 85°C 4000 mAh
Tadiran Israel TLI-1550A 41V -40°C to 85°C 330 mAh

Tadiran Israel TLI-1550HT 4.1V —40°C to 135°C 500 mAh

Saft Batteries MP176065 3.65V -40°Cto 85°C 5600 mAh
Saft Batteries MP174565 XTD 3.65V -40°Cto0 85°C 4000 mAh
Saft Batteries VL25500-125 3.6V up to 125°C 2000 mAh
LG Chem INR18650HG2 3.6V -40°Cto75°C 3000 mAh

in a confined space (e.g. battery pack with metal casing).

Despite the presence of so-called "safe" technologies, such as Lithium-Iron-Phosphate batteries,
it is very unlikely that even this kind of batteries will be approved for medical use in the steam
sterilisation environment in the near future. Also it needs to be mention, that consideration of
Lithium-Iron-Phosphate batteries is more like a marketing slogan for sales. The LFP batteries
does not ignite as easy as other Li-base rechargeable cells, however that means that toxic and

flammable gasses accumulate rather than burn. That shifts the risk towards explosion, especially

M. Daniot  Powering Medical Internet of Things Systems in a Steam Sterilisation Environment



5.2. Electrochemical Capacitors 38

Perspectives on high temperature batteries

As a summary of this subchapter it was essential to answer a question if the new high-temperature batteries
have a chance to be released on the market in the near future, or is it needed to look for some other, alternative
technologies. Author of this dissertation would like to perform a short analysis of this issue. Despite the high
demand for high-temperature batteries, its wide use in the near future might be limited. The main factors
limiting the use of batteries in the medical industry are the battery ageing mechanisms depicted in the figure
5.4. Ageing mechanisms are very closely related to base chemistry and electrochemistry, material properties,
and physics. In the author’s opinion, it is very unlikely that all of these issues will be addressed in the near
future, tested, evaluated and put into production, so alternative power sources need to be researched to allow

powering the electronic sensors inside the autoclave.
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Figure 5.4. Battery aging mechanisms depicted in single figure [61].

Batteries have a lot of advantages, but they also have some drawbacks, which cause severe design limita-
tions. First of all, due to the faradic type of chemical reactions most of them have safety concerns; they are
composed of corrosive, lammable, and toxic electrolytes that can be especially dangerous at elevated temper-
atures. The other problem with the batteries is that only LiFePOy chemistry is chemically stable (in LFP the
phosphate (POy) is more stable and the oxygen is not released as easily as in NCM chemistries) and does not
have as rapid self-heating effect that causes thermal runaway. Finally, for some applications, batteries have a
low power density, which, however, does not apply to the desired application in this Ph.D. thesis. Unfor-
tunately, low cycle life (especially in elevated temperatures) beside the safety concerns is the main limitation

factor to use batteries in sterilisable electronic devices.

5.2. Electrochemical Capacitors

The second most popular energy storage device beside the battery is an electrochemical capacitor (EC).

Capacitors are electrolytic components made up of two conductors separated by an insulator. One type of
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capacitors are electrolytic capacitors, where one of the electrodes is an electrolyte. Capacitors usually have a
very low capacity in relation to the battery. A special type of high capacity capacitors are called supercapaci-
tors. They are electrolytic capacitors in which the electrodes are made of materials with very high porosity,
mainly based on activated carbons, carbon and carbon aerogels [54]. However, an EC distinguishes from a
battery by the charge-storage mechanism, which is typically capacitive rather than faradaic [54], [62]. This
means that there is a reversible adsorption of ions on the electrode surface during charging and discharging;
on the contrary, in faradic processes there is a redox reaction at the anode and the cathode. Such capacitive
mechanism has improved safety contrary to the faradic one. However, there are more differences in contrary
to battery systems such as shorter charging time, very low internal resistance, very high power density, and

very long shelf life. All these differences are summarised in Table 5.2.

Table 5.2. Comparison between supercapacitors and lithium-ion rechargeable batteries, based on [63], [64]

Function Supercapacitor Li-Ion battery
Charge time [s] 5 4000

Internal resistance (ESR) [Q] 0.01 0.2

Energy Density [Wh - kg_1] 5 150
Instantaneous power density [W - kg_l] 10000 2000
Operating temperature [°C] -40 to 200 0 to 60

Shelf life [h] 1000000 3000

No. of charging cycles 1000000 500 to 10000

As can be seen, the difference in energy storage mechanism implies a number of differences in the per-
formance of capacitors relative to lithium-ion batteries. For IoT systems, that is, low voltage, low humidity
sensors together with a communication module, the most important capacitor characteristics are the equiv-
alent series resistance (ESR) (as low as possible, to enable high power delivery) and leakage current (DCL) .
For the application described in this Ph.D. thesis, additional parameters that will critically influence the choice
of technology are the operating temperature range and high capacitance. The form factor plays also a role,
however, it is not as critical as other parameters mentioned above due to the desired use of the sensor node

(surgical containers).

5.2.1. High Temperature Supercapacitors

For electrolytic super capacitors, the operating temperature range is usually up to 65°C. Solutions that
allow operation at temperatures of up to 75 °C - 85 °C are generally referred to as high-temperature superca-
pacitors[65]. Over these ranges, we deal with so-called "elevated temperature applications". Elevated temper-
ature has a negative impact on the EDLC capacitor. One of the most critical factors is electrolyte degradation.
Most of the electrolytes in commercially available EDLC supercapacitors have organic electrolytes that can-
not withstand temperatures greater than 100 °C. High temperature also accelerates solvent decomposition,
electrolyte ion intercalation into the electrode, and reaction of the impurities with the electrolyte [46]. All
of these factors may lead to cell production of gaseous products causing package deformation and danger of
explosion, but even though there is no gasation effect, ESR increase and capacitance loss might occur. As
mentioned above, most commercially available products do not withstand temperatures over 65°C. In re-
cent years, however, efforts have been made to develop an electrolyte and production technology for EDLC

supercapacitors capable of operating at temperatures up to 200 degrees Celsius. One example of such technol-
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ogy, already commercialised, are FastCap Systems supercapacitors capable of operating at temperatures up to
150 °C. Unfortunately, this technology, despite its advantages, is so far relatively unattractive economically,

and it is not possible to use these devices to build a low-cost [oMT module.

5.2.2. Lithium-Ion Capacitors

A lithium ion capacitor consists of a cathode (usually carbon), a predoped lithium anode, and an organic
electrolyte containing lithium ions. These properties can be altered by the appropriate doping and selection
of materials for a particular application. The charging and discharging mechanism adopted in LIC technol-
ogy consists of adsorption or desorption of anions to and from the surface of the positive electrode (as in
EDLC capacitors) and intercalation and deintercalation of Li+ ions on the negative electrode (as in lithium ion
batteries, this process involves reversible incorporation of lithium ions into the structure of transition metals
and graphite constituting the anode material). This combination of EDLC capacitor and battery properties
makes lithium-ion capacitors with EDLC solutions features such as higher specific power and higher cycle
life, and lithium-ion batteries features such as higher specific energy and voltage compared to EDLC. It is
worth adding that specific energy and specific power increase with the square of the voltage. Lithium-ion
capacitors have a much higher operating temperature than lithium-ion batteries because of their design. In
some cases, this temperature reaches 105 °C. Unfortunately, the vast majority of lithium-ion capacitors are
sensitive to high temperatures. As the ambient temperature increases, their chemical and electrical parameters
deteriorate. With the number of cycles at high temperature, the capacitance of the capacitor decreases. This is
due to active carbon (AC) material utilisation, SEI formation, anode lithium storage consumption, and change
in pre-lithiation capacity [62]. The increase in temperature also accelerates the electrolyte evaporation inter-
calation of ions from the electrolyte on the electrodes, as well as the reaction of production impurities with the
electrolyte. This in turn leads to the formation of gaseous products causing an increase in pressure inside the
capacitor, the formation of solid deposits blocking the pores of the electrodes, which in turn leads to a decrease
in capacitance, and an increase in ESR. These phenomena cause, on the one hand, deterioration of the device’s
operating parameters and, on the other hand, lead to the risk of a safety incident. At present, a lot of work is
being carried out on electrolytes enabling their operation at high temperatures. Compounds based on ethy-
lene carbonate and dimethyl carbonate seem to be particularly promising; however, the only commercialised
solution (to the best knowledge of the author) is the Taiyo Yuden capacitor capable of operating at 105 °C.
This capacitor is the only one on the market that can be a candidate for sterilisable electronic sensors, but it
must be insulated due to the steam sterilisation temperature exceeding the maximum operating temperature
recommended by the manufacturer. Therefore, admittedly, it can be used as an auxiliary solution and as an

energy reservoir frorn energy harvesting.

5.3. High Temperature Energy Storage Systems Summary

This chapter analyses available and commercialised electrochemical energy storage technologies. A num-
ber of parameters relevant to the designed application, a power module for low-energy high temperature sen-
sors, were selected. The analysis was done in terms of thermal endurance, safety, ease of use, and economy.
Batteries, rechargeable batteries, supercapacitors, and lithium ion capacitors were considered. This selection
was dictated by the commercial availability of products in these technologies. Only a few of the available
technologies demonstrated the ability to operate at temperatures above 100 °C. The vast majority had an op-
erating range of up to 85 °C, which still exceeds consumer-grade batteries that can operate at temperatures of

50 °C or less. The most widely available solutions are primary batteries, which can operate in temperatures as
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high as 170 °C. Unfortunately, the nature of their operation determines the need for technical supervision and
battery replacement in case of depletion. This implies the need to develop logistics at the hospital level, which
is the criterion that disqualifies this technology from the application considered in this dissertation. Recharge-
able batteries (based on secondary cells) and especially lithium ion batteries, are generally not adapted to work
at temperatures that prevail in the autoclave. Another problem with lithium-ion batteries is their life time
at elevated temperatures, which is usually low, estimated at a maximum of 500 cycles. Suppose a scenario in
which the device is sterilised daily, this is less than a year and a half of product life. There is only one battery
model available on the market that is suitable for sterilisable medical device applications, but unfortunately, due
to availability risks and the manufacturer’s requirements (contact and specification of the device in which the
model is to be used), it is not suitable for the purposes of this dissertation. Among the EDLC supercapacitors,
only a few are capable of handling sterilisation in an autoclave. The only manufacturer of such supercapacitors
is FastCap Systems (this is a technology patented in 2018). Due to the innovative character of this solution and
patent rights, this solution is economically unjustified in the context of a low-cost power module - the subject
of this dissertation. Additional disadvantages also arise from the very characteristics of EDLC technology: a
significant leakage current would have to be compensated in some way. Finally, parts availability can be an
issue here, due to the fact that these capacitors are not offered at retail but only by the manufacturer directly.
This is an additional risk factor against this solution. The fourth type of ESS considered was lithium-ion ca-
pacitors. This solution, which combines the selected features of EDLC capacitors and lithium-ion batteries, is
one of the most promising energy storage technologies available on the market. The increased safety charac-
teristic of EDLCs compensates for the disadvantages of lithium-ion batteries, while taking over their positive
features, such as very low leakage current. At present, the market for high-temperature lithium-ion super-
capacitors is dominated by Taiyo-Yuden, although it is not the only manufacturer, which is important from
the point of view of supply and production security. The models available on the retail market can operate
at temperatures up to 105 °C. In combination with thermal insulation, it is possible to use this technology in
sterilisable applications. For the reasons mentioned above, it was decided to consider this solution as an energy
storage. However, to ensure maintenance-free operation of the entire module, it was decided to use energy
harvesting technology to supplement the energy consumed by the measuring equipment and compensate for

leakage current.
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Abstract

The chapter reviews energy harvesting methods with a view to their use in the hospital environment. Thermal energy
harvesting was then decided on as the method of choice. A description of the thermal energy harvester and the physical
phenomena occurring in it was made. The available technologies are described. A market review was carried out and

then the Bismuth telluride based thermoelectric generator was chosen as a technology of choice.

Outcomes of this chapter: This chapter provides a review of the available energy harvesting technologies and se-
lection of thermoelectric energy harvesting as the technology of choice for further development. A solid theoretical
background of TEG working principle is presented, maximum power point requirements are presented and factors af-
fecting power generation efficiency are defined. Finally, a technological and market analysis is performed providing input

for initial requirements of the device model developed in this PhD thesis.

The process of recovering energy from the environment is called energy harvesting (EH) . In the context
of today’s applications, energy harvesting involves not only recovering energy from the environment but also
storing it for low-power electronic sensors and applications. Many different approaches to this topic have
evolved over the years, and energy harvesting itself is possible from sources such as fluid flow, the sun, vibra-
tionx, strain, electromagnetic radiation, thermostatics and thermodynamics, changes in atmospheric pressure
or from such a non-obvious source as blood sugar. In the context of Internet of Things sensors and elec-
tronics, the most common energy harvesting methods are mechanical or piezoelectric, electromagnetic, solar,
thermoelectrical and wind energy harvesting. Their applications range from agriculture sensors to wearable
technologies and eventually to nuclear power station applications. All of the EH techniques are presented in

the Figure 6.1.

6.1. Hospital Context for Energy Harvesting

Based on the workflow presented in the figure 4.1, the feasibility of different types of energy harvesting
technologies was analysed. Technologies that use energy sources based on fluid mechanics, i.e. hydro energy
harvesting and wind energy harvesting, have been rejected. This is because it is not foreseen in this study to use
the equipment outside the hospital building environment. It is also not possible to use hydroturbine technology
because during the life cycle of a surgical instrument it is not part of the processes that use laminar flowing
fluid under high pressure. The second type of energy analysed is mechanical energy. As the designed module
is intended to be used in a medical container, the possibility of using kinetic energy from human physical
activity was rejected. By combining the two remaining energy sources, vibration and pressure changes, they

were both analysed with regard to the logistics of medical containers in the hospital. The container is exposed
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to vibrations and impacts during its transfer from place to place, either manually or on a special transport
trolley. This phenomenon, which is detrimental to the construction of the container itself, occurs throughout
its entire life cycle - from the sterilisation room via the warehouse to the operating theatre. This is desirable
from the point of view of energy harvesting based on vibrations - piezoelectric harvesters or electrostatic
harvesters. The third potential energy source analysed was light energy. Energy harvesting based on light
energy inside buildings is applicable to some IoT sensor applications, however, the medical container logistics
process does not guarantee that a given container will be exposed to light energy long enough to store the
energy needed to power the sensors during the sterilisation process. In addition, if the sensor is located inside
the medical container, the energy harvesting system of that sensor would have to be integrated into the
container itself. Otherwise, the energy harvesting of indoor light would not be possible. Energy harvesting
from electromagnetic waves was also considered; however, the efficiency of such solutions, the fact that medical
container are usually made out of metal which limits the radio field available and the possible amount of energy
harvested compared to the average demand of IoT sensors made it impossible to choose this method. The last
of the energy harvesting methods analysed is thermal energy harvesting. During the steam sterilisation, the
container is exposed to high temperatures, up to 134 °C. Furthermore, the temperature gradients that occur
in the autoclave during the sterilisation process are significant, as shown in Fig. 4.4 and Fig. 4.5. Moreover,
it can be assumed that each of the containers will undergo the sterilisation process with a frequency adequate
to its use. Generating electricity from a thermal source - the temperature inside the autoclave - brings with
it another advantage in the context of supplying power to sensors supervising the sterilisation process - if the
thermogenerator is properly designed, the sensors will be powered even when their energy storage system
is discharged. These factors were the reason why thermoelectric energy harvesting using peltier modules
was chosen for further analysis. All energy harvesting methods, and the potential energy yield of each are

summarised in Table 6.1.
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the context of hospital environment are marked in blue [66], [67].

M. Daniot  Powering Medical Internet of Things Systems in a Steam Sterilisation Environment



6.2. Thermal Energy Harvesting 44

Table 6.1. Comparison and summary on different energy harvesting methods preselected to use in a hospital

logistics environment [68]-[70]

Harvester Physical Phenomena Power Density Efficiency

] ] Outdoors: 15mW - cm™
Photovoltaic Photovoltaic Effect — 40%

Indoors: 10 - 100 pW - cm™

Piezoelectric Piezoelectric Effect 330 pW - cm™ 30%
Electromagnetic ~ Faraday’s law 306 pW - cm™ per kHz 67 %
Electrostatic Vibration-dependent capacitors 50 - 100 pW - cm™ 23.5%
Thermoelectric ~ Seebeck effect 100mW - cm™ 10% - 15%
RF Ubiquitous radio transmitters ~ 0.01 - 0.1 pW - cm™ 50% - 70 %

6.2. Thermal Energy Harvesting

Due to the practical implications of energy harvesting in a hospital environment, thermal energy
harvesting have become a technology of choice. In this chapter, basics of the thermoelectric effect will be
introduced, its practical implementation both as a single P-N pair and as a whole module will be discussed,
as well as basic parameters describing a single thermoelectric generator module. Finally, a short review of

thermoelectric technologies considering their operating temperatures and market research will be conducted.

The generation of electricity from heat has been known since the 19th century, when in 1821 the scientist
Thomas J. Seebeck discovered that in a circuit built out of two different metals, the heating of one of the
junctions in the circuit creates an electromotive force (potential difference). We call this effect the Seebeck
effect. Thirteen years later, the opposite of the Seebeck effect was discovered by Jean Peltier. It involves the
release or absorption of heat energy when an electric current passes through a junction. In 1856 another
physicist, William Thomson, discovered that when a current flows through a homogeneous conductor with
a temperature gradient, heat is absorbed or dissipated. This effect is called the Thomson phenomenon. These
phenomena were not understood until the late 19th century, when electrons were discovered. Thermal energy
can release e.g. certain amounts of electrons from their atomic bonds, even at room temperature, causing them
to move to areas where they can move. However, when we apply different temperatures to two different areas
of a conductor, the area with the higher temperature will release more free electrons. These electrons then
diffuse to the cooler area where there are fewer of them. The difference in electron concentration between
the warm and cool areas of the conductor also causes an electric field to occur which, through the action
of Culomb’s forces on the electrons, causes them to move towards the cooler area. Consequently, an electric
current lows opposite to the temperature gradient, causing an electromotive force to occur. This phenomenon
is reversible - i.e. current flow in a given direction generates a certain opposing temperature gradient. The

mechanisms described are used in devices called thermogenerators and thermocoolers.

6.2.1. Thermoelectric Generator - What Do We Talk About

In thermal energy harvesting a device of choice is thermoelectric generator (TEG). It is a solid-state device
that produces electrical energy from the thermal gradient across the device. TEGs are usually build from
thermoelectric (TE) elements. TE element is composed from a pair of p-type and n-type semiconductors
connected in series with a copper connector, while being placed between two ceramic plates in a form of a

sandwich. This structure forms so called TE pair which is connected electrically in series and thermally in
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parallel. Each pair, when applied a thermal gradient across, is generating a given voltage, due to the Seebeck
effect. To increase the efficiency and output power TE pairs are connected forming a TEG. In a standard
TEG it can be multiple TE pair, usually from 100 to 200. Overview on a single TE couple as well as a TEG
is presented in the Fig. 6.2. The physical principles of TEG will be discussed shortly.
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Figure 6.2. 3D model of the thermoelectric generator (A), cross-section of the TEG with visible thermoelec-

tric couples (B), cross-section through a single thermoelectric couple (C).

6.2.2. Thermoelectric Effect and Heat Transfer

The fundamental principle of TEGs is based on thermoelectric effect that can be described as direct con-
version of temperature differences to electric voltage and vice versa via a thermocouple. It is a physical phe-
nomenon which is a basic mechanism used in thermogenerators. The thermoelectric effect is composed from

three different phenomena: Seebeck effect, Peltier effect and Thomson effect [71], [72].

Thermal conduction

Thermal conduction is the transfer of energy from one particle to another, mediated by the oscillatory
motion of these particles. This process continues until the body temperature is equalized throughout the
volume under consideration [73]. An example to illustrate conduction would be heating one end of a copper
wire over a flame. The wire heats up gradually and heat flows from its hot end (over the flame) to the cold
end. In the case of thermogenerators, heat transfer by conduction occurs from the heat source, through the
hot ceramic cover of the thermogenerator, through the TE vapour to the cold cover of the thermogenerator
and on to the heat sink. It is possible to quantify the amount of heat transfer using Fourier’s law, which for a

one-dimensional object takes the form:

. AT

where:
Qc - heat transfer through the conduction [W],
k - thermal conductivity [W - m~ - K~1],
A - heat transfer area [m?],
AL _ temperature gradient, where where x is the distance along the heat flow path [K - m™].

When considering the conductive heat transfer through TEG pellet, equation ((6.1)) can be formulated as
follows [74]:
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AT

Qc ~ —k%AT = _2®np (6.2)
where:
L - height of the TE pellet [m],
A - heat transfer area, in this case cross-sectional area of the TE pellet [m?],
T - temperature in Kelvin [K],
©,p - thermal resistance of the couple of pellets [K - w-1].
Thermal resistance ©,, of the couple of pellets can be expressed as:
O - %i (6.3)

When considering the thermogenerator as a whole, we will be dealing with N (multiple) thermal pellets

connected in parallel. Therefore, the overall thermal resistance of the thermogenerator will be equal to:

(C)
__pn
OTEG = 37 (6.4)

Joule heating

Another physical phenomenon taking place during the operation of thermoelectric module is Joule heat-
ing. Joule heating is a physical effect in which the flow of current through a conductor produces heat energy
[72], [75]. This can be seen as the transformation of electrical energy into thermal energy. Considering an
electrical conductor of length L and cross-sectional area A, made of a material with electric resistivity p, one
can calculate its electrical resistance using the formula:

pL

Ru=22 (6.5)

Having an electrical resistance R, it is possible to calculate the estimated Joule heating using the well

known formula:

Q=R (6.6)
Where:

I - electric current [A]

R,y - electric resistance of the specific material [Q]

The Joule heating Q] will be referenced later, in equations (6.28) and (6.29).

Seebeck Effect

Seebeck effect plays a major role in thermoelectric energy harvesting and the most straightforward way
to describe it is the conversion of a temperature difference into an electric current. Suppose we have a TE
pair composed of two different materials, the p-type and n-type, electrically in series and thermally in parallel.
After applying a thermal gradient by heating one side of the pair, it can generally be found that a potential
difference, or voltage Vs, will appear on the TE pair [72], [75], [76]. The voltage Vs can be defined as:
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Vs =apAT (6.7)

where:
AT - temperature difference between hot side temperature (T},,,) and cold side temperature (T,,;;) of
the TE pair equals AT = T),,, = T.,14»
apn - relative Seebeck coefhicient equals to the difference of Seebeck coefhicient of p-type pellet and

Seebeck coefhicient of n-type pellet according to the equation: @, = @, — ay.

Relative Seebeck coefhicient Apn> also called thermopower, can be defined as the ratio of electromotive
force to temperature difference and it is measured in V - K1 or pv - K~1. However, measurement of absolute
thermopower is difficult to perform, as voltage meter always reads the relative Seebeck coefhicient between

materials p and n.

Peltier Effect

Peltier effect is the reverse phenomenon of the Seebeck effect. When a current flows throught the junction
connecting two materials (e.g. p-type and n-type inside TE pair), it will emit or absorb heat. The heat is
proportional to the current flow and it changes the sign according to the current flow direction. We can

express this relationship as follows [72], [74]:

Qp = (mp = mu)I = mpul (6.8)
where:
Qp - Peltier heat absorbed or generated - depending on the flow of the current I [W],

7pn - Peltier coefhicient between p-type and n-type material equals to the difference between Peltier

coefficient of p-type material 7, and Peltier coefficient of n-type material , [J - C™'].

Peltier coefhicient can be defined as the heat energy per electron per unit time carried to the junction and

depends on using two different materials with a large difference between their Peltier coefficients [77].

Thomson Relationship and Thomson Effect

The third thermoelectric phenomenon described is the Thomson eftect. As Encyclopeedia Brittanica defines
[78]:

Thomson effect, the evolution or absorption of heat when electric current passes through a circuit

composed of a single material that has a temperature difference along its length.

Its influence on the operation of a thermoelectric module is usually negligible, but it should be mentioned be-
cause it represents a link between the Seebeck effect and the Peltier effect. Through thermodynamic analysis,
Thomson has shown a direct relationship between the Peltier and Seebeck effects [72], [76], [79], [80]:

fton = apn T (6.9)
da
_ 8%
= T (6.10)
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and

QP = apnTI (6.11)

where:
apu - relative Seebeck coefficient between p-type material and n-type material [pV - K],
myu - relative Peltier coefficient between p-type material and n-type material [J - C™'],
zpu - relative Thomson coefficient [V - K],
T - absolute temperature of a pellet [K],
I - electric current [A].

This is one of most important thermoelectric equations and it’s full deduction can be found in [72] and [81].

In addition, Thomson showed that heat release or absorption also occurs when current flows through a
material that has a temperature gradient along its length, as shown in equation (6.12), the sign of 7 is negative
if the heat is liberated from the material and positive when the heat is absorbed [82], [83]. This phenomenon

is referred as Thomson effect, and is defined as:

Qr= Y (6.12)
X

where:
r - Thomson coefficient of a material [V - K™1],

I - electric current [A].

Thomson effect can be illustrated by the example of a copper wire through which current flows and which
is heated at a point such that we can distinguish between its hot and cold points. In this situation, heat is
absorbed when the conventional current approaches the hot point and transferred to the copper just after the
hot point - towards the cold points. In practise, the Thomson effect is smaller by order of magnitude from

Joule heating, which overlays it, and it can be neglected in the simulations [74], [84].

Figure of Merit

In order to be able to compare different types of thermoelectric materials, it became necessary to introduce
a thermoelectric figure of merit [72], [74], [76], [85], [86]. The figure of merit characterises the performance
of a material or device. In the case of thermoelectric devices, the figure of merit, with units 1/K can be defined

as:

z-% .~ 29 (6.13)

where:
a - Seebeck coeficient [pV - K],
p- electrical resistivity [Q - m],
k - thermal conductivity [W - m™" - K],
C,, - thermal conductance [W - K71],
R - electrical resistance [Q],

O - thermal resistance [K - W~1].
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Figure of merit can be also dimensionless, having a form of ZT, where T is the absolute temperature
in K. It is also worth mentioning that there are no universally accepted measurement procedures for a, Cy,
and R for thermoelectric materials; therefore, the methods and results shown in the literature might slightly

differ. Thus, it is widely accepted that ZT value of the thermoelectric module can be averaged [86].

The ZT value is directly correlated with the energy conversion efficiency of a given thermoelectric ma-
terial. However, obtaining high ZT values and thus high efficiency of these materials is a complex task. This
is because in order to achieve high ZT values, the Seebeck coefhicient and the electrical conductivity must be
maximised, while the thermal conductivity should be minimised. All three requirements are very difficult to
meet. Considering the performance of thermoelectric materials, we can speak of three generations. The first
generation from the late 1950s and early 1960s achieved a ZT factor of 1.0, which translates into an efficiency
of 5%. The second generation of thermoelectric materials began in the 1990s with a ZT of 1.3 to 1.7 and an
efficiency of up to 15%. The third generation of thermoelectric materials developed today enables efficiencies
of up to 20% to be achieved with a ZT between 1.8 and 2.2 [72], [87]. It should also be mentioned that the
parameters of the materials, and therefore their ZT, depend on the operating temperature. This is not always

possible, as not all known solutions and materials are commercialised.

6.2.3. TEG Model in Steady State

As was mentioned before, a thermoelectric device, which is in this case a thermoelectric generator, is made
up of p-n junctions connected thermally in parallel and electrically in series. These p-n junctions are covered
with ceramic plates on both sides, forming a sandwich structure. This is shown in the picture 6.2 which

depicts the structure of the TEG, and in the figure 6.3 a scheme of a single thermoelectric pair is presented.

Op
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A A pmpe T nppe 1A A,
.............. b i = S —
Lpé “pﬁ? (? ?Holes an? Elcmzi ;Ln
L (e 7 w 1G]

h k .
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| |
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G )
Vrea

AYAYAAY = 2
Ry

Figure 6.3. Thermoelectric pair scheme with the flow of the heat and current generated. Based on [72], [74],
[88]-[90].

As stated in [83], each TE pair is composed of p-type and n-type semiconductor pellets. These pellets
are usually made from a similar material, for example, p-doped Bismuth Telluride (Bi,Te3) for the p-type
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pellet and n-doped for the n-type pellet, respectively. The Seebeck coefficient of TE pair can be defined as in
equation (6.14)
a=ap-ay (6.14)
where:
a, - Seebeck coefficient of p-type material [V - K1,
ay - Seebeck coefficient of n-type material [pV - K~1].

The electrical resistivity of the TE pair can be defined as a sum of electrical resistivities of both n-type and

p-type pellets as they are connected electrically in series. This is expressed in Equation (6.15).

Ppn = Pp * Pu (6.15)
where:
pp - electrical resistivity of p-type material [Q - m],

pu - electrical resistivity of n-type material [Q - m].

The thermal conductivity k,, of the TE pair can be defined as the sum of the thermal conductivities of the

TE pellets, as shown in equation (6.16):

o = ey + ey (6.16)

where:
ke, - thermal conductivity of p-type material [W - K],

ky - thermal conductivity of n-type material [W - m™ - K~1].

By doping a basic material with p and # impurities it is possible to achieve the relation of the material

parameters between the p-type and the n-type pellets, which is defined in equations (6.17), (6.18) and (6.19).

ap = —ay (6.17)
Pp = Pn (6.18)
kp = ky, (6.19)

Based on existing literature [72], [74], let us consider step by step how the thermoelectric generator works.
This is needed for further mathematical modelling of the TEG behaviour. Let us consider a situation where
across the TEG a thermal gradient AT is applied, so T}, stands for higher temperature applied and T, for the
lower temperature applied on the other side of the TEG. The first effect which will be under consideration is
the heat flow through the TEG caused by the thermal convection. As was mentioned in Equation (6.2) the

thermal conduction is equal:

) k
Qc = %ApnAT (6.20)

where:
kyy - the thermal conductivity of the TE pair [W-m™. K],
L- height of the TE pair (or single pellet) [m],
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Apn - heat transfer area of the TE pair equals to sum of cross-sectional area of p-type pellet and n-type
pellet (A = A, + A,) [m?].

Such a heat flow through thermoelectric material leads to the occurrence of an electromotive force (EMF),
caused by the Seebeck Phenomenon. The thermoelectric material EMF can be expressed as the electric field

strength vector (6.21):

AT
= —g— 21
VTEG (ZAL (6 )

where:
a - Seebeck coefficient of the thermoelectric material [pV - K],
ﬁ—{ - thermal gradient [K].
In engineering practice, based on the equation (6.7), this can be referred as Seebeck voltage (V) as in the

equation (6.22):

Vs=Vs, + Vs, = (@p-an)AT = apAT (6.22)

where:
Vs, - Seebeck voltage of p-type pellet [V],
Vs, - Seebeck voltage from n-type pellet [V],
ay - Seebeck coefficient of p-type material [V - K1,
ay - Seebeck coefficient of n-type material [pV - K~1],

apn - Seebeck coefficient of the TE pair, equals &, — ay [pV-K1].

Normally, the TEG works connected to a energy harvesting system. It can be stated that this system, from
the TEG perspective, is a load, with a given resistance Ry . This causes an electric current I to flow and causes
joule heating which affects the thermal balance of the TEG. Assuming that p, = p, = p,y, based on equation
(6.18), the joule heating of a single TE pair can be expressed as shown in Equation (6.23):

. PrLy  puLy > 2L
_p 12y, 2k 6.23
Q] ( Ap ¥ Ay Ppn Apn ( )

where:
I - electrical current [A],
Pps P = electrical resistivities of p-type and n-type pellets materials respectively [Q - m],
Ly, Ly - height of p-type and n-type pellets respectively [m],
Ap, Ay - heat transfer area equals to cross-dimensional area of the p-type and n-type pellet in TE pair
respectively [m?],
L - height of p-type and n-type pellets, in TE pair L, = L, = L,, [m],
Apn - cross-section area of p-type and n-type pellet, A, = 4, + A, [m?],
ppn - electrical resistivity of TE pair, pp, = pp = py-

It is also possible to define the resistance of a single TE pellet as follows:

2L
Ryn = ppn—— (6.24)
pn
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Most of the researchers agree that it can be assumed that half of the joule heating is added to the cold side,
and the other half to the hot side, however, some papers do not agree with this assumption, stating that it is not
accurate enough [91] and others neglect the Joule heating [92]. As this thesis is not focused on evaluation or
development of thermoelectric pair mathematical models, the common assumption that Joule heat dissipates

half to the hot and cold side is taken for further consideration.

When current flows through the p-n junctions of the TE pair another effect, opposite to Seebeck’s, needs

to be considered - a Peltier effect, expressed as:

Qp= mpnl = (np — )l (6.25)
where:

Qp - Peltier heat flow between hot and cold sides.

Taking into account the Thomson relation from Equation (6.9):

Qp = ap,TI = (ap - a,)IT (6.26)

The last thermoelectric phenomenon considered in the TE pair model is the Thomson effect, as shown in
the Equation (6.12). For the TE pair’s pellet, the Thomson effect is as follows [82], [88]:

Qr= —TIZ—Z = -Tj-?ﬂli% (6.27)
Where:
7 - Thomson coefficient of the TE pellet [V - K],
I - electric current flowing through the TE pellet [A],
T - temperature of the TE pellet [K],
a - Seebeck coefficient of the TE pellet [V - K~!],
L - length of the TE pellet [m].
The Thomson heat is usually neglected because it overlays with the internal Joule heating, being smaller
by order of magnitude.
These five effects occur in the steady operation state of the TE pair. Taking all of them under consideration,

it is possible to form two equations describing a heat flow balance on the hot and cold sides:

L . Q
Q= Qc, + O, -2 (6.28)
.. . Q

Qc=Qc, +Qp + 7] (6.29)

Taking into account the heat on the cold and hot side of the whole TEG it is needed to adapt the Equations
(6.28) and (6.29) for a given number of pellets in the TEG which we define as N:

k 1
. o 5
QTEGh =N TApHAT + Apn Thl_ 51 an) (6.30)

—_——— —— ——
Qe Qpy, %Qj

the same for the cold side:
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. ke 1
Qrege =N %ApnAT*' apnTcl+ EIZan) (6.31)

—_— Y
QC{ Ql’r %Q_]
Having a heat balance on both sides of the TEG, it is possible to calculate the power output of the module.

Applying the first law of thermodynamics, for the thermoelectric module the power output is:

WrEG = Qrech — QTEGE (6.32)

The total power output of the TEG can be described using internal properties of the TEG as follows:
WreG = N(opnd(T;, - T) - PRy (6.33)

From the external load with the resistance of Ry perspective, the power output can be stated as:

Wrpe =N -IPRp, (6.34)

Assuming that:
Wree =1- Ve (6.35)

we can calculate the total voltage of the module as:

Vipg=N-1-Rp =N [apn(Th -T)- IR,M] (6.36)
~—————
Load Module internal perspective

perspective

From Equation (6.36), it can be stated that the current lowing from the TEG is defined as:

_ Ve op(Ti=T) (6.37)
RL + an RL + R}m )

It is worth to note, that current I is independent of the number of TE pairs. Inserting the equation (6.37)
into equation (6.36) gives the voltage across the TEG dependent only from thermal material and electrical

characteristics of the module, and the thermal gradient:

(6.38)

Vr1EG = o kT - T (ﬁ)

Ry R
m+l pn

The produced electrical power can be calculated by inserting equation (6.37) into equation 6.35 which gives

the following formula:

Ry
. N ' aZﬂ(Th - TC)2 Rm
Wreg = r R — (6.39)
" E
Ry

The thermal efficiency is defined as the ration of the power output over the heat absorbed at the hot junction:

Ny = WreG (6.40)
Qy

Inserting equations (6.30) and (6.39) into equation (6.40) gives a conversion efficiency defined as follows:
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(- L)R_z
i = A (6.41)
1 Rpy 1 T, 1 Ry T, ’
1+ B~ 30 B)+ (1 B+ 5
Where the average temperature is defined as T= %

Maximal parameters of the thermoelectric module

Estimation of maximum parameters of the thermoelectric module is essential for choosing the right TEG
for the application. Maximum TEG parameters can be calculated as it was shown in [72]. The maximum
current of the TEG module obviously occurs when the shortcircuit occurs; in such a situation, the load
resistance Ry is close to 0. By applying this assumption to Equation (6.37) we can state that the maximum

current of the TEG is equal:

(X(Th— TC) _ N - Ol(Th—Tf) _ N-O((AT)

Lax = 6.42
e an N - an RrEG ( )

where:

Rrgg - internal resistance of the TEG module equals Rrp = N - R, [Q].

The maximum voltage of the TEG occurs when there is an open circuit, so I = 0. Having such situation

it is possible to apply it to the equation (6.36) and calculate OCV as follows:

Vinax =N - apn(Th - Tc) (6.43)

The maximum power output can be estimated by by maximizing W rgg with respect to current. The detailed

explanation of the formula can be found in [93] and [94].

) 2T, -T)? V3
woo M\ TdT T TEG
max — 4an 4an (6.44)

By differentiating the conversion efficiency in equation (6.41) with regard to the proportion of the load re-
sistance to the internal resistance and setting it to zero, the maximum conversion efficiency may be attained.

IiL =V1+ZT The highest conversion efficiency is then:

Rrec

The end outcome is a connection of

TC) 1+2T-1

Umax:(l__ —
T 1+\/1+ZT+%

Not only conversion efficiency is essential for building energy harvesting systems, but also a maximum power

(6.45)

efficiency. It is obtained by letting the R /Rt = 1 in equation (6.41). The maximum power efficiency 7,

is then expressed as follows:

Nmp = (6.46)

Normalized Parameters of the TEG

Normalised characteristics of the TEG might be obtained by dividing the given parameter by its maximal

value, and its very useful in characterization of commercial modules, the normalized plots of power, voltage,
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current, and efficiency against normalized load are depicted in Figure 6.4. As it can be seen, the maxi-

mum power output is given when Ry equals R7gg, and the maximum energy efficiency when Ry equals 1.5 R.

1%

The normalized power output 72— can be obtained from the equation:
max
. Rp
W R,
Winax R, 1 2
Ry

Normalized currents obtained from equations (6.37) and (6.42) are as follows:

I 1

Imax & +
an 1

Normalized voltage onbtained from equations (6.36) and (6.43):

Ry
Vi R
Vinax LS 1

pn

Normalized thermal efficiency is obtained from the equations (6.41) and (6.45):

Ry (m+ %’)

n Ry

Nmax

0,9

0,8

0,7

0,6

0,5

0,4

0,3

0,2

0,1

(6.47)

(6.48)

(6.49)

(6.50)

Figure 6.4. Normalized parameters of Power, Efficiency, Voltage and Current as a function of load resistance

(Rp) to TEG internal resistance (R) ratio.
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Figure 6.5. Overview of commercialized TEG materials and their ZT values depending on the ambient
temperature. The thermal range of steam sterilization in the autoclave is marked in red and depicted as
T putoclave- Diagram based on the data from [86], [88], [95]-[98].

Thermoelectric Materials Review

As mentioned earlier, we can conventionally distinguish three generations of thermoelectric materials [72].
Their ZT or figure of merit differs depending on the thermoelectric material, its additives, the technology
in which it was made and the temperature. To maximise the performance of a thermoelectric device, the
thermoelectric material must be selected in such a way as to achieve the highest possible ZT in the expected
operating temperature range.

In addition, when considering the potential implementation of the entire system into production, it is im-
portant to focus on as many commercially available materials as possible. Although autoclave temperatures are
in the range of 20 °C to 140 °C, which in the context of consumer electronics is the high temperature range,
for thermoelectric materials, this range is the low temperature range. An overview of the ZT dependence of
the operating temperatures of commercially available thermoelectric materials can be seen in Figure 6.5 and
their commercial embodiments in the Table 6.2. As we can see in the figure, the material that achieves maxi-
mum performance in the specified temperature range is Bismuth Telluride. It is also the oldest thermoelectric
material. Its undoubted advantages include wide product availability: 70% of thermoelectric devices available

on the market are based on Bi, Tes. Unfortunately, it also has a number of disadvantages.

Bismuth Antimony (BiSb): Bismuth Antimonide (Antimony) is the only material with unique thermo-
electric properties in the temperature range below room temperature. It is used mainly in the range of liquid
nitrogen (80 K where its ZT reaches 0.4 [75]. The maximal ZT of these types of materials can be achieved by
appropriately doping and in the presence of a magnetic field at a temperature of 120K, where its ZT reaches

values over 1.0 [100]-[103]. However, one of its main disadvantages is its poor mechanical stability[75].

Bismuth telluride (BizTe3): Asshown in Figure 6.5, bismuth telluride is the preferred material for the low-
temperature domain (between 0°C and 200 °C). It has the highest figure of merit for p and n-type material
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Table 6.2. Comparison of different thermoelectric materials used for thermoelectric generators, with respect
to its market availability [99]. C — material commercialized, R — material in research, P - prototypes available,

+ — positive assessment, - — negative assessment, ? — no data or contradictory data

Materials | BiSb  BipTe; PbTe SiGe MnSij73 Mgp-SiSn CoSb; Oxides Half-Heuslers

Market status | C C C C R R P P P
Figure of Merit | <1.2  <1.0 <10 <1.0 > 1.0 > 1.0 > 1.0 <1.0 > 1.0
Operational Temperature | 80 300 500 900 550 550 520 700 550
Long-term Stability | ? + + + ? ? ? ? +
Mechanical Stability ? - + + + + - _ +
Thermal Stability |+ ? + + + + + + +
Chemical Stability + ? ? ? ? ? > _ +
Toxicity + - - + + + ? + ?
Environmental Aspects + - - + + + - + >
Raw Material Availability ? - - - + + ? + ?
Large Scale Manufacture + + + + + + + + +

in this range. It is now the most widely used thermoelectric material. ZT’s recognised average value ranges
from 0.8 to 1.1.

Lead Telluride (PbTe): Lead telluride is widely used for power generation in mid-temperature range start-
ing from 200 °C and going up to 600 °C. It’s ZT in a room temperature is only about 0.1 but in the operating
temperature range the peak ZT is about 0.8. Additionally, the addition of suitable admixtures might increase
the ZT to more than 1. Unfortunately, assuming the steam sterilisation temperature range, this material does
not have sufficient ZT [104], [105].

Silicon-germanium (SiGe): The silicon germanium matherial is a preferred TE material for power gener-
ation at elevated temperatures as high as 1200 K. The ZT reaches values from 0.7 to 1.1 at optimal temperature.
This type of material has been used in deep space NASA missions; however, its desired operating temperature

prevents it from use in the application of steam sterilisation.

6.2.4. Commercial Available Thermoelectric Generators

The industrial nature of this PhD indicates the need for market analysis in terms of suppliers and available
technologies. Despite the commercialisation of four thermogenerator technologies, i.e. BiSb, BiyTes, PbTe
and SeGe, the only TEG modules available on a mass scale are those based on bismuth telluride. A total of
69 suppliers of thermoelectric modules have been identified offering different types of technology. Table 6.3
shows the leaders in each technology and the companies that had their product offerings available generally. As
can be seen, the technology based on bismuth telluride (Bi,Te3) has received the most commercial attention.
This is due to its operating temperature range that covers room temperatures and applications operating below
200°C, and the fact that it can easily be used to cool consumer and speciality electronics. This makes the
technology applicable in the wearables segment, the mining industry, heavy industry, and the automotive
industry, among others [106]-[109].
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Table 6.3. Summary of main TEG manufacturers divided on different technologies

Manufacturer Materials AT  Power Trmax

HiZ, Thermonamic,

Lairdtech, Marlow,

European Thermodynamics,

Ferrotec Nord,

errotec ot Bis Tes 300K 20W 200°C - 300°C

Kryotherm, AMS Technologies,

CUI, Crystal Ltd, Kelk Ltd,

P&N Tech, RMT LTD, Wellen

Tech, Thermonamic, Micropelt

TEGNology ZnySby/MgoSisn 105K 9mW 125°C
Calcium/Manganese

TECTEG MFR ] 750K  12.3W 800°C
oxide
Calcium/Manganese

TECTEG MER CTHIYAn: 435K 11W 600°C
oxides with BiyTe;
Silicon Based Alloy, Multipl iant

Hotblock Onboard Hicon DA AIOY:  goog TP VIS h00¢ 7 800°C
SiGe available

6.3. Thermal Energy Harvesting - Applications

Thermoelectric generators have both advantages, such as their reliability and consistency of operation,
and disadvantages, such as relatively low energy conversion efficiency. As a result, they find their application

in specific conditions [106] such as:

— generating current in extreme environments - heat sources are specially adapted to work with thermo-
generators (for example Radioactive-thermo-generators used, among others, in radio beacons located

in inaccessible terrain, another example is space exploration),

— generating electricity from waste heat - where the aim is to extract electricity from objects that normally

lose heat during their scheduled operation, this increases their energy efficiency,
— decentralised power generation systems,
— microgenerators for IoT sensors, microelectronics, sensors operating in extreme conditions.

Given the context of this dissertation, a more detailed analysis of the medical application of thermogenera-
tors is in order. Most of the applications in the medical industry focus on wearable devices. This is because the
human body can be treated as a constant source of heat. Taking into account that the ambient temperature
usually differs from the human body temperature, it can be considered that there is a temperature gradient
implying the use of just TEG. On average, such a gtadient is 13 °C, while the minimum amount of energy
required for wearable devices is usually less than 5mW. The second domain where TEG is used in medicine

is implantable devices like pacemakers and sensors. Their main advantage is that there is no need to change or
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recharge batteries, which could involve a number of health risks and hazards for the patient. Medical wear-
ables is also a growing niche, where thermogenerators can be used [109], e.g. to power electrocardiograms
[110], heartbeat monitoring devices [111], electroencephalograms [112], monitoring wristbands [113], smart
watches [114], pulseoximeters [115]. Due to the growing importance of fog computing (decentralised IT
infrastructure in which data, its processing and storage, and applications are distributed in optimal locations
between the data source and the cloud) and edge devices (distributed computing devices, where data are pro-
cessed at the edge of the network, as close as possible to the sources of origin) of IoT in hospital and medical
environments [116], wireless sensor networks are also expected to grow in importance, and hence the increas-
ing demand to power such sensor networks with TEGs. One of the main problems of such networks is the
need for their unmanned operation. A solution can be low-cost energy harvesting modules [117], as shown
by Markiewicz et al. [118] the cost of such a module is about 9 euro, which makes it economically comparable
to a battery-based solution. So far, despite the best intentions of the author, it has not been possible to find
any publications describing the use of a thermoelectric generator in the context of surgical instruments or
energy recovery from hospital logistics. This work and the papers published within it [119], [120] are the first

attempts of such solution in the field.

6.4. Energy Harvesting Summary

The chapter outlines the topic of energy harvesting in the context of the surgical instrument environment
in a hospital. The applicability of several energy harvesting methods was analysed in the hospital logistics
process. The analysis has shown that the only repeatable energy harvesting method is the recovery of energy
from temperature during the sterilisation process in an autoclave, and the repeatability of this process, regu-
lated by appropriate standards, guarantees the invariability of the recovered energy. In the following section,
the theoretical basis of thermoelectricity and thermogenerators was analysed, which will be used in further
chapters of this work for the modelling and optimisation process. Finally, the technologies available on the
market were analysed, and an overview of the suppliers of the individual modules was made. As a result, it was
decided to choose Biy Te3-based module technologies due to their optimum performance at steam sterilisation

temperatures and mass market availability.
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Abstract

In this chapter specific business and hardware requirements are defined and described. Following requirements have been
defined:

Business Perspective:

— Low Cost,

Robustness,

Of-the-shelf components,

Maintenance free,

Universality.
Hardware Perspective:

— Steam Sterilisation Resistant,

Optimize for the Steam Sterilization Procedure,
— Minimum Power Requirement,

— Size, Shape and Weight Compatibility,

Safety.

Outcomes of this chapter: Defined business and hardware requirements for the development of energy harvesting

modules.

Due to the specific operating environment, the device design had to meet a number of prerequisites.
These requirements were divided into business requirements and technological requirements. The business
requirements were defined by the industrial partner, Aesculap AG. The technological requirements, on the

other hand, are defined by the working environment of the device inside the sterilisation chamber.

7.1. Business Requirements

From a business perspective, the power supply system had to meet a specific set of requirements defined

by the company Aesculap AG.

— Low Cost - The price of the new digitised version of the medical container should not increase by more

than 10% of the value of the current model on sale. For the purposes of the project, the average price
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of the medical container with all accessories was assumed to be up to EUR 1,000. Therefore, the price
of the energy acquisition module should not exceed EUR 100. After taking into account a margin of

30%, the budget for such a module should be up to 70 EUR, assuming mass production.

— Robust - The requirement for robustness comes from the entire product life cycle and the company
philosophy to produce reliable and long-lasting products. A single container might be in service for as
long as 15 years of work in the harsh environment of sterilisation facilities inside the hospital. Containers
and their contents are constantly exposed to vibrations, mechanical impacts, falls, and large fluctuations
in temperature and pressure from the sterilisation process. It must also be taken into account that the
end user might handle them without due care and usually in a hurry. This makes it necessary to provide
a design that is robust and resistant to all these factors. Furthermore, the design of the module itself
must be adapted to the processes already present in the company, so that its production does not require
deep modifications to the production lines and processes currently in use. The desired material for the
enclosure from the perspective of company’s production facility would be steel enclosure, and the non-
steel parts shall be made from medical grade plastic. However, a detailed analysis of this issue is not the

subject of this thesis.

— Build from the of-the-shelf components - Another requirement, important from the business point
of view, is to build the module from components possibly available on the market, not requiring time-
consuming and costly processes of joint R&D, creation of specially modified original equipment manu-
facturer’s (OEM) versions or introduction of new technologies to the market. The main reason for such
assumptions is the necessity to keep the low price of the module (after all, it is only an addition to an
existing product). The second reason, directly related to the current situation on the market, is the need

to ensure the flexibility of deliveries in the situation of complication and extension of logistic chains.

— Maintenance-free - The maintenance-free requirement is closely related to the working environment
of the entire device, namely the hospital. The staff working there, especially the technical staff, usually
work under a strict time regime. A situation in which a digitised medical container would require
additional handling by staff is unacceptable from the perspective of potential customers. It would also
contradict the whole idea of digitisation and automation. Hence, the electronic module should be as
autonomous and maintenance-free as possible and operate in a non-invasive manner on a "switch on

and forget" basis.

— Universal - The universality of the module is a very desirable feature. It can be seen from two different
perspectives: electrical engineering perspective and mechanical perspective. From the electrical engi-
neering perspective, the universal module should be flexible enough to be able to operate with different
loads (e.g. different types of sensors adjusted accordingly). From the mechanical perspective, the uni-
versality of a module comes down to its shape and size, which must fit into the widest possible range
of medical containers offered by the company. Therefore, the aim should be to optimise the size and

maximise the extracted electrical energy.

All business requirements can be ranked in order of importance in the pre-production phase and in the
production phase. The most critical from a business perspective is the need for maintenance-free operation.
From a production process perspective, there is a need to use commercially available components and adapt

the materials to the company’s production processes.
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7.2. Hardware Requirements

The hardware requirements are directly related to the planned working environment of the module and

are mainly derived from the business requirements.
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Figure 7.1. Medical container schematics and its dimensions in mm. The container consists of two parts - a

bottom part with labels and closing mechanism and a cover with 150 mm diameter filters. Size of the container

is the key size limiter for the energy harvesting module.

— Needs to survive steam sterilisation conditions - A fundamental requirement for the module with
respect to its working environment is the ability to work in a steam sterilisation chamber. The outer
casing must withstand the mechanical stresses of increased pressure and be resistant to temperatures as
high as 134°C. Further work assumes the ability to work at temperatures up to 150 °C (12% safety

margin) and at pressures up to 4 bar.

— Needs to be optimised for the steam sterilisation temperature curve - The energy harvesting mod-
ule must be adapted appropriately to the operating environment. Especially in the case of steam sterili-
sation processes, the design of the module must force the appropriate heat low to maximise the amount

of electrical energy obtained and, consequently, to harvest enough energy to power the sensor module.

- Minimum power requirement In order to power the sensor module, the energy harvesting module
must produce power sufficient for sensor node in 95 % of the plateau phase of the steam sterilisation
procedure. This requirement is directly derived from the business requirement "maintenance-free".
The sufficiently wide safety margin in power generation should be taken into account due to the need
for high reliability. Measurement of the power requirement of the sensor module was performed on the
benchmark software and benchmark operating architecture. The whole procedure will be described in

Section 8.3 of this thesis.

— Size and shape Similar to the business requirement, the requirements for the shape and dimensions of
the module are directly related to its usability for hospital staff and its working environment, the interior
of the medical container. The module must fit into the surgical container and at the same time take up as
little space as possible to minimise interference with the arrangement of the surgical instruments placed
inside the container. An outline diagram of a standard surgical container with the marked potential

arrangement of the module is shown in Figure 7.1.
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— Minimized weight The weight requirements are directly related to hospital logistic processes. Tak-
ing into account the fact that medical containers are moved using human muscle power, the aim is to
minimise their weight. For this reason, the energy harvesting module should weigh as little as possible
to not contradict this trend and not significantly affect the weight of the entire toolkit enclosed in the

container.

— Safety Safety is the key design requirement for the described module. By safety we mean chemical
and mechanical stability of construction materials stability. The selection of materials must also take
into account the so-called active mode scenario, i.e. a situation in which an unexpected event occurs
that could lead to sudden damage to the module. The scenarios considered should include prolonged
sterilisation (200% of the length of a standard sterilisation process), leakage of the module housing,

higher than expected temperature (10% safety margin), and mechanical damage.
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Abstract

In this chapter, the creation of the system prototype is described. First, a concept of the prototype has been established.

The research plan has then been created, serving as a road map for the further development of the project. The next step
was to formulate initial power requirements, as they will determine the key design constraints. For this, market research
has been conducted to evaluate possible sensors and its capabilities in relation to the needs from the described business
requirements. After performing a market research a sensor system serving as a benchmark has been selected. The selected
sensor was then evaluated in terms of power consumption. The detailed procedure of power consumption measurements,
hardware setup and software setup has been described. Several measurements were carried out in different sensor modes

and, based on this, the minimum requirements for the power generated by the prototype were determined.

Outcomes of this chapter: The results of this chapter are related to the concept of the system and the physical model
of the device. A concept of an energy harvesting device for the steam sterilisation procedure has been developed. Then
the measurement procedures and the research plan have been established. Initial requirements based on the selection of
the sensor electronics and its evaluation have been performed. Finally, a TEG selection procedure has been described, and
the physical model assembly has been described. In summary, a TEG TMG-127-0.4-1.6 has been selected for further
investigation. The initial power requirements have been set as 1.674 mW for the active mode scenario and 0.353 mW for

the passive mode scenario during the plateau phase of the sterilisation procedure.

8.1. Prototype Concept

The main technical challenge during the conceptual phase of the prototype development was to ensure
an adequate temperature gradient throughout the TEG module. This is a complicated task, as the sterilised
module is subjected to a specific temperature, which is the same at every point on the surface of the module.
Each autoclave is built in a way that forces a uniform temperature distribution inside its sterilisation chamber.
For this reason, it is not possible to use potential changes in the temperature distribution in geometrical space
to create a gradient; however, there are temperature changes in time which can be used.

The solution investigated in this dissertation is to produce such a temperature gradient inside the energy
harvesting module itself. The overall concept is based on the embedded thermal mass which is thermally

insulated. For this purpose, certain conditions had to be met, namely:
1. The walls of the prototype should be constructed from a material that conducts heat well,

2. The thermal mass inside the prototype, isolated from its outer walls, should have as large a thermal

capacity as possible,

3. The insulation between the thermal mass and the walls of the prototype should have the lowest possible

thermal conductivity (comparable to air),
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4. The connection between the outer walls of the prototype and the thermal mass should be provided by
the TEG module, so that the only heat transfer route to and from the thermal mass is the one through

the thermogenerator.

The concept and operation of the prototype is presented in Figure 8.1 and is based on the heat flow in
two phases. In the first phase, shown in Figure 8.1a, when the prototype is sterilised by overheated steam, the
heat flows from the autoclave sterilisation chamber to the insulated thermal mass located inside the module.
During the process of heat flow through the TEG, electrical power is generated and used to power the sensors.
After the sterilisation process, the container and the module inside it are removed from the autoclave. In this
phase, the insulated thermal mass inside the module has a higher temperature than the surroundings of the
module, and the heat flows the other way through the TEG, which generates electrical power, but with
inverse polarisation than in the first phase. The energy generated in the first phase can be used directly to
power the sensors, and the energy generated in phase two can be stored in an insulated high temperature
energy storage system (e.g. a high temperature lithium-ion capacitor) and used in the start-up phase of the

sensors and electronics before measuring the next sterilisation cycle in the autoclave.
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(a) Heat transfer and TEG operation during the steam ster-  (b) Heat transfer and TEG operation after the steam sterili-

ilisation. sation.

Figure 8.1. Concept of the energy harvesting module prototype working in the autoclave environment during
the steam sterilisation (a) and after the steam sterilisation (b). During the steam sterilisation module is place
inside the autoclave. The temperature T 4 is higher than the temperature of the heat storage unit Tpyg. Heat
flow by conduction (Q.4) is from outside of the module, through the TEG to the HSU, inducing the voltage
VrEG. After the sterilisation (b), when putting outside of the autoclave, the heat transfer is in the opposite

way - from HSU towards outside of the module as Tygy; is higher than T4.
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8.2. Research Concept

Usually, the way from the first energy harvesting module concept to any proof-of-concept is long and leads
through a series of studies and experiments. It is not different in this case. Based on the concept described
in Section 8.1, a number of tests, simulations, and optimisations have to be carried out to find out whether
the concept itself works and whether it has practical applications. In order to structure the further steps,
the research plan shown below was constructed, consisting of a number of tests - both physical and virtual

simulations.

1. Establish power requirements of the sensor electronics - the first step is to formulate the power

generation requirement to be able to choose an appropriate TEG module and evaluate it.

2. Development of an initial physical model of the prototype - the next step is to build a physical
prototype with selected TEG module and initial design assumptions to evaluate the concept of the
prototype. This step will allow the prototype to be tested inside the thermal chamber and perform

thermal distribution measurements inside the physical model.

3. Development of its virtual equivalent using CAE tools - Using computer-aided engineering (CAE)
tools such as computer-aided design (CAD) and finite element analysis (FEA) is necesary to perform a
further virtual simulations. A CAD digital twin of the physical device needs to be created and adjusted

for the FEA software requirements.

4. Identification of physical prototype parameters and build a simulation model - Performing CAE
simulations of the thermal unit step will allow to adjust the virtual model parametrisation based on

physical model measurements.

5. Development of a SPICE model of the TEG - Based on the initial requirements, a TEG device needs
to be selected, and its virtual model needs to be created for the purposses of the subsequent simulations

of the steam sterilisation process.

6. Model testing of the prototype and simulation on the virtual model and comparison of the
obtained results - the virtual models of the prototype as well as a SPICE model of the TEG needs to be

evaluated by the comparison with the physical measurements in the heat chamber and TEG test bench.

7. Simulation of steam sterilisation process in an autoclave - After performing the model parametriza-
tion and developing a SPICE model of the TEG a simulated steam sterilization process could be per-

formed to evaluate possible energy harvesting of the prototype.

8. Optimization of the prototype dimensions on the basis of simulation data - after performing
the simulations of the initial prototype it is possible to perform size optimizations assuming the initial

requirements for the prototype from the power generation perspective.

The whole research plan with highlights of each step and the data flow is presented in the figure 8.2
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Figure 8.2. Research plan of the initial physical model preparation, creation of it’s digital version and optimi-

sation of the digital model.

8.3. Sensor Electronics Concept and Power Requirements

The problem of supplying power to the electronics inside the autoclave during steam autoclaving should
be tackled from two angles. On the one hand, the aim should be the optimisation of the energy yield of the
energy harvesting system with the assumed initial requirements for the module as a whole (i.e. dimensions,
materials, etc.). - described in chapter 7). The problem is, however, the optimisation of the power consumption
of the sensor module itself. Therefore, it was necessary to determine the power requirements as a prerequisite
for the entire prototype prior to the research work. In other words, what is the minimum power the TEG
energy harvesting module should generate to power the sensor module? In order to proceed with this task, it
was necessary to consider the selection of a suitable sensor device (hardware) and then to optimise its power
consumption and develop an algorithm for the lowest possible energy demand on the measurement side. Due
to the specific nature of the application, a number of constraints were defined, as shown in the table below
8.1. One of the most important requirements is flexible power management, a prerequisite for a low-power
application. The second requirement is an integrated radio frequency (RF) field energy recovery system,
which is directly related to the passive and active mode requirement. In active mode, the device could collect

data and perform calculations, and in passive mode it would be inactive, collecting data using an interrupt
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routine until the RF field from the NFC/RFID (Near Field Communication/Radio Frequency Identification)

reader is present. A wide supply voltage range was also identified as a necessary requirement so that the device

could be installed in a variety of business applications.

Table 8.1. Initial requirements for sensor selection to evaluate possible energy consumption.

Initial Requirements

Domain No. | Requirement Background Importance
Power 1.1 | Flexible power man- The device shall preserve any power to mini- Very High
agement, ultra low mize the energy consumption to absolute mini-
power modes mum, to increase the robustness and to ease the
requirements for energy harvesting
Power 1.2 | Integrated Energy Har-  Energy harvesting circuit is needed for the pas-  Very High
vesting sive operation data readout
Power 1.3 | Wide operating voltage  The device shall be prepared for powering both ~ Very High
range from battery, the energy harvesting solution and
RF energy harvesting to maximize it’s use cases
Power 1.4 | Passive and Active Device shall be able to work both in active mode ~ Very High
mode operation (powered from energy harvesting module) and
passive - powered from RFID antenna
Communication | 2.1 | Low Power Peripherals  Itshould be possible to easy extend the function- High
alities by adding a low power peripherals
Features 3.1 | Bus The device shall have a communication inter- Moderate
face which is a well established standard, in best
case allowing the power measurements and op-
timizations by JTAG programmer
Features 3.2 | Low Power ADC Inte- Integrated ADC preserves the power and eases High
grated the overall module design
Features 3.3 | Integrated thermistor Integrated thermistor preserves the power and High
or temperature sensor  eases the overall module design
Economic 4.1 | Low Price Part of business requirement of the whole busi-  Very High
ness case - the device will be sold as an additional
feature to the existing product, it cannot be ex-
pensive
Economic 4.2 | Market position Device shall be an well-established brand with Moderate

mature development tools and support

In order to select a suitable device model, market research was conducted on available low-power NFC/R-

FID integrated circuits (ICs). The research identified three major chip manufacturers producing so-called

"smart" NFC tags, which are listed in Table 8.2. Taking into account the criteria described in Table 8.1, it

was decided to select the RE430FRL153H device for further analysis as it met all the criteria.

RF430FRL152H is a chip that integrates three modules - a microcontroller module based on the MSP430

architecture, a NFC communication module and the FRAM memory module. The device block diagram is
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shown in Figure 8.3. The key components from a power consumption perspective are highlighted in red.

The modules used for active and passive power and data transfer are highlighted in yellow.

Table 8.2. Market Research Towards Off-The-Shelf Smart NFC Tags.

Market Research - NFC Smart Tags Off-The-Shelf Solutions

Manufacturer ST Micro Electronics NXP Texas Instruments
Model ST25DV NXP NT3H1101 RF430FRL152H
Operating Voltage V] 1.8-5.5 1.72-3.6 1.5-3.0
MCU integrated No Yes Yes
MCU Power Consumption | - low very low
Energy Harvesting No Yes Yes
Power Management Yes (good) Yes (Very Good)  Yes (Very Good)
Passive and Active No Yes Yes
Low Power Peripherals Yes Yes Yes
Bus 12C 12C 12C/SPI
ADC No No Yes
Thermistor No Yes Yes
Price [USD] 1.56 1.73 1.42
Market Position Very good Very good Very good
Battery / Ehergy
Harvesting
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Figure 8.3. Functional Diagram of RF43FRL152H smart NFC Chip.

The RF430FRL152H is equipped with a number of key components for low-power applications [121]-

[123]. First, it has a compact clock system module which includes an embedded 256-kHz low-frequency os-
cillator (LFOSC) and an embedded high-frequency oscillator (4 MHz, HFOSC) on board. The CCS module

provides the following clock signals:
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1. Auxiliary Clock - ACLK - sourced from the 256-kHz internal LFOSC,
2. Main Clock - MCLK - the system clock used by the CPU, sourced by the same sources as ACLK clock,
3. Sub-Main Clock - SMCLK - Used by peripherals, sourced by the same sources as ACLK clock.

The CCS clock system can be configured to save power; it is optimal to select the clock frequency to meet
the minimum timing requirements of the application. Another element of the RF430 chip architecture used
to optimise power consumption is the 14-bit analogue-digital converter (ADC) and Timer A. The ADC is
responsible for converting the analogue signal from the sensors into digital signal. The SD14 (Sigma-Delta,
14 bit) ADC module consists of an on-chip temperature sensor, a resistive bias interface (for thermistor-based
measurements), a programmable gain amplifier, and a sigma-delta analogueue-to-digital converter. The ADC
can handle up to 8 inputs and is optimised for low power consumption. Third design feature for low-power
applications is a Ferroelectric Random Access Memory (FRAM) which guarantees the data safety even when
the entire chip has no power source. From the point of view of low-power applications, the low voltage, of
only 1.5V, required for the read or write procedure in FRAM is crucial (in comparison, EEPROM requires
10-14V), and the procedure itself is very fast, taking only 1.5 ps. The FRAM controller can also be unplugged
when not in use, additionally saving power. All of the possible setup configurations might be difficult to
handle from a programmers perspective, thus the RF430 firmware offers several, Low Power Modes (LPMs)
which sets the chip hardware components in one of several operating states according to the low power mode
needed by the application. LPMs, as they are recommended way of handling the low power chip capabilities
by the manufacturer, has been used also in the testing procedure for evaluation of minimal power requirement
of the chip in the context of steam sterilisation surveillance. The power consumption of each of the RF430
chip modules is listed in Table 8.3. The same table also summarises the current consumption declared by the
manufacturer in each of the LPMs. Each LPM affects the clock system differently due to power preservation.
All LPMs and their capabilities related to the clock system are listed in Table 8.4. It is worth mentioning that
the chip CPU is off in all of the LPMs, so every single operation needs to be based on the Interrupt Service
Routines of the chip.

Table 8.3. RF430 power consumption in different low power modes, according to the technical specification

of the module.

Active Mode Supply Current Into VDDB Excluding External Current
Frequency (fMCLK = fSMCLK)

Parameter ~ Execution Memory VDDB 1 MHz 2 MHz Unit
typical max | typical max
Iam (FrAM) FRAM 15V 330 420 480 580  pA
Iam(®aM) RAM 15V 220 300 250 320 A
Iam(kom) ROM 15V 220 300 230 300 pA
Low-Power Mode Supply Current Excluding External Current
Temperature
Parameter VDDB 20°C 45°C 70°C Unit
typical max typical max | typical max
I LpMo 15V 190 - 190 - 260 340  pA
I pms3 15V 13 - 13 - 25 65 HA
I 1pMm4 15V 11 . 12 . 24 60 HA
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Table 8.4. Summary of available low power modes (LPMs) and their consequences on selected clocks and
CPU modules

Mode | CPU MCLK SMCLK ACLK HFOSC LFOSC
Active | On On On On On On
LPMO | Off Of On On On On
LPM3 | Off Off off On On On
LPM4 | Off Off off off off On

Based on the architecture shown in Figure 8.3 and the "low power" mode data, a benchmark program

was written to determine the initial power requirements for the RF430FRL152H chip.

8.3.1. Power Benchmark

After selection of the desired hardware sensor platform, it was necessary to determine the power require-
ments of the sensors that will then be used as the power generation requirement for the energy harvesting
prototype. To determine a minimal power consumption with functional requirements, an energy bench-
marking procedure had to be performed. This procedure consisted of a series of steps presented in Figure 8.4

which are as follows:

1. Hardware selection and setup for power measurements - The hardware selection was performed as
the first step, the aim was to pre-select the hardware optimized for low power sensor applications. To
accomplish this, literature research has been performed using the SCOPUS search engine, then a patent
research has been made using the Google Patents search engine. The aim of such a selection was to
get reliable data on possible sensor hardware platforms, which has already been proofed as useful in the
context of research applications or low power sensor inventions. In this stage, pre-selected hardware

from main manufacturers has been summarised, and the RF430 chip has been chosen for further analysis.

2. Development of the benchmarking program - Using the selected technology and chip a benchmarking
program had to be written to evaluate the simulated use case and available low power modes of the chip
itself. It was important to test the practical limitations of each of the power modes of the RF430 chip,
as well as their usefulness for the possible sensor applications. Here, the connection capabilities of the

RF430 chip have been evaluated as well.

3. Hardware/Software power measurements - After development of benchmark software, a power con-
sumption of the chip with running program had to be made. For this procedure, a RF430FRL152HEVM
development board was chosen. However, using the development board might affect the power con-
sumption measurements of the RF430 chip. To compensate for the parasitic power consumption of the

development board, a two-stage measurement procedure had to be developed.

(a) Initial measurement of overall power consumption in the IDLE state of the RF430FRL152HEVM
development board using TI MSP-FET programmer
(b) Precise measurement of the power consumption of RF430FRL152H chip on the development

board using the laboratory multimeter.

4. Power consumption measurements of each of LPMs using the MSP-FET programmer and compensate

its measurements with the measurements acquired by the laboratory multimeter.

5. Setting up the power generation requirements.
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Figure 8.4. Overview of the benchmarking procedure.

By performing such a procedure, initial energy requirements will be created, and both passive mode

scenario and active mode scenario can be developed. The passive mode scenario will be characterised by

operating the electronics in the lowest power consumption mode for 100 % of the time, while the active mode

scenario will assume that the device is operating in the active mode (no power-saving modes) for 100 % of the

device’s operating time. In both of these modes, it is assumed that the device will use its timer circuit and its

ADC module.

Hardware Selection and Setup for Power Measurements

To perform tests on the RF430FRL152H chip, the RF430FRL152HEVM evaluation kit has been used. It
is shown with a description of the main parts in Figure 8.5. This kit consists of the RF430FRL152H chip and

associated circuitry such as voltage regulation circuits, photoresistor, battery holder, thermistors, and leads to

connect other modules.
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Figure 8.5. Photo of the RF430FRL152HEVM evaluation board (on the left) with described the main blocks
on the PCB, as well as its design drawing (on the right).

The most important modules are described on the figure 8.5 and are as follows: Antenna (1), Mode
Switches (2), Chip (3), Power Section (4), Battery Section (5), Sensors (6). All the modules are described
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below:

1.

Antenna - Integrated Antenna might be used both for data transmission and energy harvesting. The
energy needed for transmission of the data stored in the FRAM is harvested from the RF field before
the readout procedure, so it assures the data integrity. From the energy harvesting point of view such

a solution is optimal, as data storage and readout does not need external power supply.

. Mode Switches - The S3 - S6 mode switches handles multiple functions, such as putting the device

into Master or Slave mode in the [2C communication. However, switch S6 is also responsible for power
source selection, power might be taken from either the battery or programmer or USB port. The power
mode selected here can affect the measurements results, as only the battery has a direct connection to

the chip, and is not affected by parasite ICs.

. Chip - The RF430FRL152H chip is placed on the board with all of its necesary components. As the

chip operates on 1.5V logic it was needed to provide also the voltage level translators, so the MSP-FET
programmer working on 3.3V logic can be used. In case of programming the bare chip, without the

development board, it is needed to have voltage level translators designed in similar way.

Power Section - As the chip operates on 1.5V logic the voltage both from USB port and from the
MSP-FET programmer needs to be adjusted accordingly. This is done by two integrated circuits by
Texas Instruments: TPS773 and TPS72215. Unfortunately, these ICs have their quiescent currents and

power, which needs to be taken under consideration.

. Battery Section - The board is equipped with the battery holder for SR66 type coin battery. Addition-

ally it is possible to simulate the battery as there is a place for attaching the wires to mock the battery

with laboratory power source (jumper JP3).

. Sensors - On the board there are two thermistors and one phototransistor to measure the temperature

and the light conditions, all of the sensors are connected to the ADC pins in RF430FRL152H chip.
From the power measurements perspective it is worth to note, that these sensors are powered from the
USB or MSP-FET device, so they might affect the power measurements, however in the benchmark

application they are in use, so in this scenario their presence and power consumption is needed.

Power consumption measurements of selected low-power modes

Power consumption of the RF430 chips is directly affected by the programme running on it and by the

settings of its internal modules. Thus, it was needed first to develop a benchmark programme to test each

of the possible LPMs, and secondly to initialise the whole device appropriately. Before the whole procedure,
the RF430FRL152HEVM board had to be prepared to mimic the behaviour of the real sensor node. This
procedure is described in detail in Appendix E. Listing 8.1 shows the LPM testing programme. It remains

inside the void main() function. First, a watchdog timer is turned off, as it would affect the measurements.

Then, the ROM variable DS is initialised; this is the default step from the manufacturer’s software guide.

Then two assembly directives are called (also default, recommended by the manufacturer), and the device

configuration is performed in functions init15015693 (cLEAR_BLOCK_LOCKS) and DeviceInit (). The main

programme loop consists of only one directive __bis_SrR_register (LPM3_bits + GIE) that enters the specified
LPM, in this particular case - LPM3.

void main ()

> A{

WDTCTL = WDTPW + WDTHOLD; // Stop watchdog
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// ROM RF13M module setup ** The following three lines are needed for proper RF stack

operation

DS = 1; // ROM variable needs to be initialized here

asm ( " CALL #0x5CDA "); // Call ROM function (Initialize function pointers)
asm ( " CALL #0x5CAC "); // Call ROM function ( Check part configuration)

initIS015693 (CLEAR_BLOCK_LOCKS) ;

DeviceInit ();

while (1) {

__bis_SR_register (LPM3_bits + GIE); // Measured LPM Mode

Listing 8.1. Benchmark code for power measurement in given low power modes.

The power consumption can also be affected by the proper setting of the chip’s peripherals, hence it was
necessary to use the pevicernit () function, shown in the listing below, to ensure that the clock parameters
do not change. In first two lines, we keep the JTAG interface off, to spare the power. JTAG interface is needed
when debugging is ongoing and setting breakpoints in the programme flow is needed. This is, however, not
such a case, so JTAG can be deactivated after programme starts. In next two lines the direction of PINT1 is
set according to manufacturer’s datasheet. Next, the configuration of the device clocks is performed, after
unlocking the Compact Clock System (clock system module of RF430 chip) configuration. The intended
application will be a sensor that operates in the environment of steam sterilisation and takes very low-frequency
measurements. Thus, it is needed to lower the clocks frequency as much as possible and deactivate all not

needed clocks. All of these operations are performed on the lines from 11 until 22 of the listing 8.2.

i void DeviceInit (void)
2 |

P1SELO = 0x00; // Keep primary function of the PIN, disable JTAG interface
4 PISEL1l = 0x00; // Keep primary function of the PIN, disable JTAG interface

6 P1DIR &= ~OxEF;

7 P1REN = 0;

9 CCSCTLO = CCSKEY; // Unlock CCS

10

1" CCSCTL1 = 1; // half the clock speed

12

13 CCSCTL4 = SELA_1 + // ACLK Source - Low Frequency Clock

14 SELM_0 + // MCLK Source - High Frequency Clock HFCLK
15 SELS_O; // SMCLK Source - High Frequency Clock HFCLK
16

17 CCSCTL5 = DIVA_S5 + // ACLK Source Divider set to divide by 32

8 DIVM_1 + // MCLK Source Divider set to divide by 2

19 DIVS_3; // SMCLK Source Divider set to divide by 4

21 CCSCTL6 = XTOFF; // Turns of the crystal if it is not being used

22 CCSCTL8 = ACLKREQEN + MCLKREQEN + SMCLKREQEN; //disable clocks if they are not being used

24 return;

Listing 8.2. Benchmark code for power measurement in given low power modes.
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Power consumption measurement consisted of the two stages - current measurement of the RF430 chip it-
self using laboratory multimeter (Agilent 34410A), and using the MSP-FET programmer with EnergyTrace
power consumption technology enabled. The difference is that MSP-FET measurements also have a bias
power consumption and might be not accurate without compensation of this bias, however, it is very conve-
nient to use this technology while working with software development. On the contrary, the measurement
procedure with laboratory multimeter and appropriate hardware configuration provides very accurate results;
however, it is very problematic during the software development process. Thus, it was necessary to compare
these two methods and estimate average bias existing in EnergyTrace based measurements. In order to deter-
mine the power consumption of the processor chip itself, powering only the chip itself with the disconnected
MSP-FET programmer was used. For each of the LPMs, the same test procedure has been applied. First, the
benchmark programme has been compiled and uploaded to the chip using the TI MSP-FET programmer.
In the next step, the power measurement has to be performed using a simulated battery power source. To
do this, the MSP-FET programmer has been disconnected. The development board has been switched to
battery power mode. The battery holder on the board has been attached to the laboratory power supply to
simulate the 1.5V coin cell battery. Then, between the development board and the laboratory power source,
the Agilent multimeter has been attached, measuring the current flow to the RF430 chip. After performing
the measurements with the multimeter, the battery supply has been disconnected, the development board has
been switched back to the powering from MSP-FET programmer, and the measurements using MSP-FET
EnergyTrace technology has been performed to compare it with the measurements using a multimeter and to
estimate the power consumption bias of the EnergyTrace measurements. After the measurements were com-
pleted, the programmer was connected, and the benchmark programme was modified to investigate another
of the modes of operation. The measurement results are shown in Table 8.5. As it can be seen, there are very
significant differences in the measurements performed with EnergyTrace and direct measurements using a
multimeter. This difference comes from the way EnergyTrace works. This technology evaluates the pulse
width of a DC-DC converter inside the FET, which generates the power supply of the target board. This
measurement represents the total current consumption of all circuitry on the RF430FRL152HEVM (includ-
ing level shifters, etc.). There is also no possibility to change the target voltage to 1.5V to have a measurement
setup comparable to direct measurements using multimeter. This is caused due to the fact that EnergyTrace is
integrated with the MSP-FET programmer which adapts to the development board, which operates at 3.3V
and then the level shifters converts it to 1.5V to power the chip itself.

Table 8.5. Power consumption measurements results of the chip operation modes of RF430FRL152H.

Multimeter measurements Energy Trace Measurements

Mode | Voltage Current Power Voltage Current Power

LPM4 | 1.5V 1290pA 1935pW | 329V 125pA  0.41mW
LPM3 | 1.5V 13.70pA  2055pW | 328V 120pA  0.40mW
LPMO | 1.5V 136.00 pA  204.00pW | 3.28V  240pA  0.79mW

However it is not enough to measure the chip operation modes power consumption itself, as it is shown
in the Table 8.5 as each active peripheral of the chip increases the overal power requirements. That’s why it
was essential to select the possible active peripherals and measure their power consumption as well. For this
an 14 bit sigma-delta ADC has been chosen as it can be used for temperature measurement inside the sterile

container.
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8.3.2. ADC SD14 Power Consumption Measurements

When measuring the power consumption of the SD14 ADC, the dynamic phenomena accompanying the
SD14 module’s switching on and off also had to be taken into account. For this purpose, the CurrentRanger
precision current adapter for oscilloscopes from LowPowerLabs was used. In general the current adapter
device converts the current to the voltage based on the very precise shunt resistors folowed by set set of
bandpass amplifiers [124]. The device’s architecture is based on two MAX4239 ultra-low offset auto-zero
6 MHz bandpass amplifiers configured in non-inverting 10x gain each, using high precision resistors. The
device allows operation in 3 measurement ranges (nA, pA, mA), which are selected by adjusting the precision
shunts at the input of the amplifiers accordingly. In such a way, the current measurements could be performed
using an oscilloscope which allowed to observe dynamic changes in current flow. CurrentRanger parameters

are presented in the Table 8.6.

Table 8.6. Selected parameters of the LowPowerLabs CurrentRanger current meter [125].

Range | Currentrange Burden Voltage Accuracy Bandwidth
nA | 0 t0 3300 10 pV/nA £0.05% 300 kHz (-3dB)
HA | 0 to 3300 10 pV/nA £0.05% 300 kHz (-3dB)
mA | 0to 3300 17 pV/nA +0.1% 300 kHz (-3dB)

The schematic of the measurement setup is presented in Figure 8.6. The voltage measurement was per-
formed using the Siglent SDS1104X-E oscilloscope. The DC laboratory power source Siglent SPD3303X-Eis
set up according to the RF430FRL152H voltage requirements (1.5 V). The CurrentRanger device has been
connected in series between the power source and the device under test (DUT). The oscilloscope Siglent
1104X-Ewas connected to the CurrentRanger device and set up to DC voltage mode. RF430FRL152H de-
vice has run a testbench program. Testbench program has been designed from two stages. In first stage the
device stayed in pre-selected low power mode (LPMO or LPM3), then periodically the device entered the
ADC readout stage and after this procedure has been finished it went back to the low power mode. The

overall time plot of the benchmark programmeme can be seen in Figure 8.7.

Oscilloscope
SIGLENT 1104X-E

BNC
DUT+ Current Mesurement
DC Power Source System Device Under Test
SIGLENT SPD3303X-E (LowPowerLabs Current
Ranger)
DUT-

Figure 8.6. Schematic diagram of current measurement system composed from DC power source (Siglent
SPD3303X-E), current measurement system (LowPowerLabs CurrentRanger) and digital oscilloscope
(Siglent 1104X-E). RF430FRL152H chip served as DUT.
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Figure 8.7. Diagram of the power consumption benchmark program running on the RF430FRL152H with

the expected power consumption of each of the procedures in the program.

The measured current is presented in Figure 8.8 As it can be seen, the procedure of ADC readout takes 2's
and consumes on average 35 pA of the total current. However, it is worth to mention that during the ADC
readout the consumed current equals the sum of the current consumed by the MCU (Ijscy) and by the ADC
itself (I4pc) as depicted in Figure 8.8.
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Figure 8.8. Measurement of the current flow while performing ADC data acquisition by RF430FRL152H chip,

where 1 mV corresponds to 1 pA of current.

8.3.3. Power Consumption Measurements of Exemplary Low Power Sensing

Program

Measurements described in Section 8.3.1 and summarised in Table 8.5 allow us to set the power generation
requirements for the prototype of the energy harvesting module. For defining the minimal power needed for
sensor modules, it was assumed that the software run on the RF430 chip will use only LPMO or LPM3 modes,
which allows the minimal capabilities for performing the measurement procedure with custom algorithm.
According to the business requirements of Chapter 7.1, a safety margin should be taken into consideration.
The estimated power consumption, assuming that the device will work in LPMO0 mode is 204 pW, in addition

the power of 28.5 pW consumed by the ADC must be added, resulting in 232.5 pW of power consumed by
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the sensor device. However, it was assumed that the sensor will not be connected directly to the TEG as some
of the power conditioning electronics need to be added in between. Currently, the efficiency of DC-DC
boost converters ranges from a couple of percents to values as high as 80 % depending on the use case. Here
a active mode scenario has been assumed, that the boost converter efficiency will be as low as 25 % giving an
anticipated power requirement of 1.395 mW. However, including the safety margin level, it was increased by
20% to 1.674mW. Such a level of safety margin as well as initial requirements increases the power safety of
the whole system from one side, and provides a wide area for further optimisations on the other side in case
such optimisations would be needed. It also assures that change in hardware to different manufacturer, but
from the same power-efhiciency class, will not cause the need for a re-work of the entire energy harvesting
module prototype. It is worth to mention that it is considered as an active mode scenario. In the passive mode
scenario the device will work in a LPM3 mode. For LPM3 mode the overall power consumption drops to
49.05 pW and assuming boost converter efficiency of 25% and 20 % of safety margin results in 353.4 pW
(~0.353 mW). Summary of power consumption calculations is presented in Table 8.7. For LPMO mode, the

calculation of power requirements has been calculated according to the equation 8.1
Prpmo = (PMcU g * Papc) - €+ x (8.1)

where ¢ is a compensation factor for the boost converter efficiency equal to 4.0, y is the power generation
safety margin of 20 % while Ppjcr; and Pypc is the power consumed by MCU and ADC, respectively.
The power requirements for the second scenario - LPM3 scenario - have been established based on the

equation 8.2 presented below.
Prpms = (Pyrcu s * Papc) - € x (8.2)

where ¢ is a compensation factor for the boost converter efficiency equal to 4.0, y is the power generation

safety margin of 20 % while Ppjcry and P4pc is the power consumed by MCU and ADC, respectively.

Table 8.7. Two scenarios considered for establishing minimal power generation requirements for the energy

harvesting module.

Boost C t
Scenario | MCU ADC OOS_ onverter . Safety margin ~ Overall
Efficiency Compensation
LPMO 306y W 42.75pW 4.0 (for 25% efhiciency)  20% 1.674 mW
LPM3 | 30.83pW  42.75pW 4.0 (for 25% efficiency)  20% 0.353 MW

8.4. TEG Selection

After having minimal power generation requirements, it is possible to select the appropriate TEG. The
selection of a thermoelectric generator for a specific application is a basic prerequisite for an effective ther-
mal energy harvesting process. The selection of TEG should start with the selection of the thermoelectric
technology and materials which are the active part of the module itself. As shown in Chapter 6 in the Fig-
ure 6.5, for temperatures prevailing in the autoclave, i.e. in the range from 20°C to 130°C. The optimal
thermoelectric material will be bismuth telluride (Bi»Te3). This is the most common material from which

commercially available thermoelectric generators are manufactured, and hence the number of manufacturers
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and models is wide. Consequently, it was necessary to narrow down the available models in terms of their
optimal performance under the assumed temperature conditions. In addition, it should be taken into account
that the thermoelectric generator will not operate under typical conditions - i.e. during a steady, constant
heat flow from the heat source side through the warm side of the thermoelectric generator, the cold side, up
to the heat sink from where the heat will be dissipated in the air. In the application described in this work,
heat will be stored in the Heat Storage Unit during the sterilisation process and will flow in the opposite direc-
tion afterward. Therefore, unlike in classical applications, we cannot speak of an infinite-capacity heat source
with an input temperature to the TEG that is only affected by the finite thermal conductivity of the source
structure and not by the energy loss through the TEG. In such cases, maximisation of energy production
is usually sought, and it is well documented in the literature ([82], [83]) that this occurs when the thermal
resistance of the TEG approximately matches the thermal resistance of the remaining thermal path between
the heat source (the warm side of the TEG) and the environment (the cold side of the TEG). On the contrary,
in thermoelectric heat storage devices (which is what is considered here), the total available thermal energy
is limited, and the heat flow through the TEG is also limited. Heat flows from the enclosure through the
TEG to the heat storage unit until the HSU temperature is equal to the outside temperature. Once the outside
temperature drops, the heat flow occurs in the other direction, i.e. heat lows out of the HSU, flows through
the TEG and the housing and is dissipated to the outside. Heat flow that occurs slightly through the thermal
insulation layer should also not be overlooked. A good analogy here is an electrical system in which we charge
and discharge a capacitor. Such an arrangement is shown in the figure 8.9. The thermal resistances of the
individual elements were modelled using resistors. In such a system, the voltages on the individual elements
will be equal to their temperatures. Here we do not care about the highest available power, but rather the
highest possible conversion efficiency in a given thermal cycle. As can be seen, to ensure the highest possible
temperature difference in the TEG, we need to choose a TEG with the highest possible thermal resistance.
The upper limit of the TEG resistance here is the length of the thermal cycle - we want the heat to flow all
the time in the HSU direction until the temperatures are completely equalised and back again when the cycle
is complete. When selecting a TEG, you should also pay attention to the material in which the HSU is made.
In the absence of other constraints, the HSU should be made of a material with as large thermal capacity as
possible and possibly good thermal conductivity (so that the temperature distribution inside the HSU is uni-
form). In turn, the insulation material should have a much higher thermal resistance than the TEG resistance.
Efforts must be made to minimise the escape of heat from or to the environment through pathways other than
through TEG. Therefore, among other things, a good match between the surface of the TEG and the HSU
should be sought - parts of the HSU that protrude beyond the TEG should be minimised. In general, from
the heat flow path perspective, a good module design should have a high thermal conductivity of the casing,
of the casing/TEG interface, of the TEG/HSU interface, and the HSU. The thermal conductivity of thermal
insulation should be significantly lower than the thermal conductivities of all other elements (krpc, kysu,

k

L,
interfaces

thermal gradient as long as possible. A complete list of requirements for the selection of TEG and the thermal

and kcasing)- Furthermore, krpc should be matched with the desired heat cycle, so as to ensure the

design of the prototype is presented in Table 8.8 according to all significant elements in the heat low path.
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Figure 8.9. Prototype schematic and its electrical equivalent in the terms of heat transfer. (a) - schematic drawing of the

prototype construction, (b) - heat transfer while steam sterilization (heat transfers towards HSU), (c) - heat transfer after

the steam sterilization (heat transfers from the HSU to outside of the module).

Table 8.8. Design requirements towards the TEG model and other prototype elements related to heat path

and heat transfer, k - thermal conductivity.

Prototype element

Requirement

Heat Storage Unit

Thermo-Electric Generator

Insulation

TEG interfaces

High Heat Capacity
High thermal conductivity

High efficiency at low temperature gradients

kTEG< RHSUS Rinterfaces
kreG > ]einsu/alion
krEG small > Rrpg high

krgc high enough for full heat cycle

kinsulation < kTEG’ kHSU

kinte(faces > kTEG’ kinsulation

After a market review, it was decided to choose a Ferrotec Nord TMG-127-0.4-16 generator for an initial

prototype. This TEG has been chosen due to its very small size (16 mm x 16 mm x 3.5 mm) and appropriate

power generating capabilities. Also, its size and thickness determined relatively low thermal conductivity.

The basic technical parameters of the thermogenerator are shown in Table 8.9.
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Table 8.9. Technical data of the Ferrotec Nord TMG-127-0.4-16 thermoelectric generator. V. - maximal
open circuit voltage, R;,,; - matched load (correspondent to the maximal electric power), V},,; - maximal
voltage under the matched load, I;,,; - maximal current under the matched load, , W, - maximal electric
power output under the matched load, ACR - module AC resistance, © 75 - module thermal resistance, arpg

- module Seebeck coefficient, in simulations marked as Se.

Technical Data
Ve 28V | L 0.044A
Vid 14V | Ry 320
W,y 0.063W | ACR (ac25°C) 260
Orec 27K/'W | areg (Se) 56 mV/K

8.5. Thermal Insulation Material

Materials selection has been carried out according to the technical and business requirements described
in Chapter 7. The most important factor was a proper selection of insulation materials. Adequate thermal
insulation is a key factor in generating a thermal gradient through a thermogenerator. Therefore, a literature
and patent search was conducted for insulating materials suitable for use in a steam sterilisation environment.
As the most critical component of an electronic system is the electrochemical storage device, much work has
focused on the thermal protection of these devices. The work of George et al. [126] analysed the use of two
epoxy resins and high-temperature silicone to protect batteries from sterilisation. In this work, 225 sterilisation
cycles were carried out. Unfortunately, in most of them mechanical damage, microcracks, and leaks of the
insulation appeared, leading to disintegration of the thermal insulation. This was probably due to the lack of
flexibility of the epoxy resin. The same results were achieved by Bohler et al. in their work. The same result
was achieved with a specially constructed epoxy resin commissioned by Aesculap AG. The results of this work
are also described in publications by Boehler et al [127].

For this reason, the use of traditionally used insulation could not be considered, and Boehler et al. proposed
the use of Aerogel, a material traditionally used in construction and industry for insulation. The use of this
material in medical applications was not known until now. Aerogels are a group of materials which can be
divided into inorganic, the most common, organic, and inorganic-organic. The combination of alkoxides
with metal oxides such as silicone leads to the formation of a nanoporous structure with pore sizes ranging
from 5nm to 100 nm. As a result, the material consists of 99.8% air, providing excellent insulating properties.
Typically, aerogel materials are applied in the form of blocks or sheets. Other forms of aerogel, although
developed in laboratories, have not reached the market stage and were not commercially available until re-
cently. However, ActiveAerogels has developed the first aerogel foam that can be used in applications requiring
precise thermal insulation. Because of the excellent thermal properties mentioned above and the possibility of
using the foam to insulate small electronic components, it was decided to use this material in this prototype.
Table 8.10 contains a list of insulation materials analysed, while Table 8.11 contains detailed parameters of the

material selected for the thermal insulation of the prototype.
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Table 8.10. Insulation material parameters most important for the design of the prototype - maximal operating

temperature and thermal conductivity.

] Henkel FP4460 Epotek OD2002 Mold Max 60  Active Aerogels

Material Parameters

Epoxy Epoxy Silicone Aerogel Foam
Maximal operating

150 225 294 250
temperature [°C]
Thermal

N 0.68 0.3 0.21 0.027

Conductivity [W - m~! K]

Table 8.11. Physical parameters of selected insulation material - ActiveAerogels Aerogel Foam (Silfoam).

Parameter Value

Density 120kg - m™
Thermal Conductivity | 0.027 W -m™' - K™
Specific Heat 1.5k] - kg_1 K1

Operating Temperature | =196 °C to 250°C
Compressive Strength 41kPa
Compressive Modulus | 947 kPa

8.6. Prototype Enclosure Selection

The prototype enclosure serves two main functions: the function of protecting the interior of the pro-
totype from moisture and autoclave pressure, and the function of conducting heat from the outside to the
thermogenerator. Therefore, it was necessary to choose a material that is characterised by appropriate resis-
tance to pressure and that conducts heat well. Additionally, we had to take into account the rapidly changing
temperature inside the autoclave, which could adversely affect the material from which the casing would be
made. While in the tests carried out in this dissertation the experiments were conducted in terms of heat flow,
without placing the entire prototype in a real autoclave, it was necessary to select a material that could be used
to build a fully hermetic casing adapted to the steam sterilisation process. Finally, the enclosure itself should
have a relatively simple design and should allow easy access to its interior. This is due to the need to house the
thermogenerator, HSU and fill the remaining space with insulation material. Do not forget about the proper
protection of the thermogenerator current leads and thermocouples used to measure the temperature inside
the prototype. For this reason the Hammond Electronics 15902110 enclosure was chosen. The housing has
internal dimensions of 75 x 80 x 52 mm and is made of Aluminium. It is IP66 rated and the schematic is shown

in Figure 8.10.
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Figure 8.10. Schematics of the prototype IP66 enclosure Hammond Electronics 15902110 [128].

8.7. Prototype Assembly

Once the appropriate parts were selected, construction of the prototype began. A thermogenerator was
attached to the aluminium housing at the centre point of the bottom of the housing. The thermogenerator
was connected to the casing with a thin layer of thermoelectric paste in which a thermocouple was embedded.
The thermogenerator wires were then insulated and led through the casing wall to the outside. A heat storage
unit was placed on the thermogenerator. A thin layer of thermally conductive paste was spread between the
thermogenerator and the heat storage unit, where the thermocouple was embedded. On the top wall of the
HSU the third thermocouple was glued, which measures the temperature in the HSU. Then, the remaining
space was filled with Active Aerogels Silfoam insulation. The prototype was allowed to dry for 5 days in a
dry and warm environment at approximately 27 °C. The enclosure lid was then screwed on, further sealing it
with heat-insulating silicone. Thermocouples measuring the temperature of the enclosure were additionally
placed to the top and bottom of the enclosure (in a place corresponding to the location of the TEG). The

entire assembly schematic is presented in Figure 8.11.
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The sizes of the TEG and HSU are as follows (width, length, height):
— HSU: 25mm x 25mm x 15mm

— TEG: 15.5mm x 15.5mm x 3 mm

Construction Elements Test Points
e e
. R . R
Aluminium
casing \/\g )
TP4
Aerogel ’\_/
insulation ™ P TP3
Metal |
heatsink \
TP2
TEG \ |
TP1

Figure 8.11. Schematic of prototype assembly. The construction elements are marked on the left side of the

schematic, while the test point locations are marked on the right side of the schematic.
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9. Physical Model and TEG Characterisation

Abstract

In this chapter a physical model and the chosen TEG is characterised. First, a model characterisation procedure is

described. The procedure involves annealing the model in a thermal chamber and then removing it from the chamber to
room temperature, forcing it to respond to a temperature step and measuring temperature changes inside the model. To
perform this, a measurement system had to be assembled and characterised towards possible measurement errors. Type
K thermocouples were selected for temperature measurement, which were previously validated using Pt100 RTD. The
results have been registered for over 17,500 [s] and are presented in the diagram. The second part of the chapter describes
the characterisation of TEG with OCV and the matched load resistance to validate the electrical parameters declared by
the manufacturer. It was revealed that the TEG in reality has around 10% worse Seebeck coefficient than declared by the

manufacturer.

Outcomes of this chapter: As a result of this chapter a physical models temperature step response has been registered
and processed for further comparison with simulated data. A TEG efficiency has been measured using designed measure-
ment system, revealing that the Seebeck coefficient of the TEG is aorund 10% less than declared by the manufacturer.

Voltage, current, and power generated by the TEG have been registered for further comparison with simulations.

In this chapter a characterisation of the physical prototype as well as the selected TEG model is described.
Both procedures are needed for further development of virtual device model for CAE simulations and TEG
SPICE based model. To perform physical model characterisation, a measurement system has been built for
measurement the temperature values inside the physical model. To make the characterisation of the physical
model useful in the context of CAE simulations, the response to a thermal step had to be investigated. To do
this, a thermocouple-based measurement system was built and its accuracy was identified by comparison with
a class A Pt100 thermoresistor. The temperature was measured at a number of locations inside the model,
starting from the surface of the Heat Storage Unit, through the hot and cold sides of the TEG, and finally
at the model housing. The results of this procedure will be used in the next chapter to validate the accuracy
of the CAE simulation model. The second stage was to perform measurements and parameterisation of the
TEG, which were necessary to evaluate its SPICE model. To perform this procedure, a special test bench has
been developed, which is also described in this chapter. Finally, the results of the TEG parametrisation have

been registered and will be used in the next chapter to compare it with the simulation model.

9.1. Prototype Characterisation

In order to create the virtual model, the thermal characteristics of the physical model had to be collected.
For this purpose, the physical model was subjected to a thermal step response test, and temperature measure-
ments were collected at appropriately selected points inside the prototype. The test was designed to investigate

the dynamic response of the prototype which would then be used for validation of CAE simulations.

85



9.1. Prototype Characterisation 86

Figure 9.1. Assembled physical model with marked thermocouples.

The test procedure has been developed as follows:

1. The temperature measurement system has been built and validated using the selected thermocouple-
based sensors. A sensor selection procedure has been described. The sensor accuracy has been established

by comparison with class A Pt100 sensor. The accuracy of the system measurement has been calculated.

2. Four thermocouples have been placed inside and outside of the physical model: between the thermo-
generator and the casing, between the thermogenerator and the heat storage unit, on the heat storage
unit, and on the model casing. Thermocouples have been attached to the model parts using thermal-

conductive glue, while their tip has been covered with a thin layer of thermo-conductive grease.

3. The model with connected thermocouples was placed in the thermal chamber, which was heated to
102°C (x 0.5°C, coming from the proportional-integral-derivative (PID) temperature controller of
the thermal chamber), a special attention has been paid to the whole model equally, so the thermal

gradients between all 4 thermocouples have been minimised.

4. The model was removed from the thermal chamber to a specially designed stand, ensuring heat transfer

from the prototype to the environment being as uniform as possible.

5. Measurements from thermocouples were collected until thermal equilibrium was reached across the

prototype - all of the thermocouples reached the temperature values within defined range.

The assembled physical model is presented in figure 9.1

9.1.1. Temperature Measurement System

In order to carry out the thermal measurements, it was necessary to build a measurement system using
temperature sensors, a data acquisition device, and software for data recording. Two main requirements for
the system were that it should be characterised by a good dynamic response, accuracy within the range of

3.0°C and allow for archiving the collected measurement data in real time.

Selection of temperature sensors

Before the development of a measurement system, available temperature sensors were reviewed according

to initial requirements. Three available technologies were considered: the thermocouple, the resistance ther-
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mometer (RTD), and the thermistor. A summary of all these sensors in terms of the design of the measurement

system is summarized in the Table 9.1.

Table 9.1. Comparison of three types of temperature sensors: thermocouple, temperature-dependend resistor

and thermistor in according to the measurement system requirements [129].

Characteristic Thermocouple RTD Thermistor
Temperature Range [°C] | -210 to 1760 240 to 650 -40 to 250
Linearity Fair Good Poor
Sensitivity Low Medium Very High
Response Time Medium to Fast Medium Medium to Fast
Stability Fair Good Poor
Accuracy Medium High Medium
Susceptible to self-heating | No Yes, minimal Yes, highly
Durability Excellent Good Poor
Cost Lowest High Low
Dimensions Very small medium medium
Signal Conditioning Cold-junction Excitation, lead re- Excitation, scalling
Requirements compensation, sistance correction,

amplification, scaling

open-thermocouple

detection, scalling

A sensor that could be used in the described measurements should be characterized by:

- High dynamic response,

— Assmall as possible tip size (large size could increase measurement inertia and could negatively influence

the whole system, it could also cause problems with mechanical assembly of the prototype),
— Easy interference compensation and high reliability,
- High accuracy.

Due to the characteristics of the measurements, it was decided to choose the type K thermocouple as the
optimal sensor for the planned measurement system. This was primarily determined by the high dynamic
response rate and the small size of the thermocouple tip; moreover, the accuracy of the thermocouple mea-
surement has been within the defined range (3.0 °C). However, due to the measurement characteristics with

a K-type thermocouple, it is important to remember the necessary accuracy validation of the sensor used.

Validation of K-type thermocouple accuracy

As can be seen from the Table 9.1 thermocouples are characterized by relatively low measurement accuracy
in comparison with other measurement methods - e.g. using a thermal resistor. According to the european

norm EN 60584-1[130], the inaccuracy of thermocouple readings can range from 1.5 °C to 4.0 °C in contrary
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to the precision of the RTD of class A which is in the range of 0 to 100 °C it has an inaccuracy of +0.35°C.

Therefore, it was necessary to validate the measurement accuracy of the selected thermocouple.

The validation method involved measuring the temperature at a well-defined point using a Pt100 RTD
and using a thermocouple. The two results were then compared, and the measurement inaccuracy of the
thermocouple relative to the Pt100 sensor was determined. To carry out the measurements, the test bench
shown in Fig. 9.3 has been built. It consisted of an aluminium plate of size 48 mm times 98 mm on which
Thermo TECH 3326100 75 W, 24V heating foil has been attached. The heating plate was placed on four
thermally insulated legs attached to the measurement table. The heating foil was powered by a laboratory
power supply Siglent SPD3303X-E. Thermocouples and a PT100 sensor were placed inside the copper block
which was placed on the heating plate. The distances and arrangement of the sensors is presented in Figure
9.2. According to the used materials, the copper block, the temperature value in both points is assumed to be
the same. Both the thermocouples and the Pt100 sensor have been placed inside the drilled holes filled with
conductive grease. Pt100 sensor was connected to the Agilent 34410A laboratory multimeter with two-wire
connection with length of 50 cm. Then, the temperature of the heating plate was adjusted in the range from
35°C to 100 °C with the step of 5 °C. After each step, when the temperature has been set, the readout of both
the thermocouples and the Pt100 has been performed.

Table 9.2. Parameters of LT-1-1000-K-TF/TF40-1K-type thermocouples.

Parameter Value

Thermocouple type K

Measurement tip diameter ~ <0.5 mm

Wire diameter 2x 0.08 mm

Wire material NiCr/NiAl

Wire length 100 cm

Measurement range -190°C to 260°C

Declared accuracy + 1.5°C (class 1 according to EN 60584-1:2014-07)
Insulation type PTFE-Teflon, 260 °C

Insulation max temperature 260 °C

For the design of the measurement system a thermocouple LT-1-1000-K-TF/TF40-1 by Therma Ther-
mofuhler GmbH has been selected and its parameters are presented in the Table 9.2. As mentioned
above, a Pt100 RTD was used to validate the accuracy of the thermocouple. For this purpose, a TEWA
TT4PT100BT180C312 RTD has been chosen. Its biggest advantages are relatively small size (only 12 mm of
length and 3 mm of diameter) and high accuracy (tolerance class B). The technical parameters of the chosen

sensor are presented in the Table 9.3.

Table 9.3. Parameters of TEWA TT4PT100BT180C312 RTD [131].

Parameter Value

No-load resistance at O celsius 100 Q

Tolerance class B
Tolerance range -40°C to 180°C
TCR 3851ppm/°C
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Figure 9.2. Placement of the Pt100 sensor and thermocouples during the thermocouples validation procedure.

Positions of the test probes are approximate with a tolerance od 1.0 mm due to the inaccuracies during the

drilling process.

The resistance of the Pt100 RTD was registered. The resistance measurement range of the device has been

set to 1kQ. In this range the measurement accuracy is 0.01 % of reading added to 0.001 % of measurement

range [132].
The collected resistance values has been saved to a file. The correlation of temperature versus sensor

resistance is described by the Callendar-Van-Dusen equation (9.1):
Rerp = Ro - (1+ (Arrp - T) + (Bryp - T%)) (9.1)

where:
Rrrp - RTD resistance at given temperature in given testpoint €,
Ry - RTD resistance at 0°C [Q],
T - temperature value in given test point [°C],
ARrTp - A coefficient from european norm EN 60751 equals 3.9083 - 10-3[°C],
Brrp - B coefficient from european norm EN 60751 equals =5.775 - 1077 [°C™1].

Transforming the equation yields the temperature as a function of the resistance of the Pt100 sensor:

2 R
- —A+ \/ARTD ~4Bgrp - (1 - R2)

9.2
2BRrTD ©2)

In this equation, constants Arrp and Brrp are used. Parameter Ry for Pt100 sensors is 100 Q. Pt100
sensors are also characterised by a low variation of parameters; this means that there is not much variation
between units of a given series. The accuracy of the Pt100 sensor is defined in IEC 60751 industrial standard
and depends on the sensor accuracy class [133]. In the Table 9.4 accuracy classes according to IEC 60751 are

listed.

Table 9.4. Selected tolerance classess of RTDs according to IEC 60751.

Tolerance Class  Tolerance Values [°C]  Resistance at 0°C [Q]  Error at 100°C [°C]

IEC class C +0.6 +0.01 * IT| 100 + 0.24 +1.60
IEC class B +0.3 +0.005 ¢TI 100 £ 0.12 +0.80
IEC class A +0.15 +0.002 * IT| 100 + 0.06 +0.35
IEC class AA +0.1+0.0017 « [T 100 + 0.04 +0.27
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After temperature registration an absolute error of thermocouples have been calculated using following
equation:
Eq = Tppoo - Trel (9.3)
where:
ET, - absolute error of thermocouple readout [°C],
Tpr1oo - temperature value registered using Pt100 RTD [°C],

TT; - temperature value registered using thermocouple [°C].

The results of the measurements and the comparison between the Pt100 and a thermocouple are shown
in Table 9.5 and Figure 9.4, while the measurement stand is presented in Figure 9.3. As can be seen from the
comparison with the Pt100 readout, the different thermocouples have different inaccuracies, ranging in aver-
age from 0.11°C for the thermocouple TP1 to 0.56 °C for the thermocouple TP4. This is confirmed by the
thermocouple datasheet, where the manufacturer declares the measurement inaccuracy of 1.5°C. Standard
deviations ranged from 0.05 °C for the TP1 thermocouple to 0.22 °C for the TP3 thermocouple. On the basis

of these results, it is needed to take this into consideration in the prototype thermal measurements.

Figure 9.3. Test stand of the thermocouples accuracy validation. Thermocouples placed inside a copper
block beside the Pt100 RTD, secured with the copper tape. Pt100 resistance has been acquired with Agilent
34410Amultimeter, the temperature of the heating foil has been validated using Pt100 RTD attached to the
portable multimeter EEVBlog GW121and thermocouples readout have been acquired using TC-08 logger
attached to the laptop.
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Table 9.5. Resistance and calculated temperature of Pt100 sensor compared with thermal measurements taken
by K-Type thermocouples (TP1 - TP4).

Rpei00 [Q]  Tpeioo [°Cl Trp1 [°C] Trpy [°Cl Trps [°Cl Trpy [°Cl
108.83 22.67 22.59 22.49 22.33 22.11
111.75 30.20 30.17 30.12 30.02 29.80
115.44 39.74 39.66 39.57 39.50 39.34
119.69 50.76 50.61 50.45 50.36 50.23
124.01 62.00 61.88 61.69 61.61 61.51
129.20 75.56 75.45 75.19 75.12 75.07
133.97 88.06 87.94 87.64 87.60 87.60
138.62 100.30 100.48 99.95 99.73 99.66
144.39 115.55 115.64 115.02 114.83 114.79
145.48 118.44 118.25 117.62 117.50 117.58
Avg. Inacc. [°C] o0.11 0.35 0.47 0.56
Std. Dev. [°C] 0.05 0.20 0.22 0.14
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Figure 9.4. Results of the thermocouples validation in comparison to the reference Pt100 RTD.

Measurement system parameters and potential measurement error

The measurement system used for the prototype thermal step response measurement consisted of a Pico
TC-08 USB thermocouple data logger and 4 LT-1-1000-K-TF/TF40-1K-type thermocouples. The techni-
cal parameters of the thermocouples used in the experiment are shown in Table 9.2. Pico TC-08 is a USB-
powered 8 channel thermocouple data logger with built-in cold junction compensation circuit. It’s biggest

advantage is that it offers 20-bit resolution and it comes with integrated software as well as integration with
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LabView and Matlab software packages possible. The parameters of Pico TC-08 are shown in Table 9.6.
The LT-1-1000-K-TF/TF40-1type K thermocouples are one of the thinnest thermocouples available in the
market, which could be used for measurements inside the prototype without significantly affecting its design.
The PicoLog 6 software has been used for data acquisition from the TC-08 device. It allows data registra-
tion with selected frequency, creating the so-called Math Channels with a given mathematical function, e.g.
substracting one thermocouple channel from another. This feature has been used to determine the thermal

gradient across the entire prototype to control if the heat distribution is equal in the prototype body.

Table 9.6. List of critical parameters of PICO TC-08 temperature logger [134].

Parameter Value
Hardware
Number of channels 8

Conversion time

Temperature Accuracy

Voltage Accuracy

Overvoltage Protection

Input Impedance

Input range (voltage)
Resolution

Noise-Free resolution
Thermocouples types supported

Input Connectors

100 ms per thermocouple channel
Sum of 0.2% of reading and 0.5°C
Sum of 0.2 % of reading and 10 pV
+30V

2MQ

70 mV

20 bit

16.25 bit

B,E.J.K,N,R,S, T

Miniature Thermocouple

Features Built in cold-junction compensation
General

Connectivity USB 2.0

Power Requirements USB Port

Temperature range (for quoted accuracy) 20°C -30°C
2014/35/EU: Low Voltage Directive
2014/30/EU: Electromagnetic Compatibility Directive

Safety Approvals
EMC Approvals

It was also necessary to determine the measurement uncertainty. It is especially important for the further
validation of the developed simulation models. The inaccuracy of the measurement of the TC-08 can be as
shown in equation (9.4) [134].

Tmax -

Tambicnt
—— A +0.5°C 9.4
0o 64)

where Tmax is maximal predicted temperature measured and the T

ETCOS =0.2-

ambient 1S an ambient temperature of the
TCO08 datalogger - in this case the temperature of the laboratory room.
The measurement uncertainty of the K-Type IEC584-2 standard compliant thermocouples (according to

the standard and the manufacturers datasheet) has been taken as:

Eg = +1.5°C (9.5)
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The overall thermal measurement error has been calculated:

105-25
Em = \[EFcos * Ex = \/(0-2 o0 * 0.5)2 +1.52 = +1.64°C (9.6)

9.1.2. Thermal Measurements Procedure

After the calculation of potential measurement errors and inaccuracy of the thermocouple, it was possible to
perform a thermal step response measurement of the prototype. The first step was to place the thermocouples
at the particular locations inside the prototype. These locations are presented at Fig. 8.11 and are listed as

follows:

TP1 - The external side of the thermogenerator (connecting with the casing of the prototype),

TP2 - Internal side of the thermogenerator (connecting with the heat storage unit),

TP3 - Heat storage unit surface,

TP4 - The outer wall of the prototype.

The entire prototype was then placed in a thermal chamber with a set temperature of 100 °C. This temper-
ature was monitored with an additional thermocouple placed in the vicinity of the prototype. The procedure
of heating the prototype lasted 60 minutes until the readings of all thermocouples indicated 102°C (taking
into account the measurement error). A convergence factor of 1 °C has also been defined.

Once the physical model was heated to the selected temperature and convergence was achieved (temper-
ature values differed less than the convergence factor of 1°C over time), it was removed from the thermal
chamber and placed at room temperature, allowing uniform cooling with convection from the solid state to
the air. In this way, a thermal step was forced which was then reproduced in the simulation environment.

The whole procedure is presented in Fig. 9.5.

T-Chamber

Heat Chamber Lab Room ) 1008
Totemplog. /' 1=100°C . T=27°C o I-Ambient Temp. logger

TP1| TP2[ TP3| TP4

L
P Temp step P PC
signal

V- [V+ V+ | V-

To oscilloscope K / Oscilloscope

(a) (b)

TP1-4
—
—
1111

Figure 9.5. Schematics of thermal measurements of the prototype. The prototype is denoted as P.
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9.1.3. Thermal Measurements Results

The data collected while performing the thermal step response measurements are presented in Fig. 9.6.
The figure is composed of three main parts. As shown in the part 9.6a, the overall testing procedure lasted
almost 5 hours and can be divided into three main stages: heating, stabilisation, and step enforcement. In the
figure there are four data sets with the names reflecting the test points TP1 - TP4. In the first stage the whole
prototype has been heated up, and this stage lasts for first 84 minutes (5000 seconds). It can be seen clearly that
the heat comes from the outside of the prototype to the inside - the TP3 thermocouple heats up the fastest,
then the heat is transferred through TP1 and TP2 and finally reaching the TP4 - the top of the HSU. It is also
worth to mention that the top of the HSU is heated also from the top of the prototype, which is visible on the
diagram, where the TP3 line exceeds TP1. This is caused by the imperfect insulation capabilities of the aerogel
layer on top of the prototype. After reaching 100 °C it was necessary to stop the heating phase and try to set the
thermal equilibrium across the prototype. This, a second phase of the procedure, can be seen from the minute
84 untill the minute 200 (12000 seconds). In this time, the temperature has been stabilised around the value
of 103°C. The difference in temperature between TP4 and TP2 might be caused by unequal heat transfer
to the TEG and to the heat storage unit. Despite the best efforts to reach the same temperature in all parts, a
small difference of 0.8 °C can still be observed. A detailed view on the equilibrium state has been presented in
the figure 9.6c and in the Table 9.7. As can be seen, the difference between the highest temperature and the
lowest temperature measured is within the accuracy level of the thermocouples. It can also be observed that a
thermal chamber temperature regulation algorithm causes small thermal fluctuations, as well as initial thermal
overshoot, which also caused the higher temperature of the prototype HSU (testpoint TP4 shown in Figure
8.11). In the third phase, the thermal step response has been applied. A detailed view of the thermal step
response is presented in Figure 9.6b. This phase took around 115 minutes, and can be classified as relatively
slow process in comparison to the response time of the thermocouples, so the dynamic characteristics of the
thermocouples should not limit the accuracy of the readout. During the step response phase, a heat flow
opposite to that of the heating phase can be observed. The TP3 thermocouple has the steppest response
characteristics, which is caused by exposure of TP3 to ambient temperature in the laboratory. The TP1 curve
strictly follows the TP3. The temperature observed in TP1 drops slower, since TP1 is connected to TEG
on one side, so the heat from HSU is constantly flowing through TP1, causing an increased temperature in
relation to TP3. TP2 and TP4 curves are dropping significantly slower, as both test points are connected
to the HSU, which accumulated a significant amount of heat during the heating phase of the experiment.
The results obtained have been classified as satisfactory and confirm the initial concept of the prototype. TP4

thermal curve in the response phase has been used as input for thermal step response simulation of the virtual

prototype.

Table 9.7. Temperatures readout from the thermocouples attached to the measurement points in the proto-

type.

Thermocouple Temperature
Casing Top (TP4)  102.30°C
HSU (TP3) 103.20°C

TEG Top (TP2) 102.40°C
TEG Bottom (TP1) 102.40°C
Casing bottom 102.40°C
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(c) Detailed view on the initial moment of the step response phase, just after model was placed outside of the thermal

chamber. Differences between I-st order response (TP1 and TP4) and II-order response (TP2 and TP3) is visible.

Figure 9.6. Prototype thermal step response experiment.

9.2. TEG Validation Measurement System

In order to measure and characterise TEG, the measurement system shown in Figure 9.7 has been devel-
oped. The system consisted of a heating plate, connected to the Agilent E3631A laboratory power supply that
operates in constant voltage mode. The plate was insulated from the bottom with a layer of thermal insulation
foam. A TEG was placed on the plate. Between the plate and the TEG there was a layer of thermal conductive
paste and a thermocouple that measured the temperature of the hot side of the TEG. On the other side of the
TEG there was a heat sink attached using thermal conductive paste. In between the heatsink and the cold side
of the TEG the second thermocouple has been placed. The thermal gradient formed by such assembly caused
the TEG to generate the electric power which shall be then measured and evaluated. To accomplish this,
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a resistive load has been connected to the TEG. A precise variable resistor with a resistance selection range
of 1 to 100 Q was used as the load and its value has been set to the value of internal resistance of the TEG.
Between the TEG and the load, an Agilent 34410A laboratory multimeter was connected to measure the
current, and at the output of the thermogenerator a Keithley DMM6500 benchtop multimeter was attached
to monitor the TEG voltage. Finally, the thermocouple temperature readout was collected using the Pico
TC-08 temperature logger. The whole system has been synchronised and has worked under the control of
software developed in LabView. The general block diagram of the software is shown in Figure 9.8. The first
stage is the pre-setup of the system system, i.e. opening the ports and establishing the connection with the
devices connected to the system and the PC on the other side. When this is finished successfully, the setup of
the measuring devices takes place where the measured values, number of channels, operation mode, measur-
ing range, and other critical parameters are set. After this stage is done, the measurement process starts. The
programme enters a loop, with a frequency of 1Hz. Such a low frequency is sufficient, as the TEG generates
the DC voltage, and the thermal gradient changes are also relatively slow (the whole testing procedure can
last over 2 hours), as we deal with the unforced heat transfer from metal to air. During each iteration of the
loop the temperature of the hot side of the TEG, the temperature of the cold side of the TEG, the voltage and
the current flowing into the load are read simultaneously. Those data are recorded along with the timestamp
immediately after the acquisition in the same loop iteration. The user can stop the measurements with the
"STOP" button. When this event occurs, the connections to the devices are terminated, and the ports are

closed. The access to the file is also closed. The detailed programme block diagram is shown in Appendix A.

3 Setup: Load 31.6 Ohm, Power Supply: Agilent E3631A, Multimeter (current): Agilent 34410A,

Voltage: NI MyDAQ, Temperature: TCO8

i Timestamp | T Cold | T Hot Voltage Current
1:18:59 PM 52.416542 34.221493 0.429497 0.015199
7 1:19:00 PM 52.344925 34.240261 0.427216 0.015086
§ 1:19:01 PM 52.298420 34.251583 0.426076 0.015023
9 1:19:02 PM 52.269905 34.259232 0.423796 0.014969
0 1:19:03 PM 52.255825 34.274158 0.423796 0.014946
1:19:04 PM 52.230927 34.278160 0.422655 0.014920
> 1:19:05 PM 52.238728 34.289680 0.422655 0.014923
5 1:19:06 PM 52.217430 34.297325 0.422655 0.014942

Listing 9.1. Example of the thermal data logged while the measurement procedure of the TEG.

Agilent
I 34410A Cooling Block
Digital
Multimeter Wi
e TEG
* Vv Keithley DMM6500 Vour+
LabView Multimeter
Controlled u v Heating Plate
oseer Vo M,
T DC Power Source
PICO TC-08 | L Agilent E3631A
Temperature Logger TPe 25V - C.V.

TPH \_/\

Insulating bed

Figure 9.7. Functional schematics of the TEG testing stand.
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Set Up File —
O1s
Open Connection | |
Close
connections
Acquire
signals: +
Open Connection | | Perform - voltage Write to
Agilent 34410A Setup | > . current| ] file | Close file
-TP_C
-TP_H +
Open Connection | | Error handling
DMM6500
Set up acquisition
parameters

Figure 9.8. Schematics of Labview Program used for Logging the data.

Figure 9.9. Test bench for parametrizing TEG.

9.2.1. TEG Characterisation Results

In this section, the results of the TMG-127-0.4-1.6 TEG characterisation are presented. As a first step, the
open-circuit voltage as a function of the thermal gradient has been measured. This is presented in Figure 9.10.
These data have been used next to calculate the Seebeck coefficient of the TEG. In the next step, a resistive load
of Ry = 32Q was connected to the TEG. With the load connected, the voltage across the thermogenerator
(Figure 9.11a), and the current flowing from the thermogenerator to the load have been measured (Figure
9.11b). On the basis of this data, the generated power by the TEG has been calculated as a function of the
given thermal gradient.

As can be seen in Figure 9.10 relation between voltage and the thermal gradient at the TEG is linear,
reaching 3.99 V at 75 °C gradient. Based on the OCV measurement, a Seebeck coefficient of the TMG-127-
0.4-1.6 module has been calculated according to the equation (9.7), where AT is a thermal gradient between
the hot and cold sides of the TEG and AV is the voltage measured at the TEG terminals. This equation can
be derived from equation (6.21). According to the manufacturer data presented in the Table 8.9 the Seebeck

coefficient should be close to 0.056 V-K~!, however, it is always good to measure its actual value, as it can differ

M. Daniot  Powering Medical Internet of Things Systems in a Steam Sterilisation Environment



9.2. TEG Validation Measurement System 98

in a particular application setup and in the particular piece of the given TEG model. The average real Seebeck

coefficient is calculated using the data presented in the Figure 9.10 and using the formula as in equation (9.7):

A
Se,al = % = 0.0533 (9.7)

It is worth mentioning that the average measured Seebeck coefficient differs from the declared value by the
manufacturer by 0.0027 which is over 4.8%. The reason of such difference might be difficult to investigate,
as multiple parameters can play a significant role here. First, the manufacturing process of the TEG might be
imperfect causing the assembled module to be less efficient. Second, the materials from which this particular
TEG is composed are not insulated from the environment, and after storage under different conditions the
thermoelectric material might degrade to some extent. The third reason is that the material properties of the

TEG tend to degrade with increasing number of work cycles.
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Figure 9.10. Open circuit voltage in relation to thermal gradient applied to the TEG (a), and it’s Seebeck
coefficient calculated from the equation (9.7) (b).

Figure 9.11a shows the voltage on the thermogenerator with a 32 Q load connected as a function of the

thermal gradient. As expected, the voltage increases nearly linearly with increasing gradient to reach 1.63V
at a gradient of 75 °C.

In addition to voltage measurement, the current flowing from the thermogenerator to the load was also
recorded. The dependence of the current of the temperature gradient across the thermogenerator is shown

in Figure 9.11b. As expected, this dependence is also nearly linear.
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Figure 9.11. TEG voltage (a), current (b) and power (c) output characterisation under a load of Ry = Rrgg.

Based on voltage and current measurements, the power generated by the TEG was calculated as a function
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of the temperature gradient and is shown in Figure 9.11c. As expected, this dependence is exponential in
character. Based also on these measurements, the minimum thermal gradient that ensured sensor operation
was determined taking into account the minimum power requirements of 1.67 mW defined in section 8.3.3
for LPMO mode.

According to the literature on thermogenerators [135], their internal parameters, and in particular the
internal resistance, can change with the operating temperature of the thermogenerator (and thus with the
temperature gradient). Measurements of the internal resistance of the thermogenerator were made for tem-
perature gradients in the range of 12°C - 70 °C using the technical method according to the formula [136]:

RrEc = @ (9.8)
S

where:
R - internal resistance of the TEG [Q],
Vo - TEG open circuit voltage at given gradient [V],
Vs - TEG voltage with 0.6 Q load [V],
I, - TEG current with 0.6 Q load [A].

Table 9.8. TEG internal resistance measurements results for different thermal gradients.

Gradient [OC] Voc [V] Vs [OC] I [A] R7eg [Q]

12.0 0.65 0.020 0.016  39.00
20.0 1.08 0.038 0.027  40.07
32.5 1.75 0.057 0.042  40.31
41.0 2.20 0.067 0.052  41.02
50.0 2.72 0.079 0.062 42.59
60.0 3.30 0.092 0.073 43.95
70.0 3.82 0.102 0.084 44.26
45

—44 r
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Sast
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Figure 9.12. Internal resistance of the TEG in the conditions of different thermal gradients across the TEG.

As can be seen in Figure 9.12 the internal resistance of the thermogenerator increases with temperature
and differs significantly from the AC resistance declared by the manufacturer (32 Q). The internal resistance
trend line was also determined to be a linear function, with a directional coefhicient of 0.0945. For the purpose

of further simulations, the internal resistance was selected for a gradient of 40 °C equal to approximately 41 Q.
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Abstract
This chapter describes the virtual models of the device and the TEG and their setup for validation. First a CAD

model of the physical model is created. Next the finite element modelling procedure is described in details. As first the
material parameters are selected for each of the physical model parts - aluminium, aerogel, steel, Bi; Te3 and Al O3. Next
a meshing procedure is applied to 3D CAD model and mesh refinements are made in critical simulation areas. Each of
the meshing parameters is described and evaluated, as it can have a significant influence on simulation results. Finally,
the boundary conditions and numeric setup of the simulation are described. In the second part of the chapter a TEG
modelling is described in detail. Due to simplicity and intuitiveness, a SPICE simulation method for the TEG has been
selected. Several different models have been reviewed, and Kubov’s model has been selected for further evaluation. After
that, a set of parameters based on the TEG characterisation and manufacturer’s datasheet have been applied to the model,

and the simulation environment has been prepared.

Outcomes of this chapter: As a result of this chapter a detailed procedure of heatflow simulation in the virtual model
has been described. Additionally, a TEG SPICE model has been selected and parametrised using the parameters obtained

through physical measurements and taken from the TEG datasheet.

In this chapter a simulation setup and a steam sterilisation simulation

procedure for the virtual model of the device will be presented. To perform any FEA simulation, the first
step is to build a virtual CAD model of the device. Such a model has been created in the PTC Creo software
and the FEA model simplification procedure has been applied. After having a model geometry, the material
parameters have to be selected. This was made based on the literature values, taking the average value of the
selected parameters. In all cases density, conductivity direction and thermal conductivity, as well as specific
heat, have been selected. Having a CAD model and material parameters, the next step was to prepare a mesh.
This was done in accordance with the good practises of the FEA modelling procedure and with respect to
the software limitations and requirements. After generation of the initial mesh and inspecting its parameters,
the mesh refinements have been applied to optimise it. Having a good quality mesh allowed us to go to
the next step and set up the boundary conditions. Here the data acquired during the thermal step response
experiment served as a boundary conditions of the simulation. Finally a numerical and simulation setup has
been performed. The simulation used a Multifrontal Massively Parallel sparse direct Solver (MUMPS) solver
with SCOTCH renumbering method and with Theta parameter of 0.5. After preparation of FEA simulation
a setup for TEG simulation hase been made. In this thesis a Kubov SPICE model has been used, and initial

TEG parameters has been chosen based on the methodology from the literature.
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10.1. CAD Modelling

In order to carry out thermal simulations, it was necessary to construct a CAD model of the physical
device. The CAD model represented a simplified version of the prototype, details not relevant to the simulation
were omitted. The CAD model of the real object consisted of an aluminium housing, internal insulation, a
thermogenerator module, and a HSU. The TEG model consisted of two ceramic plates and P-N pairs between
them. It was modeled in a simplified manner with the electrical connections between the P-N pairs omitted.
This model is shown in the figure 10.1. In part A of the figure 10.1, it can be seen the top view along with the
dimensions. Part B of the Figure 10.1 presents the side view with its dimensions, while part C of the Figure
10.1 presents the isometric view on the whole CAD model. In part D a detailed view of the modelled TEG is

presented.
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Figure 10.1. CAD model of the physical module.

10.2. Thermal Simulation Setup

The Simscale software package was used to perform the thermal simulations. This is a cloud-based sim-
ulation solution developed by SimScale Gmbh that allows for computational fluid dynamics, finite element
analysis, and thermal simulations. The software consists of a web-based interface and a computational back-
end. The back-end is based on open-source solutions such as Code_Aster and CalculiX for FEA calculations

and OpenFOAM CFD software for computational fluid dynamics (CFD) calculations.
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Code_Aster with the MUMPS solver was used for simulation studies. Code_Aster is a solution that allows
for numerical and thermal analysis. MUMPS - a MUltifrontal Massively Parallel Solver is a parallel library for
the solution of sparse linear equations. Multifrontal algorithms are popular for factorisation of linear systems,

resulting in a mesh-based computations with the finite element method.

10.2.1. Material Parameters

To perform a simulation using the FEA method, it is needed to define the geometry (CAD model) that is a
subject of simulation, as well as define and assign materials to the CAD model. They are the input data for the
calculation and can have a great influence on the simulation results. Hence, the proper selection of material
parameters is a very important part of the entire simulation process. The selection of these parameters also
depends on the specific type of simulation.

In the thermal simulation process described in this chapter, three basic material parameters will be used:
density, thermal conductivity, and specific heat, additionally it is also needed to define the type of conductivity

- in the case of materials used in this simulation it is an isotropic type.

— Density - density is mass of a unit volume of a material substance, defined as d = %, where M is a mass,

and V is a volume. Commonly expressed in g - cm™ or in kg - m™.

— Thermal Conductivity - Thermal conductivity of a material is a measure of its ability to conduct heat.
It also defines the correlation between heat flux per unit area and temperature gradient defined as
Q=-kAT. Where Q is heat flux per unit area, k is thermal conductivity, and AT is thermal gradi-

ent. Commonly expressed in W - m~! - K~

— Specific Heat - Specific heat is the energy required to raise the temperature of a unit mass of a substance

by 1K. Commonly expressed in ] - kg™ - K™
The material parameters used to build the simulation model are shown in Table 10.1.

Table 10.1. Material parameters selected for the simulation.

Material d [kg-m™] Conductivity k[W -m™.K™] Cp []-kg_1 K] Source

Aluminium 2770 Isotropic 235 897 [137]

Aerogel 120 Isotropic 0.025 1500 [138]

Steel 8000 Isotropic 15.1 480 [72]

BiyTes (n) 7740 Isotropic 1.5 180 [72], [139]-[143]
BiTe; (p) 7740 Isotropic 1.5 180 [72], [139]-[143]
AlL,O; 3720 Isotropic 25 880 [72], [144]

The material parameters were selected by averaging table values of reference materials, or where there
was no table values available - a research on scientific papers has been made and average value has been
established. It turned out to be problematic to select the appropriate parameters of the components of the
thermogenerator itself. Unfortunately, TEG manufacturers provide very modest - approximate - data on it’s
construction and materials used. For example, in the Ferrotec Nord TMG-127-0.4-1.6 thermogenerator,
the only information available is that it is a thermogenerator constructed on the basis of bismuth telluride
(BipTej3), with ceramic covers based on (Al;O3). The manufacturer does not provide accurate material data
or information on whether or what (Bi, Te3) is doped with. Therefore, a literature review was performed for

the desired values of the material parameters. Thermal conductivity, examined in a number of publications
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and entries, ranges from 1.25 to almost 2.11 W - m~! . K. The specific heat, on the other hand, varies from
165 to nearly 200. Therefore, the values of 1.5 and 180 were chosen appropriately. The thermal parameters
of (Al,O3) were similarly selected by analysing the tabular data available from specific commercially available

materials. The Elsevier Knovel material database and the Total Materia database were used for this purpose.

10.2.2. Meshing

The basis for the operation of the finite element method is the division of continuous geometric space by
discrete nodes that form geometric cells (discretization of space), these cells usually have a shape of tetrahedron.
The number of such cells - and thus nodes - is limited, and by solving the equations describing the desired
unknowns for each such node, an approximate solution for the entire geometric region is obtained. Creating
a grid of nodes and cells is called meshing. Meshing is one of the most important parts of the FEA analysis
process, and hence it must be optimised accordingly.

A well-made mesh is a compromise between computation accuracy and computation time. The denser
the mesh, the more accurate the simulation results will be; on the other hand, fewer node points, so a sparser
mesh, leads to faster calculations. The following procedure has been performed to generate an appropriate

mesh:

1. The geometry of the CAD model has been studied,
2. CAD Cleaning procedure has been performed,

3. The appropriate type of mesh was selected,

4. Preliminary mesh creation was performed,

5. Mesh evaluation was performed,

6. Increase the mesh density in critical areas of the model (sharp edges, small parts).

The initial mesh has been generated using the automatic method provided by Simscale, and the initial
simulation has been performed to check the accuracy of the procedure. After the successful initial results, the

mesh refinement was performed. The refinements have been made by manipulating the following parameters:

1. Global element size reduction,
2. Local element size reduction,
3. Mesh adjustment,

4. Local mesh refinement.

The mesh quality indicators have been chosen as aspect ratio, non-orthogonality, edge ratio and volume

ratio. Each of the parameters is described below.

— Aspect Ratio - The Aspect ratio quantifies the quality of the elements, where 1 is a perfectly shaped
tetrahedral element and the shape of the element is worse with a higher aspect ratio. By definition the
aspect ratio of a tetrahedron K is defined as l?ﬁ, where |Kl,qx and r, respectively, denote the highest
edge length and the inradius of K. Figure 10.2 shows the placement of the tetrahedral cells with the
highest aspect ratio in the meshed model.
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Figure 10.2. Placement of the tetrahedral cells with the greatest aspect ratio.

— Non-Orthogonality - We define non-orthogonality as the angle made by the vector joining two

adjacent mesh cells centers, across their common face and the face normal (as presented in the figure

10.3) [145]. It is one of the most critical parameters in both CFD and FEA analysis. High value of

non-orthogonality might lead to the not-accurate results of FEA analysis or, in CFD, might cause

convergence issues with the whole solution. However, many solvers can compensate this effect with

a different methods depending on the solver type or setting. Thus it is important to minimize this

parameters below the values specified by a given solver.
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Figure 10.3. Placement of the tetrahedral cells with the greatest non-orthogonality.

Kl ax
|K|min
denote the greatest and the smallest edge lengths of K. The edge ratio is shown in Figure 10.4

— Edge Ratio - The edge ratio of a tetrahedron K is defined as

, where IKl,,4x and |Kl,;,, respectively
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Figure 10.4. Placement of the tetrahedral cells with the greatest edge ratio.

— Volume Ratio - Volume ratio of the tetrahedron cell is defined as a maximal ratio between the volume
of a given tetrahedron and each of the volumes of its neighbour cells. As an interpretation of volume
ratio, it can be stated that it describes how smooth is the transition between small mesh cells and large
ones. In the ideal case, this parameter shall be relatively small; however, it should be validated with
solver documentation. Figure 10.5 denotes a cell with a volume ratio of 8, which means that its volume
is 8 times greater than that of its smallest neighbour. Figure 10.6 presents the tetrahedral cells with the

greatest volume ratio in the mesh of the model.
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Figure 10.5. Example of a tetrahedron cell with a volume ratio of 8.07 (marked in red), meaning that its

volume is over 8 times greater than the volume of its smallest neighbouring cell.
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Figure 10.6. Placement of the tetrahedral cells with the greatest volume ratio.

As it is stated in the Simscale documentation, the mesh quality parameters shall be kept in a given range as it
is presented in the Table 10.2. Thus, the initial mesh has undergone an mesh refinements to keep the quality
factors according to the recommended values. The overall mesh is presented in the Figure 10.7. Figures 10.2
to 10.3 presents the mesh quality evaluation towards. It is worth to mention - all of the parameters are in

range of the specification of Simscale [146].

Table 10.2. Recommended values of mesh quality parameters and the results of meshing refinements (maximal

value, minimal value and average of each of the relevant parameters) [146].

Mesh value
Parameter Recommended Value -
ax Min Average
Non-orthogonality =~ Max. value <75 63 0 17.7
Aspect Ratio Max value < 100 2.9 1.0 1.56
Edge Ratio Max value <« 100 402 1.01 1.69
Volume Ratio Max value < 100 8.07 1 1.29

While adjusting the parameters, the mesh convergence study has been performed. The parameters have
been adjusted until the mesh convergence study showed that mesh converge. It means that the mesh did not
produce significant differences in the result when mesh refinement was introduced. The summary of the final

mesh used for thermal simulation is presented in the Figure 10.7.
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10.2.3. Boundary Conditions
Boundary conditions play a key role in FEA simulation. Their type and parameters define how a system (for

a
Figure 10.7. Overal mesh structure (a) - spatial view, (b) - bottom side, (c) - isometric view on the casing of

example, the structure in which we simulate heat flow) interacts with its surrounding environment. In the case

10.2. Thermal Simulation Setup
the prototype 3D model

of steam sterilisation, the surface temperature of surgical instruments is a key parameter in terms of sterilisation
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efficiency. This is also the boundary condition adopted in the simulations described here, where the boundary
condition is the surface temperature of the prototype at its key points. Based on the measurements made in
Chapter 9 of this thesis, the temperature of the prototype housing and its changes over time were adopted
as the boundary condition. Figure 10.8 shows the temperature set as a boundary condition over time and
compares it with the temperature collected from the prototype housing. The boundary conditions have been

set to the fixed temperature of the walls of the virtual model.

oo

Temperature [°C]

0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000 5500 6000 6500 7000 7500
Time [s]

Figure 10.8. Temperature of the virtual prototype walls surface in time set as a boundary condition for tem-

perature step response simulation for model parametrization.

10.2.4. Numeric Setup

Code_Aster offers a number of parameters that can affect the outcome of the simulation, so it is important
to choose them appropriately and consciously. Based on the Simscale documentation [147] and literature

[148], the parameters that should be properly set before starting the simulation are as follows:

— Precision Singularity Detection - Which defines the precision value for the detection of a singular
matrix. A singular matrix is a square matrix that cannot be inverted, and thus matrix decomposition
cannot progress any further. Such errors often occur when constraints to the analysis model are insuf-
ficient, and it is highly important to detect such cases. In the simulation setup, this value has been set to

8, meaning the detection with 108 precision.

— Matrix Type - This parameter determines if the stiffness matrix! related to the analysed problem is
symmetric or asymmetric. This setting have been set to Automatic mode as Simscale documentation

suggests.

'A matrix representing the linear equations that must be solved in order to ascertain an approximate solution to the differential

equation.
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— Memory percentage for pivoting - Define how much additional memory should be reserved for the
pivoting operations. If MUMPS estimates that the necessary space for factorising the matrix would be

100, choosing a value of 20 would mean that MUMPS allocates a memory space of 120.

- Linear system relative residual - This settings allows to select the maximum relative residual for each
linear system resolution compared to the exact solution. In a nonlinear calculation this setting can be
deactivated by selecting a negative value since the quality of the solution is controlled within the Newton

method.

— Preprocessing - It is possible to preprocess the stiffness matrix to make numerical factorisation cheaper
in computing. The optimisations performed include: symmetric permutation, permutations to a zero-
free diagonal, and row and column scalings. Each of the pre-processing methods is applied automatically,
when needed [149].

- Renumbering Method - This option optimises the number of nodes so that the bandwidth of the matrix
is as small as possiblez. In the simulation setup, a SCOTCH renumbering algorithm has been used.
SCOTCH is an algorithm build on a basis of the graph theory, with a divide-and-conquer approach,
used for mesh optimisation in FEA analysis resulting in stiffness matrix bandwidth optimisation (but not

only, it is used in many other scientific computing fields).

— Memory Management - This setting relates to the memory management of the MUMPS solver. The
option is to use in-core memory - meaning a direct RAM memory in a given computation core will be

used, out-of-core - meaning

— Theta - The parameter 6 is used in Crank-Nicolson method must be ranging between 0.0 (explicit
method) and 1.0 (completely implicit method). The standard value of 6 = 0.57 is chosen a little higher
than 6 = 0.5 which would lead to the Crank-Nicolson scheme of order 2. The further explanation of
the sense of the theta parameter is provided in Appendix B.

10.2.5. Simulation Run Setup

An important step in preparing the numerical simulation is to take care about the simulation run setup.
In the heat transfer scenario, a linear static analysis setup is used. By definition, in this simulation type setup
there is no time dependence of the material properties, boundary conditions, and results. The only nonlinearity
allowed in the heat transfer simulation scenario is temperature dependency of the boundary conditions and
material properties.

Simscale environment offers a set of settings that shall be adjusted according to the preferred simulation

scenario. The parameters description and its values used for simulations in this dissertation are as follows:

1. Pseudo time stepping - A pseudo time stepping is a technique for solving for the steady-state solu-
tion of time-evolving partial differential equations (like theses used in heat transfer model) [150]. The
technique is based on setting an initial guess and using a time-stepper to evolve the solution forward.
This parameter has two possible settings: "Single Time Step" - indicating that only a single load case is
run, and "Stepping List" - allowing to run a list of load cases, ordered by the pseudo time variable. In
the transient heat simulation the "Stepping list" setup is chosen and locked, as it essential for transient

simulation.

2The stiffness matrix of a typical finite element model has zeroes in most entries, except for a band about the diagonal. The bandwidth
measures this “spread” of non-zeroes in the matrix. A smaller bandwidth means faster computation. It is usually measured as the maximum

distance of any non-zero term in the matrix, from the leading diagonal.
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2. Simulation intervals - In the transient simulation context it is the end value of the pseudo-time vari-
able, meaning how long the simulation lasts and how long the transient effects should be taken under

consideration. In the simulation setup this variable has been set to 9720s.

3. Time step length - in transient simulation context it represents the incremental change in the pseudo-

time variable. In the simulation setup this variable has been set to 120s.

4. Write control definition - This setting indicates in which time steps the output result fields shall be
written into the results database. During the simulation the selected option was "initial time steps" -

meaning that the output is written on the time steps specified in Time step length field.

10.3. TEG Modelling

The second stage of the research after performing the thermal simulations is to simulate the power gen-
eration in the TEG with a given simulated thermal gradient. To perform this task, a set of steps must be
performed. First, the TEG modelling techniques must be reviewed, and a given TEG modelling technique
must be chosen, according to the application requirements. Then, the parameters needed by the model have
to be extracted from the TEG datasheet, and finally, the model needs to be fed with the thermal gradients and

the power output needs to be registered.

10.3.1. TEG Model Selection

The modelling of thermoelectric generators and thermoelectric coolers is not a new topic. The increasing
popularity of energy harvesting techniques, especially thermal energy harvesting in the context of wireless
sensor nodes and the industrial Internet of Things (IIoT) , drives the creation of new modelling approaches
in this field. Thus, a short review of existing models needs to be done in this chapter, and particular model

based on the given criteria needs to be selected. The selection criteria are as follows:
1. Simplicity - model needs to be as simple as possible still preserving the details important for simulation,

2. Accuracy - model needs to hold an accuracy within a low thermal gradients (0 °C - 20 °C) within a low

overall temperature range (20 °C - 100 °C),
3. Ability to feed the model with the data extracted from the manufacturer’s datasheet.

In case of modelling thermoelectric generators we can distinguish several different modelling techniques
which approach the problem from several different points. First, we can model the thermoelectric phenom-
ena itself, then the focus might be put into the modelling of the thermoelectric module only, and finally
we can model the thermoelectric module from the system perspective, where it is used as an element of the
whole energy harvesting system. Each of these approaches has several different techniques included. First,
the modelling of the thermoelectric phenomena itself might be of different complexity. Starting from a sim-
plified thermoelectric phenomenon model taking into consideration global balance of thermoelectric effects
and heat transfer. In this simplified approach some of the TE effects are neglected, e.g. the Thomson effect,
while the others are kept constant, e.g. the Peltier effect. Simplified models, however, might be improved by
including the Thomson effect into the model, which results in better accuracy in the Thermoelectric Cooler
application. Finally, the complex approach does not take into account the global energy balance but local
energy balances, making the whole model much more complex, but also much more accurate [151]. The

introduction to thermoelectric phenomena is presented in the chapter 6 of this thesis. However, this approach
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is not within the scope of this chapter, as this chapter is focused on modelling of the TEG from the system
perspective. Considering the usability of the model from a system perspective, we consider two approaches
in general: analytical and numerical models. The analytical approach can be divided into two categories, and
the difference is how we estimate the optimal load resistance of the TEG. In the first category, there is the
assumption that the optimal load resistance is equal to the internal resistance of the TEG (Rrgg = R;,,)- This
assumption is presented by authors such as Leonov, who describe a very interesting study on human body heat
harvesting and its dependence on several factors such as wind speed, ambient temperature, or clothing [152],
the second paper using this approach is the work of Sigrist et al. describing an energy harvesting system for
the conversion of small bipolar thermal gradients into electrical energy [153]. Another application using this
paradigm is presented in the work of Thielen et al. where authors analyse the energy scavenging from body
heat and its processing in power conditioning circuits. The authors have put a great focus on comparing two
different approaches, first having a high output voltage, low thermal resistance yTEG combined with a high
efficiency active boost converter (LTC25504), secondly having a high thermal resistance, low electric resis-
tance mTEG in combination with a low input voltage coupled inductors-based boost converter (LTC3108)
[154]. The approach of matching the internal resistance and load resistance is also present in some of the
books related to thermoelectricity [72].

The second category of the analytical modelling approaches assumes that load resistance should not only
depend on the internal resistance of the TEG but also take under consideration the TEG’s figure of merit.
This can be described as Rrpg = Ry, - VZ- T +1 where ZT is the thermoelectric figure of merit. This
approach in analytical modelling is also presented by several authors [155]-[159].

In contrary to analytical models, the numerical models highly depend on the geometry of the thermoelec-
tric generator and heavily use the FEM analysis. For these models, the research is focused mainly on shape,
geometry or arrangement optimization of a given TEG/TEC module for a given applications [160]-[163].

An alternative approach for modelling the TEG is to use SPICE software, where the TEG module can be
implemented as a transducer device. Such a model can capture both linear and non-linear properties such as
material parameters depending on the temperature, leading to the increased prediction accuracy.

For the purpose of this dissertation, several concepts and approaches available in the literature for modeling
a thermogenerator have been reviewed. They are described in Section 10.3.1 of this work. The choice of the

appropriate method was dictated by the following requirements:

— The method must be simple to implement - This is a requirement driven by the need to make the
model usable for industrial purposes, assuming it will be used by R&D personnel not necessarily in the

thermoelectric specialty,

— The model must be based on parameters available from the thermogenerator catalog notes so that it can

be easily adapted to evaluate new solutions in the market,

— The model must have a compensation mechanism so that adaptation is possible in the event of compar-

ative testing with a real thermogenerator.

Based on the assumed criteria and taking into account the studies available in the literature, it was decided
to choose the Kubov model as the model for SPICE analysis of the thermogenerator. Some papers suggest a
relatively low overall accuracy of this model, however on the other side it’s accuracy in the selected temperature

range is satisfactory for this study. The model itself is presented in the Fig. 10.9.

Kubov’s TEG Model and its Parameters

The Kubov’s TEG model is presented in Figure 10.9. There is a main advantage of Kubov’s TEG model - it
is symmetric in the SPICE domain, and it is mapped directly with physical phenomena in the Peltier/Seebeck
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module (TEG module). Thus, it is relatively easy to follow the process of creation of model itself and process
of transfer the concepts and principles of the TEG into the electrical model. According to the paper of Kubov
et al. [164] the model can be developed by combining thermal and electrical domains, as it is presented in
Figure 10.9.

.param Se _TEG = 0.053, R TEG = 41
c
By, By ®
RrEa g
n0 pO
o
P ' ! n —=
r 8
3
func. Pe(T){alpha_TEG* T} ﬁ
.param TO0 = 273
-
.param Cq = 1.74, Rq = 1408 I
TC qu Rq2 TH

£
{Rq/2} {Rq/2} g
8
Bz L
E
5]
{Ca/2} {Ccq/2} s

I Bl = V(p, n0) * I(B02) I Bl2 = V(n0, p0) * I(BO2) I B2 = V(p0, n) * I(B02)

- = - J

Figure 10.9. SPICE representation of Kubov’s TEG model. Electrical domain (top of the figure) represents the
electrical properties of the TEG module, while thermal domain (bottom of the figure) represents the thermal

properties of the TEG model.

The model itself is relatively easy to understand and it can be described starting from the analysis of the
corelation between the heat flow and current in the single Peltier element. Asstated in Equation 6.8, in a Peltier
element the heat that flows from cold to hot part is proportional to the current and the Peltier coefficient, as
presented in Equation 10.1:

Qp = 7pul (10.1)
where Ty TEpresents a Peltier coefhcient between p-type and n-type materials, and I represents a current.
This phenomenon can also be expressed as a balance equation of the thermal power, in such a case it would

look as follows:

Qt - Qh

Qr=Q=-Q,= — (10.2)

When the hot and cold sides are connected with a thermoelectric material, this causes heat low from a hot
side to the cold side, and thus a generation of electromotive force depending on the Seebeck coeflicient & and

the temperature difference between the hot and cold side. This can be expressed as the following equation.

Vieg =N+ (apn : (Th - TC) -1 an) (10.3)

where Ry is an electrical resistance of a single TE pair, thus the internal electrical resistance of the whole
TEG can be defined as:
R = N - Rpu (10.4)
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According to the thermoelectric model of the TEG described in chapter 6 Peltier coefficient and the
Seebeck coefficient are connected to the Thompson equation as it was shown already in equation (6.9), and

depend on absolute temperature T

Tpn = apn T (10.5)

Taking this into account and equation (6.8), it is possible to express the heat flux from the cold side to the

hot side as follows:

Qp=(Q-Q2=ap - (T+T)2-1 (10.6)

Where ay, - (T, + T},)/2 is an average value of Peltier coefficient for two contacts. Taking all of these into
account it can be stated, that electromotive force for two opposite switched contacts will be determined by

the temperature difference. It can be written down in the formula as follows:
Vieg =N - (apn Ty, - Apn - T)=N- Qpn - (Th -T,) (10.7)

Taking into account the internal resistance of the TEG, the equation (10.7), can be formulated as follows:

Vreg =N - apu - (T, = To) =1 - Rreg (10.8)

According to equations (10.6) and (10.8) an SPICE model has been implemented which consists of two
parts representing the electrical domain and the thermal domain, respectively. The electrical domain part of the
model consists of two current-driven voltage sources By; and By, representing the Seebeck potential on both
sides of the module. Their values depend on the Seebeck coefficient and the hot and cold side temperatures,

according to the equations:

VBO1 =QATEG * Tc (10.9)

V302 = OTEG Th (10.10)

The resistor R, represents the electrical resistance of the module. The thermal domain consists of two
resistors Ryy and R representing the thermal resistance of the module, capacitors Cy1 and Cp representing
the thermal capacitance of the module. The voltage-driven current sources By and B; represent the heat
consumed on the cold side of the module and the heat generated on the hot side of the module (when working
as the thermoelectric cooler). The voltage-driven current source By, represents the Joule heating from the
electrical resistance of the module R7gg. The parameter R, represents the internal thermal resistance, while
Cy represents the thermal capacitance of the whole module (C; = Cy1+C,). With the letters p and n a positive
and negative terminal of the module is marked, while T, and T}, denote the low- and high-temperature sides
of the module.

As mentioned above, all of the TEG parameters have been estimated on the basis of the only manufacturers
data sheet and general material parameters. This method has been chosen to provide also a possibility to test any
of the potential TEGs available in the manufacturers’ offer. In the case where the most important parameters
would be missing from the TEG datasheet, the needed calculations have been provided based on the work of
Lineykin etal. [74]. The Kubov model requires to provide several parameters which can be calculated from the
manufacurer’s datasheet. All the parameters are both for thermoelectric generator (TEG) and thermoelectric

cooler (TEC) as both devices can be used interchangeably. These parameters include:

1. Rrgc/TEC - internal resistance of TEG or TEC module
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2. arpcy/TEC - Seebeck coefficient of the TEG or TEC module
3. O1ec/TEC - thermal resistance of the TEG or TEC module

For each of the listed parameters equations using the manufacturer datasheet data are provided based on the
work of Lineykin [74]. Equations (10.12), (10.14), (10.15) are usefull in the case of using TEC module, while
equations (10.11), (10.13), (10.16) are useful in the case of TEG module.

Despite the electrical resistance of the TEG is usually given in the datasheet it can be also calculated from

the TEG matched voltage and power at the matched load according to the equation:

= _load (10.11)

where 1/}, is matched voltage and W}, is a power with the matched load attached. It might be a case,
according to that instead of using Thermoelectric Generator, we would need to use thermoelectric cooler.
In small thermal gradients, thermoelectric coolers might behave as thermoelectric generators. In such a case,
it is possible to calculate the internal resistance of optimal performance and the maximum output voltage
according to the following equation:
Vinax . Th - ATmax

Rrgc = T

10.12
max Th ( )

Where:
Vinax - DC voltage that will produce maximal possible AT, at the thermoelectric cooler (TEC) [A]
Lyax - DC current that will deliver maximal possible AT, at the TEC [A],
T}, - estimated hot side temperature of the TEC [K],
AT pax - largest temperature difference that can be obtained between hot and cold side of the TEC [K].

The next parameter needed for the Kubov model is a Seebeck coefficient, expressed in Figure 10.9 as

alpha_TEG. This parameter can be calculated as:

o - 2- Vlaad _ 2- Vload
TEG =TT, AT

(10.13)

In case of using thermoelectric cooler, Seebeck coefficient can be evaluated from equation as follows:

aTEC = T (10.14)

One of the key parameters of the Kubov model is a thermal resistance of the TEC, ©7g¢, depicted in
Figure 10.9 in the thermal domain as Rq. Thermal resistance of the TEC can be calculated using following

formula: T .
AT ypax "L
e = . 10.15
TEC Imax . Vmax Th - ATmax ( )
For the TEG however, the thermal resistance can be derived with the following equation:
R
OrEG = 22 - Z (10.16)

TEG
Where:
RrEG - electrical resistance of the TEG [Q],
ariG - Seebeck coefficient of the TEG [V - K],
Z - figure of merit of the TEG.
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TEG model simulation setup

Simulations of the TEG module have been performed in the LTSpice software. The simulation setup is
presented in the Fig.10.10 and the detailed SPICE netlist source code is presented in the listing in Appendix
C. As can be seen in Figure 10.10, the TEG parameters have been calculated and set with Cq as a heat
capacity, Rq as thermal resistance, Se as Seebeck coefficient, and RO as internal resistance of TEG. Then two
programmable voltage sources Vg and Ve have been attached simulating a temperature on the hot and
cold side, respectively. Finally, the simulation parameters have been set to the operating point analysis (.op).

The simulation has been performed by applying given gradients across the thermal input of a model.
The step was set as 1°C. The simulations have been performed in three different configurations. In the
first configuration, an open circuit voltage TEG setup has been simulated, the simulated value was only the
voltage on the output of the TEG. In the second simulation setup, a load resistor of 32 Q has been connected
to the output of the TEG; this case simulated the optimal power matching scenario. Each setup has been then
simulated with the thermal gradients from 1°C to 75°C.

Thermal domain Electrical domain

parameters parameters
r ~ Al r - Al
Cg=1.74 Se = 53m
Rg = 1408 R TEG = 41
RLoad
Th p—VVWN—
TEG MODEL 32
Th n
OO
Vry Vre
{Th} {Tc}
GND GND GND
.param Tc = 26

Simulation | .step param Th 26 101 1
Parameters |  op

Figure 10.10. TEG simulation setup.
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11. Results and Validation

Abstract

In this chapter, results from measurements of the physical model are presented and compared with the results of
simulations to validate simulation accuracy. First a thermal simulation results of the virtual model are compared with
the physical model measurements. The simulation inaccuracy remained within the bonds of the measurement error
(+ 1.64°C). Next the simulation of the TEG with OCV and with a load resistance is presented and compared with
the physical measurements. The Kubov model evaluation is performed, and the results are discussed. Finally, a set of
simulations is performed to investigate the influence of the insulation thickness and HSU height on the thermal gradient

possible to achieve across the TEG.

Outcomes of this chapter: In this chapter, the simulations are validated by comparison with the measurements
acquired with the physical model of the energy harvesting system and from the TEG characterisation. Finally, it was
investigated that the influence of the HSU height on the possible thermal gradient generated across the TEG is much

higher than the influence of insulation thickness.

In this chapter, the results from physical prototype characterisation measurements and results of numerical
simulations are compared.

First, a virtual model comparison with the physical prototype is performed to establish a reliable model
for heat transfer inside the prototype. When the heat distribution inside the model is known, it is possible to
simulate the TEG behaviour and estimate the generated electrical power. To do this, the results of the TEG
virtual model have to be compared with the laboratory results gathered in the process of TEG characterisation.
After this stage is completed and the results are comparable with the physical TEG model, a simulation of the
full steam sterilisation cycle can be performed. On the basis of these data, it is possible to evaluate if the minimal

gradient needed for the sensor electronics is achieved during the whole steam sterilisation process.

11.1. Virtual Model Validation Results

As it can be seen in the Figure 11.1 the results of the virtual simulation converges with the results of
the laboratory measurements of physical model. Results of the simulations are not precisely the same as the
measured temperatures in the laboratory, however, they stay within the measurement errors of the used ther-
mocouples. On the basis of these results, it can be stated that virtual prototype model is accurate enough to
proceed with the simulations. Other possible explanation of the small differences between the simulation and
the laboratory measurements is numerical and mesh setup of the simulation, probably there is still a space for
doing further optimisations in this area, however, the improvements are not expected to be significant. The
other explanation could be the inaccuracies of the thermal measurements using thermocouples. It is worth

noting that the thermocouples are not connected directly to the surface of the given prototype material, there

117



11.1. Virtual Model Validation Results 118

is a very thin layer of thermal paste in between, which could also affect the measurements. Finally, the mate-
rial parameters could affect the simulation results as well, as the tabelary data can differ from the real material
parameters, especially it is possible in the thermal properties of the TEG module, where the thermal conduc-
tivity and capacity of Bi, Tes might significantly differ depending on the doping of the bismuth telluride, its
manufacturing process and the manufacturers quality standards; also values taken from the literature differs
relatively a lot. All of these factors could affect the quality of the simulation and improving each of them could
lead to more accurate results. However, results obtained in this simulation, material, and measurement setup

are accurate enough for the purposes of this Ph.D. dissertation project.
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Figure 11.1. Validation of the virtual model compared with the measurements of physical prototype.

With the experimental and simulation data collected, the procedure for system identification and determi-
nation of time constants was carried out. To determine the transmittance function, we loaded the experimental
data into Matlab and preprocessed. The constant component, which is the ambient temperature (26 °C), was
removed from the experimental data to fit the Simulink step function. After this compensation, the tempera-
ture step was therefore in the range of 76 °C to 0 °C. A circuit was then built in Simulink software with two
transmittances and a step enforcement on the input. The initial step parameters were adjusted accordingly
so that, at equilibrium, the measured and simulated values coincided. The time constants of both transmit-
tances were then manipulated to achieve results as close as possible to the measured values. The value of the
normalised root mean square error (NRMSE), topped up to unity, was used as a validation criterion. In this
assumption, 100 % represents a perfect fit.

As can be seen in Figure 11.2 for TP1, the accuracy of the fit function with the measurements is 94.49 %.
This result is mainly due to the non-linearity seen in the initial stage of the temperature step response. This
non-linearity was probably due to the measurement method and had to do with the transfer of the physical
model from the thermal chamber to the rack on the laboratory table. Another reason for this non-linearity
could also be the contact between the room-temperature rack and the heated module, which caused the
module to lose heat rapidly during the initial phase of the temperature jump. Although the contact area
between the rack and the module is minimised, this cause seems likely. Finally, a third possible cause of
the nonlinearity could also be the thermoelectric phenomenon occurring in the thermogenerator, directly at

which the thermocouple was located.
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The fit in TP2 and TP3 already shows much better accuracy, since the NRMSE at these points is 96.24 %
and 97.11 % respectively. At point TP1, there is one dominant time constant of Tp; = 900s. For mea-
surement point TP2, there are two time constants, T1tp, = 2000s and T27p, = 330s. In the case of the
measurement point TP3, there are also two time constants of T1tps = 1750s and T2p3 = 700's respectively.
It is worth noting that at the TP3 point, the system has the highest inertia, which is in line with prediction
and intuition. In the case of the time constant at TP2, it is worth noting that it is larger than the time constant
at TP3, which is due to the heat low from TP3 through TP2.
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Figure 11.2. Identified transfer functions of the thermal step response in test point TP1 (between the
physical model casing and the TEG).
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Figure 11.3. Identified transfer functions of the thermal step response in test point TP2 (between the
physical model TEG and the HSU).

As it is visible in Figures 11.2 - 11.4, the character of the system response is as similar as it was anticipated,
with small inaccuracies coming from non-linearity phenomena in the beginning of the step response. This,
as well as general convergence of the thermal simulation step response results with measured real-world data,

allows us to proceed with the validation of the TEG model itself.
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Figure 11.4. Identified transfer function of the thermal step response in test point TP3 (between the
physical model HSU and the insulation layer).

11.2. TEG Model Validation

After having a virtual model of the whole device parametrised and evaluated (Chapters 8 - 10) the next step
was to parametrize and evaluate the TEG SPICE model. The procedure involved creating a set of simulations
using the Kubov’s SPICE TEG model and performing a set of laboratory experiments using the selected
TEG model. The validation procedure was divided into three steps. First a simulation using only the data
acquired from the TEG datasheet (R7gg = 32 Q, argg = 0.056 VK1) have been compared with the physical
measurements. In the second step, an internal resistance and Seebeck coeficient measured in the real device
(RTEG =41 Q, arpg = 0.053V - K1) have been used for simulations. Finally, the results from both steps have

been compared and the relative error calculations have been performed for the second step.

The acquired laboratory measurement data and the virtual simulation data are presented in Figure 11.5.
As it can be seen the simulation is not satisfactory. It was prooven that the declared Seebeck coefficient on
the manufacturer’s datasheet differs from the Seebeck coefhicient of the physical TEG device, the same applied
with the internal resistance, leading to significant differences between the measured and simulated values as
it is presented in Figure 11.6. After adjusting TEG internal resistance to the measured value (R7pg = 41 Q)
and the Seebeck coefficient of the module to 0.053 V - K1, the simulation converged with the measured data
within acceptable error range as presented in Figure 11.7. Despite this simulation is not a perfect one, it is

accurate enough for the application needed in this Ph.D. dissertation.

The inaccuracies might be explained due to several reasons. First of all, the parameters declared by the
manufacturer might differ from the reality, as it happened in this case and had to be adjusted. The second
reason is that the measurement setup has its flaws and inaccuracies. The assembly of the measurement setup
and a presence of thermal grease with the top of thermocouple between the radiator and the TEG and between
the TEG and the heating plate could affect the measurements. The other reason is the quality of the TEG
module, which might be affected by the different ageing mechanisms while being stored for a longer time.
The third and possibly the most important factor affecting the quality of simulation in comparison to the
laboratory measurements is the inaccuracies and limitations of the Kubov model itself. Although very simple
and practical to implement the Kubov model has its limitations and it cannot be used in every temperature

range, as was presented in the work of Posobkiewicz et al. [165].
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Figure 11.5. Kubov’s model validation under a load Ry = 32Q equal to the Rygg of 32Q and arpg of
0.056 V- K1 as declared in the manufacturer’s datasheet. Kubov’s model tends to be inacurrate in the thermal
gradients higher than 40°C.
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Figure 11.6. Kubov’s model validation under a load Ry = 32 Q after adjustment of TEG internal resistance
RrEG to 41 Q and the Seebeck coefficient apc to 0.053V - K1 .
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There have been observed errors between the simulation and the TEG measurements performed on the

test bench. This was expected due to the limited accuracy of the Kubov model and the inaccuracies of the

physical parameters measurements. Thus, errors have been calculated for voltage, current and power simulated

in comparison to the values measured. The simulation relative errors (in %) are given by the formula:

[ — sl
Egoy =

(11.1)

Where:

m - measured value of voltage, current and power
s - simulated value of voltage, current and power

r — measurement range Of voltag, current and power

All the errors are presented in Figure 11.7. Maximum errors and average values are summarised in Table 11.1.
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Figure 11.7. Modelling errors of voltage (a), current (b), and power (c) for the TEG simulation with adjusted

parameters based on measured internal resistance and Seebeck coefhicient, with load of 32 Q attached.

Table 11.1. Comparison of modelling errors of TEG voltage, current and power.

Parameter Max. Error [%] Average Error [%]
Voltage 7.42 2.11
Current 3.45 2.46
Power 6.78 1.52
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As can be seen in Table 11.1 the modelling error is the highest in the case of voltage reaching 8.78 %.
However, this error occurs for the thermal gradient of 80 °C. According to the thermal simulations of steam
sterilisation conducted, the maximum thermal gradient occurring throughout the TEG module is not greater
than 70°C. For such a gradient, the relative error in case of TEG voltage is 6.5 % which is an acceptable
error for further simulations. The occurrence of such error was expected because the Kubov model does not
take into account thermal dependency of the physical parameters of the TEG. As the literature [135] shows,
these parameters can vary significantly. This was also observed in this work, while measuring TEG internal
resistance that varied from 39 Q to 44.26 Q and for modelling an average value of 41 Q has been selected.
A similar phenomenon can be observed with the Seebeck coeflicient and thermal resistance of the modules,
according to the literature. All these factors are influencing the inaccuracies of the Kubov model; however,
for the purpose of this thesis the maximal relative errors presented in the Table 11.1 are within an acceptable
range. It is also worth mentioning that Kubov’s model does not take into account the change in physical
parameters under the influence of temperature, while it has been proven that such changes can be significant

in the case of resistance and can be up to 80 % [135].

11.3. Steam Sterilisation Boundary Conditions

Boundary conditions play a key role in the FEA simulation. Their type and parameters define how a system
(for example, the structure in which we simulate heat flow) interacts with its surrounding environment. In
the case described, the environment that defines the boundary conditions for the simulation performed was
the interior of a medical autoclave during steam sterilisation. The process of such sterilisation is regulated by
appropriate standards in Europe: EN285, and therefore, the boundary conditions must have reference to these
standards. In the simulations described here, such a boundary condition was the surface temperature of the

tools inside the autoclave, and is presented in Figure 11.8.
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Figure 11.8. Steam sterilisation temperature as a boundary condition in the simulations.
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11.4. Sterilisation Simulation Results

After parameterisation of both the prototype and the TEG the simulation of the whole sterilisation cycle
was performed. As an input boundary condition, a temperature measured inside the autoclave has been applied.
Then the temperature on both sides of the virtual model of the TEG has been registered. The simulation results
are presented in Figure 11.9. As can be seen in the picture, the thermal gradient is positive in the first part
(during the sterilisation phase) and negative after the device is withdrawn from the sterilisation chamber. With
green lines, a minimal thermal gradient for operation of electronics is marked. The red line on the X-axis
depicts the time when the gradient is sufficient to power the sensor electronics. As can be seen in the picture,
for the entire steam sterilisation time, the minimal thermal gradient is achieved. What is more important, the
thermal gradient is still present in the drying phase of the steam sterilisation, when the outside temperature is

lower than the inside temperature of the prototype.
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Figure 11.9. Thermal gradient across the TEG during the simulated steam sterilisation process.

11.4.1. Effect of insulation thickness on temperature gradient

After performing a simulation of an initial steam sterilisation procedure on a virtual model of the module,
it was possible to investigate how the size of the HSU and the width of insulation affect the performance of
gradient generation. A set of simulation experiments has been performed by analysing different insulation
thicknesses and sizes of the heat storage unit.

The simulations carried out were preliminary. The aim was to see how the thickness of the insulation and
the height of the HSU affected the amount of temperature gradient through the thermogenerator. On the
basis of these results, detailed simulations of the amount of energy generated and the feasibility of powering
the sensor module were carried out in subsequent steps.

In the first step, several simulations of the sterilisation process were performed for different versions of
the virtual model, differing in the thickness of the thermal insulation with all other parameters unchanged.
Simulations were carried out for four HSU heights: 5mm, 10 mm, 15 mm and 20 mm. Four different thermal
insulation variants were used for each:5 mm, 10 mm, 15 mm and 20 mm. For each simulation, the temperature
gradient through the thermogenerator (the temperature difference between the two sides of the thermogen-
erator) was calculated. The purpose of the simulations was to see how the magnitude and course of the
resulting gradient depended on the thickness of the thermal insulation. The results of each of these simula-

tions are presented in Figures 11.10 - 11.13. In each figure, the temperature course of the steam sterilisation
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process and the waveforms of 4 gradients for 4 different insulation thicknesses are marked with a dark grey
line. Each figure is also divided into an area when the medical container with the module under examination
is during the sterilisation process and during the drying phase. In addition, the green line indicates the size
of the gradient at which the TEG generates the power necessary to power the sensor in active mode based
on the power consumption calculated in Section 8.3.1. The quantitative analysis was performed at the six
characteristic points (p1 - p6) marked at the top of the figure. These points correspond successively to the
first temperature peak during the steam entry process (p1), the local temperature minimum (p2) during the
air depressurisation process, followed by the second temperature peak (p3), the second local minimum (p4)
and, finally, the temperature just before the start of the sterilisation plateau phase corresponding to the highest
gradient and the temperature at the end of the sterilisation plateau phase (p5) and the start of the drying process
(p6). At each of these points, the values of the temperature gradients were read and then compared with each
other in a table (see Table 11.2 to 11.5).

The MAPE index (Mean absolute percentage error) was also used, which tells how the gradient curve

differs from the autoclave temperature curve. MAPE have been calculated using following equation:

Ts - Tg
T

1 n
MAPE = Z; ' -100% (11.2)
p

where:
T - temperature value of sterilisation at a given point,
T, - value of thermal gradient across the TEG,
n - given sample index,
N - number of samples.

The smaller the value of the MAPE index, the greater the overall gradient on the TEG and the better the
power generation efficiency. Each figure also indicates in what percentage of the overall sterilisation process
time the temperature gradient on the thermogenerator exceeds the minimum needed for the sensor to operate
in active mode (AT 404). This has been calculated for each of the thermal insulation thicknesses.

The first of the simulated variants was for a 5mm HSU as presented in Figure 11.10. According to the
simulation procedure, simulations were carried out for 4 different insulation variants. The first conclusion
from the simulations is that, even with 20 mm insulation, the module is not able to generate the power needed
to power the sensor in active mode during the entire length of the sterilisation procedure, but only for 56 % of
its length. In the case of 5mm thick insulation, this percentage drops to 50.97 %. Another observation is also
that the thickness of the thermal insulation in the case of a 5mm HSU only slightly affects the efficiency of

the power generation process giving a difference of only 5.88 % in the length of time the sensor is powered.
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Figure 11.10. Heatsink of size 5 mm with different insulation thicknesses: 5mm, 10 mm, 15 mm, 20 mm.

In addition, the differences in temperature gradients at points p1 - p6 appear to be negligible for different
insulation thicknesses, as can be seen in the Table 11.2. The highest gradient obtained for point p1 was
52.3°C, while the lowest at the same point was 50.2°C. At point p2, larger differences in gradients were
observed, ranging from —3.6 °C to —0.4 °C. At this point the effect of the insulation on the performance of the
thermogenerator is more apparent, as it is undesirable for the thermogenerator to change polarity under the
influence of a change in the direction of the temperature gradient. The next point of interest to consider is p4,
where it is again undesirable to change the polarisation of the temperature gradient and where, unfortunately,
this happens in the cases considered. It can also be seen that the differences in gradient values are much smaller
than at point p2. This is due to the smaller temperature peak at p3 and its too short duration and therefore
most likely incomplete heating of the HSU. Looking at the behaviour of the temperature gradient between
points p5 and p6, it can be seen that for this size of HSU and insulation variants, it is not possible to achieve
a gradient on the thermogenerator that allows the sensor module to be powered throughout the sterilisation
plateau phase. At p6, the temperature gradient on the thermogenerator is only between 1.5°C and 3.8 °C,

which is far from the assumed minimum of 12°C.

Table 11.2. Comparison of thermal gradients across the TEG for the heat storage unit with height of 5mm

with the different insulation thicknesses.

Sterilisation
I5HS5 I110HS5 115HS5 I20HS5

Temperature
pl[°C] 110.5 50.2 51.9 52.2 52.3
p2 [°C] 68.7 -3.6 -1.9 -0.8 -0.4
p3 [°C] 98.3 21.2 21.9 22.9 23.5
p4 [°C] 73.5 -6.2 -5.2 -4.5 -3.8
p5 [°C] 128.3 25.5 26.8 27.4 27.9
p6 [°C] 133.6 1.5 2.2 3.0 3.8
MAPE [%] 87 86 85 84

The second case study was a model with an HSU of 10 mm. Simulations were carried out according to
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the simulation procedure for four different insulation thicknesses, and the results are presented in Figure 11.11
and Table 11.3.

The first noticeable difference in Figure 11.11 compared to the simulations carried out for the HSU with a
height of 5 mm is the significantly higher temperature gradients achieved relative to both sides of the thermo-
generator. This is also reflected in the percentage of sterilisation time where the gradient is above 12 °C. For
the case described here, this time is already 77.98 % of the total sterilisation time for 5 mm thick insulation. For
20 mm thick insulation, however, the time is already 87.90 %. It is also worth noting that for the 15 mm and
20 mm insulation thicknesses in the case considered, they allow a gradient of more than 12 °C to be generated
throughout the plateau phase of sterilisation. This is significant in the context of powering the sensor directly

with energy from the thermogenerator, without the use of electrical energy storage.
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Figure 11.11. Heatsink of size 10 mm with different insulation thicknesses: 5mm, 10 mm, 15 mm, 20 mm.

When analysing the temperature gradients at points p1-p6 presented in Table 11.3, it can be seen that
in general the gradient values at p1 are higher compared to the variant with a 5mm HSU. However, the
difference in gradient values at point p1 is much smaller and only 1.7°C between the 5mm and 20 mm
insulations. At point p2 all the gradients are positive, which is very important because the polarity of the
thermogenerator does not change. At p3, which is the second local maximum during the process of pumping
air out of the autoclave, the gradients reach values between 30.3°C and 33.5°C, while at p4 they drop to
between 2.7°C and 6.0°C. Again, all gradients remain positive. Finally, on p5, the gradients reach values
between 36.5 °C and 39.9 °C, which is well above the required minimum. However, it should be noted that
at the end of the plateau phase, only two isolation variants, 15 mm and 20 mm, provide a gradient above the
required 12°C. The other two variants, 5mm and 10 mm, provide gradients of 10.1°C degrees and 11.9°C
respectively.

Itis also apparent that there is a significant change in MAPE compared to the 5 mm HSU variant, indicating
better performance in the generation of thermal gradients than the 5mm HSU. Importantly, as in the previous
case, different insulation heights result in a slight change in MAPE. However, their impact on the energy
extraction process should not be underestimated, particularly during key phases of the sterilisation process,
such as the plateau phase between points p5 and p6, where only some of the insulations considered provided

a gradient above the expected minimum.
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Table 11.3. Comparison of thermal gradients across the TEG for the heat storage unit with height of 10 mm

with the different insulation thicknesses.

Sterilisation
I5HS10 I10HS10 115HS10 I20HS10
Temperature
pl [°C] 110.5 62.1 63.5 63.7 63.8
p2 [°C] 68.7 8.3 10.3 11.3 11.6
p3 [°C] 98.3 30.3 31.8 32.9 33.5
p4 [°C] 73.5 2.7 4.4 5.3 6.0
p5 [°C] 128.3 36.5 38.3 39.2 39.9
p6 [°C] 133.6 10.1 11.9 13.1 14.1
MAPE [%] 78 76 75 75

The third scenario examines the effect of 4 different insulations and a 15 mm HSU on the temperature
gradient generated at the thermogenerator. As can be seen in Figure 11.12, in two cases a gradient above
the minimum is maintained throughout the sterilisation process. These cases are 15mm and 20 mm thick
insulation. In the other cases, 5mm and 10 mm thick insulation, the minimum gradient is maintained for

89.44 % and 99.19 % of the sterilisation time, respectively.
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Figure 11.12. Heatsink of size 15 mm with different insulation thicknesses: 5mm, 10 mm, 15 mm, 20 mm.

Analysing the characteristic points p1-p6 summarised in Table 11.4 it can be seen that the gradient achieved
at p1 ranges from 66.6 °C to 68 °C. It can also be seen that the differences in the gradient values are very small.
At point p2, which is the local minimum, the values of none of the gradients fall below 12 degrees and then
reach values ranging from 37°C to 40.5 °C at point p3. After the second temperature peak, there is a sharp
drop to point p4 where the values of the gradients for the two insulation thicknesses are below the assumed
threshold. For case I5SHS15 the gradient value at p4 was 9.8 °C and for case [10HS15 it was 11.8 °C. Although
this is below the assumed threshold, the difference in this case is only 0.2°C. In the area of the sterilisation
plateau, between points p5 and p6, all cases provide sufficient temperature gradients well above the established

minimum.
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Table 11.4. Comparison of thermal gradients across the TEG for the heat storage unit with height of 15 mm

with the different insulation thicknesses.

Sterilisation
I5HS15 I10HS15 115HS15 I120HS15
Temperature
pl[°C] 110.5 66.6 67.8 68.0 68.0
p2 [°C] 68.7 15.4 17.4 18.4 18.6
p3 [°C] 98.3 37.0 39.0 39.9 40.5
p4 [°C] 73.5 9.8 11.8 12.8 13,5
p5[°C] 128.3 44.3 46.6 47.7 48.4
p6 [°C] 133.6 18.9 21.6 23.2 24.3
MAPE [%] 71 70 69 68

The fourth case describes the use of a 20 mm high HSU with four different insulation thicknesses, accord-

ing to the simulation scenario shown in Figure 11.13. This is an optimistic variant in terms of the dimensions

of the module itself - it should be taken as a reference, as implementation-wise its large size and weight works

against it. In this variant, all insulation thicknesses ensure that the minimum temperature gradient is achieved

on the thermoelectric generator.
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Figure 11.13. Heatsink of size 20 mm with different insulation thicknesses: 5mm, 10 mm, 15 mm, 20 mm.

Analysing the values of the temperature gradient at the characteristic points summarised in Table 11.5, we

see that they differ significantly from the other cases. The minimum gradient found in the I5SHS20 variant

of 14.6 °C significantly exceeds the assumed minimum. The gradient values at p1 and p3 also suggest that

there are conditions for efficient energy harvesting. In the plateau phase of sterilisation (points p5 - p6) the

gradients for all insulation thicknesses significantly exceed the assumed minimum and reach a maximum value

of 54.7°C. As expected, the MAPE values in this case are also the lowest of all simulated cases.
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Table 11.5. Comparison of thermal gradients across the TEG for the heat storage unit with height of 20 mm

with the different insulation thicknesses.

Sterilisation
I5HS20 I110HS20 115HS20 I20HS20
Temperature
pl [°C] 110.5 68.6 69.8 69.9 70.0
p2 [°C] 68.7 19.6 21.7 22.6 22.8
p3 [°C] 98.3 41.5 43.4 44.5 45.0
p4 [°C] 73.5 14.6 16.8 18.0 18.6
p5 [°C] 128.3 49.9 52.6 53.9 54.7
p6 [°C] 133.6 26.2 29.7 31.6 32.9
MAPE [%] 67 65 64 63

11.4.2. Effect of HSU size on temperature gradient

The next step was to investigate the effect of the height of the HSU on the temperature gradient between
the thermogenerator covers. Four basic HSU heights (also 5, 10, 15 and 20 mm) were tested for each insulation
thickness (5, 10, 15 and 20 mm). The simulation results are shown in Figures 11.14 - 11.17 and Tables 11.6 -
11.9.

The parameters tested remained the same as for the simulations described in section 11.4.1 and detailed
measurements were taken at points p1, p2, p3, p4, p5, p6. Each figure and table is briefly analysed.

As can be seen in Figure 11.14 for the insulation of 5 mm only HSU with 20 mm height ensures the 100%
time over the defined minimum gradient threshold. However, during the plateau phase the HSU heights of
10 mm, 15 mm and 20 mm ensure the minimum required thermal gradient. As can be seen in the Table 11.6,
the differences in MAPE between each size of HSU are significant, ranging from 87% in the case of HSU of
5mm to 0.67% in the case of HSU of height 20 mm.
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100 - \
75 ;/ R \\
501 /%\\ &

25 A \\‘ ‘ ‘\-. :\/ / S /
- \// N —/

AT across the TEG [°C]
X
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>Ss
7
M
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/ ..
0 4— 1 v
ATs(HSU 5mm) = 50.97 % \
—254 < HSUof5mm AT 04(HSU 10mm) = 77.98 % \i
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~50 1 ATs(HSU 20mm) = 100.00 %

HSU of 20 mm

250 500 750 1000 1250 1500 1750
Time [s]
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Figure 11.14. Insulation of size 5 mm with different HSU heights: 5mm, 10 mm, 15 mm, 20 mm.

As can be seen both in the Figures 11.14 - 11.17 and in the Tables 11.6 - 11.9, the differences between

the MAPE values increase with increasing thermal insulation, which is a logical consequence. The thicker
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Table 11.6. Comparison of thermal gradients across the TEG for insulation thickness of 5 mm with different

HSU heights.

Figure 11.15. Insulation of size 10 mm with different HSU heights: 5mm, 10 mm, 15 mm, 20 mm.

AT across the TEG [°C]

Sterilisation
HS5I5 HS10I5 HS15I5 HS20I5
Temperature
pt[°C] 1105 502 62.1 66.6 68.7
p2[°C] 687 3.6 83 15.4 19.6
p3[°C]  98.3 212 30.3 37 415
p4[°C] 735 -6.2 2.7 9.8 14.6
p5[°C] 1283 25.5 36.5 44.3 49.9
p6 [°C]  133.6 1.5 10.1 18.9 26.2
MAPE [%] 87 78 72 67
Inside the autoclave Outside the autoclave
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/5 \\ \\i /, \
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the insulation around the HSU, the less heat is lost by convection from the HSU directly to the enclosure and

then to the environment. When considering the scenario where the thermal gradient must be maintained

throughout the sterilisation process, it is particularly important to monitor the test point p4 and to minimise

the overall height of the device while maintaining the minimum thermal gradient. Such a situation can be

achieved by combining either HSU of height 20 mm with insulation of 5 mm or HSU of height 15 mm with

insulation of 15mm. It’s clear that in order to minimise the height of the device and reduce its size, the

parameter to consider is the height of the HSU and not the thickness of the insulation, which may seem

counterintuitive. However, based on the preliminary results, more detailed simulations of scenarios with

different HSU heights need to be carried out in order to have a deeper insight into the minimisation of the

device while preserving it’s core functionalities.
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Table 11.7. Comparison of thermal gradients across the TEG for insulation thickness of 10 mm with different

HSU heights.

Figure 11.16.

Sterilisation
HS5110 HS10I10 HS15110 HS20I10
Temperature
pl [°C] 110.5 51.9 63.5 67.8 69.8
p2 [°C] 68.7 -1.9 10.3 17.4 21.7
p3 [OC] 98.3 21.9 31.8 38.9 43.4
p4 [°C] 73.5 -5.2 4.4 11.8 16.8
p>5 [°C] 128.3 26.8 38.3 46.6 52.6
po [OC] 133.6 2.2 11.9 21.6 29.7
MAPE [%] 86 76 70 65
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ﬁ
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Insulation of size 15 mm with different HSU heights: 5mm, 10 mm, 15 mm, 20 mm.

Table 11.8. Comparison of thermal gradients across the TEG for insulation thickness of 15 mm with different

HSU heights.

Sterilisation
HS5115 HS10I15 HS15115 HS20I15
Temperature
pl[°C] 110.5 52.3 63.7 68.1 69.9
p2 [°C] 68.7 -0.8 11.3 18.4 22.6
p3[°C] 983 22.9 32.9 39.9 44.5
p4[°C] 735 -4.5 5.3 12.8 18
p5 [°C] 128.3 27.4 39.2 47.7 53.9
p6 [°C] 133.6 3.1 13.1 23.2 31.6
MAPE [%] 85 76 69 64
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Table 11.9. Comparison of thermal gradients across the TEG for insulation thickness of 20 mm with different

HSU heights.
Sterilisation
HS5120 HS10I120 HS15120 HS20120
Temperature
pl [°C] 110.5 52.3 63.8 68.1 70
p2 [°C] 68.7 -0.4 11.6 18.6 22.8
p3 [°C] 98.3 23.5 33.5 40.5 45.1
p4 [°C] 73.5 -3.8 6.0 13.5 18.6
p5 [°C] 128.3 27.9 39.9 48.4 54.7
poé [°C] 133.6 3.9 14.1 24.3 329
MAPE [%] 85 75 68 63
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Figure 11.17. Insulation of size 20 mm with different HSU heights: 5mm, 10 mm, 15 mm, 20 mm.

Time [s]
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12. Simulated Power Generation during Steam Sterilisa-

tion

Abstract
This chapter presents the methodology and simulation results of the power generation by the TEG during the steam

sterilisation process for different geometric configurations of the device model. Firstly, the methodology of the simula-
tions carried out for each model variant is defined. Then, the results are summarised in relation to the minimum power
requirements for the sensor operating in active mode and in passive mode. For both modes two scenarios have been anal-
ysed - scenario with a power buffer, where the energy balance has been calculated, and the scenario without any power
buffer where the sensor electronics is driven directly from the DC-DC converter from the TEG. Finally, the most optimal

design was selected to ensure that the design objectives were met while minimising the size of the overall module.

Outcomes of this chapter: The result of this chapter is a summary of the power and energy produced for different
variations of the energy harvesting module design. Modules with HSU heights from 2.5mm to 20mm in 2.5mm incre-
ments and thermal insulation thicknesses from 5mm to 20mm in 5mm increments were considered. The 10mm HSU
height and 5mm thermal insulation variant was selected as the optimum. It provided power to the sensor module for more

than 94 % of the sterilisation time while minimising the module dimensions.

With a mechanical model of the module and a SPICE model of the TEG, it was possible to run a simulation

of the steam sterilisation process to measure the power generated during the full steam sterilisation cycle.

12.1. Methodology and Simulation Setup

The power generation simulation during the steam sterilisation cycle was performed in two main steps.
In the first step, a heat transfer simulation was performed to obtain the temperature of the hot and cold sides
of the TEG module, which formed the simulation output. In the next step, the hot and cold side temperature
values were used as input for SPICE simulation of TEG power generation using Kubov’s model. The overall

scheme is shown in Figure 12.1.
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Parametrized
Kubov's TEG mode,

Steam Sterilization
Temperature Curve,

Power Generation
Simulation
(LT SPICE)

Thermal Temperature of TEG

Hot + Cold Side

Output Power
Data Graph

Simulation
(Simscale)

Figure 12.1. Schematic diagram of the power generation simulaton procedure.

All thermal flow simulations were performed in Simscale environment using parameters and CAD models
described in detail in the chapter 10. SPICE simulations were performed in LTSpice using the SPICE script
presented in the listing in Appendix D.

The simulation was performed for insulation thicknesses of 5mm, 10mm, 15mm, and 20 mm and for
HSU heights of 5mm, 10 mm, 15 mm and 20 mm. After each simulation an average power generated during

the whole cycle, as well as the total amount of energy harvested, has been calculated.

12.2. Results

The simulations were carried out for the entire steam sterilisation process, including all three phases of the
process, but the most critical part is the second phase, known as the plateau phase, where steam sterilisation
takes place. The analysis of the results reflects this. First, the results of the entire steam sterilisation process
are analysed. Then the detailed analysis of the power generation during steam sterilisation is carried out. The

results are analysed considering two possible scenarios for powering the sensor electronics:

- Using Energy Storage System (ESS) Although the use of the ESS is generally not desirable due to
the problems with most of the available ESS solutions mentioned in chapter 5, a situation is considered
where technological advances will allow the introduction of cost effective ESS to the market. In this
situation it is considered that the sensor electronics are connected to the energy storage system which

stores the energy generated during the entire steam sterilisation process.

— Without ESS In this scenario there is no energy storage system and the sensor electronics are pow-
ered directly by the thermoelectric generator. In this scenario the energy generated during the steam
sterilisation phase of the steam sterilisation process was considered. The aim was to power the sensor

electronics for at least 95 % of the steam sterilisation plateau phase.

The overview of the analysed scenarios is presented in the Figure 12.2.
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Use Cases
Y Y
T\ e ~N
1. Using ESS 2. Without ESS
— N )
Y Y
) — e N
Full Sterilization Plateau phase
Surveillance surveillance
1.1 Active Mode 1. 2 Passive Mode 2.1 Active Mode 2.2 Passive Mode

Figure 12.2. Schematic diagram of the power generation simulaton procedure.

12.2.1. Scenario 1 - Using ESS

The first case study considers the use of an ESS in the form of a high temperature hybrid capacitor con-
nected to a power management system. The option considered assumes that the excessive energy generated
by the TEG is stored in the capacitor and consumed by the measurement module when the energy generated
by the TEG is insufficient. This assumption is favoured by the steam sterilisation process, where prior to the
actual sterilisation phase (plateau), preliminary operations (pumping in and out of steam) are carried out which
cause high temperature differences between the HSU and the module housing. This temperature difference

generates a relatively high electromotive force in the TEG and thus electrical energy.

In the scenario described here, it is assumed that once sufficient electrical energy has been stored in the
capacitor, the sensor module will switch on and draw an average power in active mode of 1.674mW as
calculated in section 8.3.3, while in passive mode the sensor will operate at 0.353 mW. For both cases, a
cumulative energy balance was simulated and the amount of energy stored at the end of the sterilisation
process was estimated. A number of design options were considered where the variables were the height
of the HSU and the thickness of the thermal insulation. HSU thicknesses from 2.5 mm to 20 mm (in 5 mm
increments) and insulation thicknesses from 5 mm to 20mm (in 5 mm increments) were tested. This gave a

total of 32 parameter combinations for which simulations were carried out.

Active Mode

The first case analysed is the one where the RF430FRL152H chip operates in LPMO (active mode) and the
energy from the TEG is stored in the energy storage system. All the results are summarised in the Table 12.1

and the selected simulation results are shown in the figures 12.3. - 12.12.

Each figure shows the complete steam sterilisation process including the preparation phase (venting air,
releasing steam, preheating), the plateau phase and the drying phase. The plateau phase lasts 620 seconds in

the simulation, which is indicated in each figure by the variable T The figures are divided into three

sterilisation*
parts. The first part shows a graph of the power generated by the TEG operating throughout the process.
In this graph, the area where the power generated by the TEG exceeds the assumed power consumption
threshold of the sensor is marked in blue. In other words, in the areas marked in blue, the power generated
by the TEG is sufhicient to power the sensor electronics. The second graph shows the energy balance. The

energy balance is the sum of the energy produced by the TEG and the energy consumed by the sensor

M. Daniot  Powering Medical Internet of Things Systems in a Steam Sterilisation Environment



12.2. Results 138

module. The energy balance diagram also shows the amount of energy produced by the entire sterilisation
process (Ep) and the amount of energy remaining to be used at the end of the entire process (Egg). The third
subgraph shows, in simplified form, the graph of the power consumption of the sensor module that is switched
on when entering the plateau phase of the sterilisation process. This graph also shows how much power the
sensor consumed (Ps) and how much energy the sensor consumed during its entire cycle (E;). Therefore, each
graph shows the instantaneous power generated by the TEG, the energy balance, the operating state of the
sensor and the energy balance at the end of the sterilisation process. This last data is important in the context
of estimating the performance of other IoT systems that remain active at the end of the sterilisation cycle. For
a better understanding of the data presented in the figures, Figure 12.3 is described in detail. In this figure it
can be seen that the total energy produced during the sterilisation process is 7.63 ] and the remaining energy
to be used is 6.59]. It can also be clearly seen that during the plateau phase, only in the first part of the plateau
phase is the power generated by the TEG sufficient to power the sensor, this is also reflected in the inflection
of the energy balance graph around the 900t second. It can also be seen that after the plateau phase there
is a significant increase in the power generated by the TEG. This is due to the rapid drop in temperature in
the autoclave chamber, which causes a reverse flow of heat through the TEG, from the HSU to the module
enclosure. It should be noted that the reverse heat flow also changes the polarity of the TEG voltage, which

must be taken into account when designing the power conditioning system.
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HSU height = 2.5 mm, Insulation thickness

Preparation Phase Plateau Phase

=5mm
Drying Phase
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Figure 12.3. Generated power and energy balance during the preparation phase, plateau phase and drying

phase of the steam sterilization procedure for a HSU of height 2.5 mm and insulation thickness of 5 mm. The

sensor is turned on for the surveillance of sterilization phase, while remaining inactive in the preparation and

drying phase.

HSU height = 2.5 mm, Insulation thickness = 10 mm

Preparation Phase Plateau Phase

Drying Phase

0.03 1

0.02

0.01

0.00

Tsterilization =620[s]

—— Power [W]
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Figure 12.4. Generated power and energy balance during the preparation phase, plateau phase and drying

phase of the steam sterilization procedure for a HSU of height 2.5 mm and insulation thickness of 10 mm. The

sensor is turned on for the surveillance of sterilization phase, while remaining inactive in the preparation and

drying phase.
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HSU height = 2.5 mm, Insulation thickness = 15 mm

Preparation Phase Plateau Phase Drying Phase
Tsterilization = 620[s] .
0.03 A Power [W]
0.02 A
0.01 4
0.00 \ A\ ; ; . . .
7.5 1
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Figure 12.5. Generated power and energy balance during the preparation phase, plateau phase and drying

phase of the steam sterilization procedure for a HSU of height 2.5 mm and insulation thickness of 15 mm. The

sensor is turned on for the surveillance of sterilization phase, while remaining inactive in the preparation and

drying phase.
HSU height = 2.5 mm, Insulation thickness = 20 mm
Preparation Phase Plateau Phase Drying Phase
Tsterilization = 620[s] —— Power [W]
0.03 A
0.02 A
0.01 A
0.00 ¥ /\N T T T T T
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Figure 12.6. Generated power and energy balance during the preparation phase, plateau phase and drying

phase of the steam sterilization procedure for a HSU of height 2.5 mm and insulation thickness of 20 mm. The

sensor is turned on for the surveillance of sterilization phase, while remaining inactive in the preparation and

drying phase.
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HSU height = 5 mm, Insulation thickness = 5 mm

Preparation Phase

Plateau Phase Drying Phase
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Figure 12.7. Generated power and energy balance during the preparation phase, plateau phase and drying
phase of the steam sterilization procedure for a HSU of height 5 mm and insulation thickness of 5mm. The
sensor is turned on for the surveillance of sterilization phase, while remaining inactive in the preparation and
drying phase.
HSU height = 5 mm, Insulation thickness = 10 mm
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Figure 12.8. Generated power and energy balance during the preparation phase, plateau phase and drying

phase of the steam sterilization procedure for a HSU of height 5mm and insulation thickness of 10 mm. The

sensor is turned on for the surveillance of sterilization phase, while remaining inactive in the preparation and

drying phase.
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HSU height = 5 mm, Insulation thickness = 15 mm

Preparation Phase Plateau Phase Drying Phase
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Figure 12.9. Generated power and energy balance during the preparation phase, plateau phase and drying

phase of the steam sterilization procedure for a HSU of height 5 mm and insulation thickness of 15 mm. The

sensor is turned on for the surveillance of sterilization phase, while remaining inactive in the preparation and

drying phase.
HSU height = 5 mm, Insulation thickness = 20 mm
Preparation Phase Plateau Phase Drying Phase
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Figure 12.10. Generated power and energy balance during the preparation phase, plateau phase and drying

phase of the steam sterilization procedure for a HSU of height 5mm and insulation thickness of 20 mm. The

sensor is turned on for the surveillance of sterilization phase, while remaining inactive in the preparation and

drying phase.
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HSU height = 7.5 mm, Insulation thickness
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Figure 12.11. Generated power and energy balance during the preparation phase, plateau phase and drying

phase of the steam sterilization procedure for a HSU of height 7.5 mm and insulation thickness of 5 mm. The

sensor is turned on for the surveillance of sterilization phase, while remaining inactive in the preparation and

drying phase.
HSU height = 10 mm, Insulation thickness = 5 mm
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Figure 12.12. Generated power and energy balance during the preparation phase, plateau phase and drying

phase of the steam sterilization procedure for a HSU of height 10 mm and insulation thickness of 5mm. The

sensor is turned on for the surveillance of sterilization phase, while remaining inactive in the preparation and

drying phase.
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Table 12.1. Summary of energy generated during the whole steam sterilization procedure with different

design sizes and with sensor module in Active mode with average power consumption o 1.674 mW.

HSU Insulation Energy Energy Energy
height [nm] thickness [nm] generated []] consumed [J]] balance []]

2.5 5.0 7.63 1.04 6.59

2.5 10.0 8.37 1.04 7.33

2.5 15.0 8.58 1.04 7.54

2.5 20.0 8.85 1.04 7.81

5.0 5.0 15.34 1.04 14.30
5.0 10.0 16.64 1.04 15.60
5.0 15.0 17.11 1.04 16.07
5.0 20.0 17.17 1.04 16.14
7.5 5.0 21.80 1.04 20.76
7.5 10.0 23.57 1.04 22.53
7.5 15.0 24.18 1.04 23.15
7.5 20.0 24.26 1.04 23.22
10.0 5.0 27.04 1.04 26.00
10.0 10.0 29.07 1.04 28.04
10.0 15.0 29.82 1.04 28.78
10.0 20.0 30.03 1.04 28.99
12.5 5.0 31.25 1.04 30.21
12.5 10.0 33.46 1.04 32.43
12.5 15.0 34.46 1.04 33.42
12.5 20.0 34.74 1.04 33.70
15.0 5.0 34.70 1.04 33.66
15.0 10.0 37.26 1.04 36.22
15.0 15.0 38.30 1.04 37.26
15.0 20.0 38.59 1.04 37.55
17.5 5.0 37.60 1.04 36.56
17.5 10.0 40.15 1.04 39.11
17.5 15.0 41.43 1.04 40.39
17.5 20.0 41.88 1.04 40.84
20.0 5.0 39.96 1.04 38.92
20.0 10.0 42.96 1.04 41.92
20.0 15.0 44.25 1.04 43.21
20.0 20.0 44.77 1.04 43.73
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Passive Mode

In the scenario considered, the energy from the TEG was stored in the energy storage system as in the
previous section, but the sensor was operated in LPM3 (passive) mode. The same number of design con-
figurations were analysed, i.e. HSU heights from 2.5 mm to 20 mm and thermal insulation thicknesses from
5mm to 20 mm. The results are summarised in the following Table 12.2 Due to the slight differences from
the previous scenario, only one figure (Figure 12.13) of the simulation run for the variant with HSU height
of 2.5 mm and the insulation thickness of 5 mm was restricted.

As shown in the Table 12.2, the amount of energy produced in this mode varies from 7.63] to 44.77],
which after subtracting the energy used to power the sensor gives 7.41] to 44.55 ] of energy.

HSU height = 2.5 mm, Insulation thickness = 5 mm

Preparation Phase Plateau Phase Drying Phase
_ 0.031 Tsterilization = 620[s] —— Power [W]
=
5 0.02 1
2
£ 0.01
0.00 T ? T T T T T
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]
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Figure 12.13. Generated power and energy balance during the preparation phase, plateau phase and drying
phase of the steam sterilization procedure for a HSU of height 2.5 mm and insulation thickness of 5 mm. The
sensor is turned on (LPM3 mode) for the surveillance of sterilization phase, while remaining inactive in the

preparation and drying phase.
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Table 12.2. Summary of energy generated during the whole steam sterilization procedure with different

design sizes and with sensor module in Active mode with average power consumption 0 0.353 mW.

HSU Insulation  Energy Energy  Energy
height [nm  thickness generated consumed balance
2.5 5.0 7.63 0.22 7.41
2.5 10.0 8.37 0.22 8.15
2.5 15.0 8.58 0.22 8.36
2.5 20.0 8.85 0.22 8.63
5.0 5.0 15.34 0.22 15.12
5.0 10.0 16.64 0.22 16.42
5.0 15.0 17.11 0.22 16.89
5.0 20.0 17.17 0.22 16.95
7.5 5.0 21.80 0.22 21.58
7.5 10.0 23.57 0.22 23.35
7.5 15.0 24.18 0.22 23.96
7.5 20.0 24.26 0.22 24.04
10.0 5.0 27.04 0.22 26.82
10.0 10.0 29.07 0.22 28.86
10.0 15.0 29.82 0.22 29.60
10.0 20.0 30.03 0.22 29.81
12.5 5.0 31.25 0.22 31.03
12.5 10.0 33.46 0.22 33.25
12.5 15.0 34.46 0.22 34.24
12.5 20.0 34.74 0.22 34.52
15.0 5.0 34.70 0.22 34.48
15.0 10.0 37.26 0.22 37.04
15.0 15.0 38.30 0.22 38.08
15.0 20.0 38.59 0.22 38.37
17.5 5.0 37.60 0.22 37.38
17.5 10.0 40.15 0.22 39.93
17.5 15.0 41.43 0.22 41.21
17.5 20.0 41.88 0.22 41.66
20.0 5.0 39.96 0.22 39.74
20.0 10.0 42.96 0.22 42.74
20.0 15.0 44.25 0.22 44.03
20.0 20.0 44.77 0.22 44.55

12.2.2. Scenario 2 - No ESS

From a functional point of view, the most important part of the whole steam sterilisation process is the
moment when the temperature reaches 130 °C and remains at this level for at least 10 min. That’s why special

attention was paid to this part of the sterilisation process.
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The simulation results were divided into two groups. In the first group, a active mode scenario was anal-
ysed. In this scenario, the sensor node operates in active mode with the ADC always on. In the second group,
called passive mode, the sensor operated in LPM4 power saving mode with ADC turned on periodically.

Each figure consists of four subfigures. The first three subfigures show in turn the current, voltage and
power during the entire sterilisation process. The grey colour indicates the period when the sterilisation cycle
is in the plateau phase - the key phase during which the actual sterilisation takes place. The fourth subfigure
shows the power generated by the TEG during the plateau phase. The blue colour in the figures indicates the
period during which the power generated by the TEG is equal to or greater than the power required to power
the sensor according to the minimum requirements in the scenario. For the active scenario, the minimum
power to power the sensor is 1.674mW. For the passive scenario it is only 0.353 mW. Each figure for the
power generated during the plateau phase shows the length of the entire phase (620s), the total amount

coral) and the number of seconds during which the power

of energy generated during the plateau phase (E
generated by the TEG was sufficient to power the sensor (T}), this value is also expressed as a percentage.
Ideally, this value should be 100 %, while keeping the dimensions of the entire energy harvesting module as

small as possible, according to the functional and business requirements of the industrial partner.

Active Mode Scenario

The active scenario considered sensor operation in LPM0 mode. The most interesting simulation results
are shown in Figures 12.14 - 12.35 and all simulation results are summarised in Table 12.3.
Figures 12.14 - 12.35 show the simulation results for the variant in which the RF43FRL152H chip, acting as
a sensor module, is active and monitors the plateau phase of the sterilisation process. The desired effect was to
generate enough power and energy to supply the sensor module for 100 % of the plateau phase, as this is the
critical phase of the entire sterilisation process. The simulations carried out show that it is possible to supply
the measurement module directly from the TEG without using a buffer in the form of an energy storage
system, provided that the overall dimensions of the device are appropriate. As Table 12.3 shows, the ability to
power the measurement electronics during the plateau phase of the sterilisation process, i.e. the phase aimed at
eliminating bacteria, viruses, and microorganisms, depends more on the size of the HSU than on the thickness
of the insulation. Comparing the energy gain, it can be seen that increasing the height of the HSU by 2.5 mm
gives an average gain of more than 134 % (for an increase in HSU height from 2.5 mm to 5 mm) to 15% (for
an increase in HSU height from 17.5mm to 20mm). For the same HSU values, i.e. 2.5mm and 17.5mm,
increasing the insulation by 5 mm results in an increase in the energy produced of up to 13.39 % and 14.38 %
respectively. With the aim of minimising the size of the prototype, it can be seen that in order to achieve
the maximum possible energy yield, the HSU size should be increased first, and then the insulation size, as
it is the less critical parameter in terms of the energy generation capability of the prototype. As shown in
Table 12.3, the ability to provide sufficient energy to power the sensor module during the sterilisation plateau
phase already occurs with an HSU of 12.5mm in height and insulation of 5mm in height. This allows the
overall device to remain relatively small at no more than 3 cm in height, which meets the assumed business

requirements of the industrial partner.
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Figure 12.14. Model with HSU heigh of 2.5 mm and insulation thickness of 5 mm. Current, voltage, and

power output during the steam sterilization procedure with special emphasis on plateau phase. Power sufficient

for sensor supply is provided during 36.29 % of the plateau phase.
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Figure 12.15. Model with HSU heigh of 2.5 mm and insulation thickness of 10 mm. Current, voltage, and

power output during the steam sterilization procedure with special emphasis on plateau phase. Power sufficient

for sensor supply is provided during 40.97 % of the plateau phase.
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Figure 12.16. Model with HSU heigh of 2.5 mm and insulation thickness of 15 mm. Current, voltage, and

power output during the steam sterilization procedure with special emphasis on plateau phase. Power sufficient

for sensor supply is provided during 44.19 % of the plateau phase.
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Figure 12.17. Model with HSU heigh of 2.5 mm and insulation thickness of 20 mm. Current, voltage, and

power output during the steam sterilization procedure with special emphasis on plateau phase. Power sufficient

for sensor supply is provided during 46.61 % of the plateau phase.

0.034

0.024

0.014

0.00

—— Current [A]

—0.01+

—0.02

—0.03 1

AN

0 500 1000 1500

Time [s]

Voltage [V]

HSU height = 5 mm, Insulation thickness = 5 mm

—— Voltage [V]
1.01
NIATTAN
0.0 77
—0.51
~1.01

0

500 1000 1500
Time [s]

Power [W]

Figure 12.18. Model with HSU heigh of 5 mm and insulation thickness of 5 mm. Current, voltage, and power

output during the steam sterilization procedure with special emphasis on plateau phase. Power sufficient for

sensor supply is provided during 57.74 % of the plateau phase.
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Figure 12.19. Model with HSU heigh of 5 mm and insulation thickness of 10 mm. Current, voltage, and power

output during the steam sterilization procedure with special emphasis on plateau phase. Power sufficient for

sensor supply is provided during 62.26 % of the plateau phase.
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Figure 12.20. Model with HSU heigh of 5 mm and insulation thickness of 15 mm. Current, voltage, and power
output during the steam sterilization procedure with special emphasis on plateau phase. Power sufficient for
sensor supply is provided during 64.68 % of the plateau phase.
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Figure 12.21. Model with HSU heigh of 5 mm and insulation thickness of 20 mm. Current, voltage, and power
output during the steam sterilization procedure with special emphasis on plateau phase. Power sufficient for
sensor supply is provided during 68.23 % of the plateau phase.
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Figure 12.22. Model with HSU heigh of 7.5 mm and insulation thickness of 5 mm. Current, voltage, and
power output during the steam sterilization procedure with special emphasis on plateau phase. Power sufficient

for sensor supply is provided during 77.74 % of the plateau phase.
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Figure 12.23. Model with HSU heigh of 7.5 mm and insulation thickness of 10 mm. Current, voltage, and
power output during the steam sterilization procedure with special emphasis on plateau phase. Power sufficient
for sensor supply is provided during 84.68 % of the plateau phase.
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Figure 12.24. Model with HSU heigh of 7.5 mm and insulation thickness of 15 mm. Current, voltage, and
power output during the steam sterilization procedure with special emphasis on plateau phase. Power sufficient
for sensor supply is provided during 88.71 % of the plateau phase.
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Figure 12.25. Model with HSU heigh of 7.5 mm and insulation thickness of 20 mm. Current, voltage, and
power output during the steam sterilization procedure with special emphasis on plateau phase. Power sufficient

for sensor supply is provided during 93.23 % of the plateau phase.
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Figure 12.26. Model with HSU heigh of 10 mm and insulation thickness of 5 mm. Current, voltage, and power
output during the steam sterilization procedure with special emphasis on plateau phase. Power sufficient for
sensor supply is provided during 94.52 % of the plateau phase.
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Figure 12.27. Model with HSU heigh of 10 mm and insulation thickness of 10 mm. Current, voltage, and
power output during the steam sterilization procedure with special emphasis on plateau phase. Power sufficient
for sensor supply is provided during 94.84 % of the plateau phase.
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Figure 12.28. Model with HSU heigh of 10 mm and insulation thickness of 15 mm. Current, voltage, and

power output during the steam sterilization procedure with special emphasis on plateau phase. Power sufficient

for sensor supply is provided during 95.16 % of the plateau phase.
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Figure 12.29. Model with HSU heigh of 10 mm and insulation thickness of 20 mm. Current, voltage, and
power output during the steam sterilization procedure with special emphasis on plateau phase. Power sufficient
for sensor supply is provided during 95.32% of the plateau phase.
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Figure 12.30. Model with HSU heigh of 12.5 mm and insulation thickness of 5 mm. Current, voltage, and
power output during the steam sterilization procedure with special emphasis on plateau phase. Power sufficient
for sensor supply is provided during 95.48 % of the plateau phase.
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Figure 12.31. Model with HSU heigh of 12.5 mm and insulation thickness of 10 mm. Current, voltage,

and power output during the steam sterilization procedure with special emphasis on plateau phase. Power

sufficient for sensor supply is provided during 96.13 % of the plateau phase.
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Figure 12.32. Model with HSU heigh of 12.5 mm and insulation thickness of 15 mm. Current, voltage,

and power output during the steam sterilization procedure with special emphasis on plateau phase. Power
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Figure 12.33. Model with HSU heigh of 12.5 mm and insulation thickness of 20 mm. Current, voltage,

and power output during the steam sterilization procedure with special emphasis on plateau phase. Power
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Figure 12.34. Model with HSU heigh of 15 mm and insulation thickness of 5 mm. Current, voltage, and power

output during the steam sterilization procedure with special emphasis on plateau phase. Power sufficient for

sensor supply is provided during 97.74 % of the plateau phase.

M. Daniot  Powering Medical Internet of Things Systems in a Steam Sterilisation Environment



Current [A]

12.2. Results

155

HSU height = 15 mm, Insulation thickness = 10 mm

—— Power [W]

Etotal = 12.62

T, =620[s] (100.00%)

Tsterilization = 620 [s]

0.08 4
0.04 1 —— Current [A] 151 —— Voltage [V]
1.0 4
0.02 B 0.06
2 054 z
S o
0.00 £ 00 2 0.047
o o
> [
_0‘5 4
— 4 0.02 A
002 ~1.01
: . : —1.54 ; . . 0.00
0 500 1000 1500 0 500 1000 1500 0
Time [s] Time [s]

500 1000 1500
Time [s]

800 1000 1200
Time [s]

Figure 12.35. Model with HSU heigh of 15 mm and insulation thickness of 10 mm. Current, voltage, and

power output during the steam sterilization procedure with special emphasis on plateau phase. Power sufficient

for sensor supply is provided during 100 % of the plateau phase.
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Table 12.3. Results summary of energy generated, average power and sensor activity in active mode scenario.

. Energy Plateau Sensor Sel:lS‘OI‘
HSU Insulation Average o activity
height [nm] thickness [mm] generated power [W] ph'ase aCtl_VltY in plateau
(plateau) [J] duration [s] duration [s] ]
duration [%]

2.5 5.0 1.12 0.0006 620 225 36.29
2.5 10.0 1.27 0.0007 620 254 40.97
2.5 15.0 1.35 0.0076 620 274 44.19
2.5 20.0 1.48 0.0008 620 289 46.61
5.0 5.0 2.63 0.0015 620 358 57.74
5.0 10.0 2.95 0.0017 620 386 62.26
5.0 15.0 3.16 0.0018 620 401 64.68
5.0 20.0 3.35 0.0019 620 423 68.23
7.5 5.0 4.42 0.0025 620 482 77.74
7.5 10.0 5.00 0.0028 620 525 84.68
7.5 15.0 5.37 0.0030 620 550 88.71
7.5 20.0 5.67 0.0032 620 578 93.23
10.0 5.0 6.49 0.0036 620 586 94.52
10.0 10.0 7.39 0.0042 620 588 94.84
10.0 15.0 7.92 0.0045 620 590 95.16
10.0 20.0 8.34 0.0047 620 5901 95.32
12.5 5.0 8.72 0.0049 620 592 95.48
12.5 10.0 9.94 0.0056 620 596 96.13
12.5 15.0 10.69 0.0060 620 605 97.58
15.0 5.0 10.99 0.0062 620 606 97.74
12.5 20.0 11.23 0.0063 620 608 98.06
17.5 5.0 13.21 0.0074 620 620 100.00
20.0 5.0 15.29 0.0086 620 620 100.00
15.0 10.0 12.62 0.0071 620 620 100.00
17.5 10.0 15.11 0.0085 620 620 100.00
20.0 10.0 17.59 0.0099 620 620 100.00
15.0 15.0 13.50 0.0759 620 620 100.00
17.5 15.0 16.21 0.0091 620 620 100.00
20.0 15.0 18.83 0.0106 620 620 100.00
15.0 20.0 14.12 0.0079 620 620 100.00
17.5 20.0 16.94 0.0095 620 620 100.00
20.0 20.0 19.65 0.0110 620 620 100.00

Passive Mode Scenario

In the passive scenario, the power supply of the sensor module operating in LPM3 energy-saving mode

without using the energy storage system as a buffer was considered. In each scenario, the percentage of the

plateau phase time that generates sufficient power to supply the sensor was considered.
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Figure 12.36. Current, voltage, and power generated through the steam sterilization procedure assuming

no energy storage system connected. The power generated through the plateau phase which exceeds the

minimum level for sensor operation is marked in blue.
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Figure 12.37. Current, voltage, and power generated through the steam sterilization procedure assuming

no energy storage system connected. The power generated through the plateau phase which exceeds the

minimum level for sensor operation is marked in blue.
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Figure 12.38. Current, voltage, and power generated through the steam sterilization procedure assuming

no energy storage system connected. The power generated through the plateau phase which exceeds the

minimum level for sensor operation is marked in blue.
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Figure 12.39. Current, voltage, and power generated through the steam sterilization procedure assuming
no energy storage system connected. The power generated through the plateau phase which exceeds the
minimum level for sensor operation is marked in blue.
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Figure 12.40. Current, voltage, and power generated through the steam sterilization procedure assuming
no energy storage system connected. The power generated through the plateau phase which exceeds the
minimum level for sensor operation is marked in blue.
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Figure 12.41. Current, voltage, and power generated through the steam sterilization procedure assuming

no energy storage system connected. The power generated through the plateau phase which exceeds the

minimum level for sensor operation is marked in blue.
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Figure 12.42. Current, voltage, and power generated through the steam sterilization procedure assuming
no energy storage system connected. The power generated through the plateau phase which exceeds the

minimum level for sensor operation is marked in blue.
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Figure 12.43. Current, voltage, and power generated through the steam sterilization procedure assuming
no energy storage system connected. The power generated through the plateau phase which exceeds the
minimum level for sensor operation is marked in blue.
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Figure 12.44. Current, voltage, and power generated through the steam sterilization procedure assuming
no energy storage system connected. The power generated through the plateau phase which exceeds the

minimum level for sensor operation is marked in blue.
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Figure 12.45. Current, voltage, and power generated through the steam sterilization procedure assuming
no energy storage system connected. The power generated through the plateau phase which exceeds the
minimum level for sensor operation is marked in blue.
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Figure 12.46. Current, voltage, and power generated through the steam sterilization procedure assuming
no energy storage system connected. The power generated through the plateau phase which exceeds the
minimum level for sensor operation is marked in blue.
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Figure 12.47. Current, voltage, and power generated through the steam sterilization procedure assuming

no energy storage system connected. The power generated through the plateau phase which exceeds the

minimum level for sensor operation is marked in blue.
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HSU height = 10 mm, Insulation thickness = 5 mm

Figure 12.50. Current, voltage, and power generated through the steam sterilization procedure assuming

no energy storage system connected. The power generated through the plateau phase which exceeds the

minimum level for sensor operation is marked in blue.
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Figure 12.48. Current, voltage, and power generated through the steam sterilization procedure assuming
no energy storage system connected. The power generated through the plateau phase which exceeds the
minimum level for sensor operation is marked in blue.
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Figure 12.49. Current, voltage, and power generated through the steam sterilization procedure assuming
no energy storage system connected. The power generated through the plateau phase which exceeds the
minimum level for sensor operation is marked in blue.
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Figure 12.51. Current, voltage, and power generated through the steam sterilization procedure assuming
no energy storage system connected. The power generated through the plateau phase which exceeds the

minimum level for sensor operation is marked in blue.

Assuming that the sensor operates in passive mode, the simulation results are very optimistic. As shown
in Figure 12.44, already an HSU of 7.5 mm in height with only 5 mm of thermal insulation ensures sensor
operation during the 95.32 % plateau phase of steam sterilisation. Similar results brings the HSU with height
of 5mm as it is presented in the Figure 12.43, however it needs to be surrounded by as much as 20 mm of
thermal insulation, which is not optimal from the miniatiurisation point of view. Increasing the thickness of
the insulation, even to 20 mm, does not yield significant gains in terms of the time during which the specified
minimum power generation is provided. Adequate power generation through 100 % of the plateau phase is
only achieved with an HSU height of 10 mm and an insulation thickness of 15 mm, as it is presented in the
Figure 12.50.
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Table 12.4. Results summary of energy generated, average power and sensor activity in passive mode scenario.

. Energy Plateau Sensor Sel.'ls.or
HSU Insulation Average o activity
height [nm] thickness [mm] generated power [W] ph.ase aCtl_VltY in plateau
(plateau) [J] duration [s] duration [s] ]
duration [%]

2.5 5.0 1.12 0.0006 620 339 54.68
2.5 10.0 1.27 0.0007 620 360 58.06
2.5 15.0 1.35 0.0076 620 376 60.65
2.5 20.0 1.48 0.0008 620 405 65.32
5.0 5.0 2.63 0.0015 620 496 80.00
5.0 10.0 2.95 0.0017 620 538 86.77
5.0 15.0 3.16 0.0018 620 568 91.61
5.0 20.0 3.35 0.0019 620 591 95.32
7.5 5.0 4.42 0.0025 620 592 95.48
7.5 10.0 5.00 0.0028 620 593 95.65
7.5 15.0 5.37 0.0030 620 595 95.97
7.5 20.0 5.67 0.0032 620 600 96.77
10.0 5.0 6.49 0.0036 620 606 97.74
10.0 10.0 7.39 0.0042 620 612 98.71
12.5 5.0 8.72 0.0049 620 620 100.00
15.0 5.0 10.99 0.0062 620 620 100.00
17.5 5.0 13.21 0.0074 620 620 100.00
20.0 5.0 15.29 0.0086 620 620 100.00
12.5 10.0 9.94 0.0056 620 620 100.00
15.0 10.0 12.62 0.0071 620 620 100.00
17.5 10.0 15.11 0.0085 620 620 100.00
20.0 10.0 17.59 0.0099 620 620 100.00
10.0 15.0 7.92 0.0045 620 620 100.00
12.5 15.0 10.69 0.0060 620 620 100.00
15.0 15.0 13.50 0.0759 620 620 100.00
17.5 15.0 16.21 0.0091 620 620 100.00
20.0 15.0 18.83 0.0106 620 620 100.00
10.0 20.0 8.34 0.0047 620 620 100.00
12.5 20.0 11.23 0.0063 620 620 100.00
15.0 20.0 14.12 0.0079 620 620 100.00
17.5 20.0 16.94 0.0095 620 620 100.00
20.0 20.0 19.65 0.0110 620 620 100.00
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13. Summary

Abstract

In this chapter a summary and outcomes of this PhD thesis are presented. At first all the research questions from

chapter 1 are summarized, answered and discussed. Secondly, the summary of the whole PhD thesis is presented and

resulting publications and patents are listed.

13.1. Research Questions Answers

As aresult of this PhD thesis, following research questions (RQ) stated in the chapter 1 have been addressed
and answered (RA):

1. RQ1: What are the possibilities of powering the low power electronics in the steam sterilization cham-
ber using energy storage devices?
RA1: The options for powering medical IoT devices that are subject to steam sterilisation are limited.
Three groups of solutions can be distinguished. The first is based on primary high-temperature cells.
However, it is characterised by a relatively high cell unit price and the need for regular battery replace-
ment, which is unacceptable for maintenance-free IoMT devices. The second solution can be the use
of secondary electrochemical energy storage - lithium-ion batteries, supercapacitors and hybrid capac-
itors. In this case, however, the need for regular recharging of the ESS must be taken into account. In
addition, there are serious limitations to the use of ESS devices due to their thermal behaviour at elevated
temperatures. These include accelerated ageing, increased internal resistance, increased degradation of
the separator layer in secondary batteries and electrolyte degradation. In particular cases, this can lead to
the exothermic chain reaction known as thermal runaway, which in the case of lithium-ion secondary
cells can cause massive heat generation and explosion. Another factor that negatively affects the use of
this solution is the very low availability of high temperature ESS solutions, which comes at a high price.
There are individual technologies on the market that are designed for elevated temperatures, but the
cost of such devices is significantly high, the certification process can be challenging, and the design

process is highly dependent on the particular manufacturer, which can lead to supply chain issues.

2. RQ2 Is it possible to design a maintenance-free power solution for sterilizable medical tools using en-
ergy harvesting solutions, what are the constraints of the design?
RA2: The use of energy harvesting and the recovery of electricity from the heat of the steam steril-
isation process seems particularly desirable for low-power electronic devices. The energy harvesting
system can thus directly power the device during sterilisation or charge a high temperature ESS. The

disadvantage is certainly the relatively high initial cost of such solutions, but in the long run this solution
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can be economical due to its simplicity, reliability and maintenance-free operation. However, there are
limitations to the design of such a solution. Firstly, it is necessary to create a thermal gradient across
the TEG using a thermally insulated heat storage device. The dimensions and thermal capacity of this
device must be matched to the desired working environment. Secondly, the selection of the TEG itself
can be challenging as it needs to combine high energy efhiciency with appropriate thermal conductivity

and low hysteresis.

3. RQ3 What is the energy balance of the proposed design, what are the main constraints and possibilities
for size optimization?
RA3: The proposed design is composed of the TMG-128-1.6-0.4 thermoelectric generator, which is
capable of producing up to 11 mW of power on average in the design with 20 mm high HSU and 20 mm
insulation. The power consumption of the RF430FRL152H chip varies from 0.353 mW to 1.674 mW
including safety margins and taking into account the low power efficiency of the boost converter circuit.
As can be seen, the power produced by the energy harvesting module exceeds the chip’s requirements
by many times. However, it is worth considering the use of other technologies such as Bluetooth
low energy, which has much higher power requirements. However, there are some limitations in the
design. The main constraint is the steam sterilisation process itself and the temperature variability inside
the autoclave. The whole design has to be adapted to the need to create a thermal gradient across the
TEG. Using the TMG-128-1.6-0.4 TEG and the RF430 chip, it was possible to limit the size of the
HSU to 7.5 mm in height and the thickness of the aerogel insulation to 5mm and to provide sufficient

power to the chip for over 95 % of the steam sterilisation plateau phase time.

4. RQ4 What are the limitations in terms of sensor design related to power consumption?
RA4: In the case of sensor design constraints, the lowest possible power consumption and a flexible
supply voltage range are of primary importance. In the case of the steam sterilisation process, the sensor
should be able to operate continuously without the use of additional energy storage. This means that
its power requirement should not exceed 0.353 mW. These types of sensors are systems with passive
data transmission via the NFC protocol, where the energy required to read the information is taken
from the reader. In the case of sensors with active data transmission - for example, devices based on the
Bluetooth Low Energy protocol - despite the very low energy consumption for the transmission of data

packets, a relatively rapid consumption of the energy generated during sterilisation should be expected.

Besides the research questions listed above, this PhD thesis had to deal with the requirements from indus-

trial partner Aesculap AG. The main constraints from an industrial background were:
1. IC1 Applicability in mass production,
2. IC2 Robustness of the design,
3. IC3 Maintenance-free nature of the target solution,
4. 1C4 Compatibility with the concept of the Medical Internet of Things system.

All the industrial requirements have been met.

13.2. Thesis Summary

This thesis attempts to analyse the problem of powering medical electronic sensor devices during steam

sterilisation and to propose an alternative solution. This sterilisation is a particularly difficult environment
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for all types of electronics, especially for portable power supplies. This thesis analyses the life cycle of surgi-
cal devices in the hospital and their logistics. The available types of sterilisation to which electronic sensors
embedded in medical devices may be subjected are briefly described and characterised. Steam sterilisation -
one of the methods analysed - is the cheapest and most commonly used method in medical institutions. At
the same time, the problem of powering electronic devices that could monitor the life cycle of such surgical
instruments remains unsolved. The study analysed solutions available on the market in the field of electro-
chemical energy storage methods. These include primary cells, secondary cells, electrochemical capacitors
and lithium-ion capacitors. The analysis showed that there is currently only one battery model on the market
that can store energy during the sterilisation process. Furthermore, the identified technological problems of
lithium-ion batteries are related to the ageing mechanisms of these batteries and are caused by the material
parameters of the substances and components used in the cell construction. It is therefore concluded that it
is unlikely that batteries that can withstand such thermal conditions and are economically justified will be
commercially available in the near future. Another issue is safety and the so-called "thermal runaway" - a
mechanism of thermal chain reaction usually caused by the destruction of the separator structure, which leads
to a rapid increase in temperature and pressure inside the cell, resulting in an explosion with the emission
of lammable gases. These two factors led to the decision to look for alternative electrochemical methods of
storing electricity. The second area of attention was electrolytic capacitors and lithium-ion hybrid capaci-
tors. This solution, despite technologies that allowed operation at high temperatures, had disadvantages in the
form of the need for frequent recharging of the capacitors and their relatively low capacity. Due to business
requirements - i.e. low overheads associated with the operation of the device - it was decided not to continue
development in this direction. However, based on technological and scientific analysis, a method for using
hybrid lithium-ion capacitors to power surgical electromechanical devices was developed and national patent
application DE102020109931A1 has been filled. After analysing the available electrochemical energy storage
technologies, attention was focused on energy harvesting technologies. Energy harvesting methods available
on the market and in the literature were analysed and the possibilities of their use in the context of the surgical
instrument logistics process were examined. As a result of the analysis, thermal energy harvesting was selected
as the technology of choice. A preliminary concept of using this technology to power a sensor was also devel-
oped. In this concept, the sensor monitoring the steam sterilisation process is activated by the process itself and
the heat contained in the autoclave. This was achieved by using a Peltier thermogenerator connected to an
aluminium enclosure and an insulated Heat Storage Unit, which is subjected to a temperature gradient during
the sterilisation process. This prototype design ensures that heat flows from the outside of the prototype to the
inside during the autoclave sterilisation process. The HSU is surrounded by aerogel insulation, as mentioned
above. As a result, the heat flow is mainly through a thermogenerator where a temperature gradient is created
to generate electricity to power the sensors. Once the first version of the prototype had been developed, ini-
tial requirements were defined for the prototype to be useful from a business perspective. These requirements
ranged from the size of the prototype, its design and the materials from which it was made, to the definition
of the minimum power it had to generate. To this end, electronic circuits that could be used as intelligent
temperature sensors in steam sterilisation environments were examined. Particular attention was paid to low
power consumption, data security (passive data storage) and a communication interface that allows data to be
read without contact. The Texas Instruments RF430FRL152H chip was selected. Its power consumption was
then measured in various operating modes and using a sample measurement program. This data was used to
determine the minimum level of power generated, which was 1.674 mW for active mode and 0.353 mW for

passive mode.
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Having defined the minimum requirements for the device, a methodology for further work was proposed.

This methodology included the following steps:
1. Construction of the physical model of the device,

2. Construction of a virtual model and identification of its parameters using a given thermal step response

validation method,

3. Constructing a model of the thermogenerator and identifying its parameters, determining the minimum

temperature gradient required to generate the assumed power to supply the sensors,

4. Simulation of the steam sterilisation process on the basis of virtual models of the prototype device and
the thermo-generator, in order to determine the power generated by the thermo-generator during this

process,
5. Optimisation of the size and design of the entire prototype in order to miniaturise it.

The physical model of the device was built using a Ferrotec Nord TMG-127-0.4-1.6 thermogenerator,
with a 25 mm x 25 mm x 15 mm stainless steel block as the heat storage unit. Aerogel foam with a thermal con-
ductivity coefficient of 0.027 W -m™ - K~! were used as the insulation material and Himmond Manufacturing
enclosures were used as the enclosure. The model was then parameterised using the thermal step response
method. The data collected from this step have been identified, the time constants have been calculated and
was used to create the virtual model. The virtual model was developed in CAD software and the simulations
themselves were carried out in the SimScale environment and are described in detail in Chapter 10. The vir-
tual model of the prototype thus created was used to determine the heat flow within the prototype during the
simulated steam sterilisation process. The next step was to create a virtual model of the thermogenerator. For
this purpose, the available modelling techniques were reviewed. Among the models available in the literature,
the Kubov SPICE model was chosen. This model have been found as relative simple in implementation and
sufficient in accuracy in terms of the temperature gradients expected during the steam sterilisation procedure.
Once the thermogenerator model had been constructed using the parameters taken from its data sheet, the
real thermogenerator TMG-127-0.4-1.6 have been validated under a load of 32 Q and the results compared
with the simulation results. The simulation and real data fit has been not satisfactory, so the real parameters
of the TEG as internal resistance and Seebeck coefhicient have been measured. Simulation was then adjusted
with the measured parameters, and it fit with real data with the acceptable inaccuracy. Finally, the thermal
simulation of the steam sterilisation process was carried out. The simulation results showed that the prototype
built was able to generate the minimum gradient required to power the sensors throughout the sterilisation
process. In addition, the power generated exceeded the minimum safe requirement. Therefore, it was de-
cided to perform virtual size optimisation procedure to miniaturise the prototype. Ultimately, assuming the
low power mode of the RF430FRL152H chip, it was possible to reduce the size of the prototype insulation
and the height of the HSU itself to 7.5mm in height and 5mm in insulation thickness with no additional
energy storage systems to buffer the energy generated. Assuming that the chip is working in it’s active mode,
consuming 1.674mW of power, the minimal HSU height is 12.5mm with insulation thickness of 5 mm.
Assuming using the efficient energy storage system even the HSU of size 2.5mm and insulation of 5mm
provides enough energy to power the sensor node for the whole steam sterilisation procedure in the active
mode of the RF430FRL152H chip. These results suggest that it is possible to develop a fully autonomous and
unmanned sensor system for measuring steam sterilisation parameters. This could have a very positive im-
pact on the development of the Medical Internet of Things for surgical instruments. The results of this thesis
have been used to complete the international patent applications: W(02021148450A1, DE102020101654A1,
CN115003338A, EP4093444A1, US20220354617A1, DE102020109931A1, DE102020129082A1.
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13.2.1. Original Input

The following objectives were achieved within the scope of the work which are original achievements of

the author:

1. The feasibility of powering medical internet of things sensors in a steam sterilisation environment was

analysed,

2. Defined the requirements for sensors operating in a steam sterilisation environment and performed
a market review of available solutions, then selected the optimal sensor model and optimised its power

consumption for energy harvesting from the temperature prevailing in the autoclave during sterilisation,

3. The concept of an energy harvesting module using aerogel insulation to power the sensor was developed

and then its physical model was constructed,

4. The physical model of the energy harvesting module was parameterised and its digital twin was built

for simulation purposes,
5. A simulation methodology was proposed using FEM and the SPICE environment,

6. The selected thermo-generator module was parameterised and simulated in a steam sterilisation envi-

ronment,
7. Potential scenarios for powering the IoMT sensor in a steam sterilisation environment are defined,

8. Optimisation of the size of the energy harvesting module in terms of size, while maintaining the mini-

mum required power generation was carried out,

9. Filing of a number of patent applications related to the subject matter addressed, in particular application
WO2021148450A1 relating directly to the thesis matter addressed.

13.2.2. Further Research

This PhD only outlines the topic of powering smart sensors in a steam sterilisation environment. The
results of the research carried out allow the identification of topics for future research. One of the first topics
that should, in the author’s opinion, be addressed is to carry out measurements using a physically built op-
timised module. These tests should give an answer to how the power generated by the thermogenerator in
the physical model during steam sterilisation compares to the simulation results. The next step will certainly
be to carry out a series of fatigue tests that will give an answer to the question of what the estimated lifespan
of the device might be under real operating conditions. Finally, a major research area is the optimisation
of the conversion and utilisation of the generated electrical power. This research should include an analysis
of the use of different DC-DC converter architectures, energy management and storage methods. On the
functional side, future research should include further optimisation of the sensor module in terms of reliability

and minimisation of energy consumption.

M. Daniot  Powering Medical Internet of Things Systems in a Steam Sterilisation Environment



13.3. Published Patent Applications 169

13.3. Published Patent Applications

1. Patent Family: W02021148450A1, DE102020101654A1, CN115003338A, EP4093444A1,
US20220354617A1 - "Sterile Container with an NFC Module", Lukas B&hler, Matthias Henke,

Mateusz Daniol,

2. Patent Family: WO2021148425A1, EP4093445A1, US20230033001A1, CN113613686A,
DE102020101655A1 - "Method for Automatic and Sterile-container-specific Detection of Steril-
isation Cycles Carried out by a Sterile Container", Lukas Bohler, Matthias Henke, Mateusz Daniol,

3. Patent Family: W0O2021148642A1, EP4094212A1, US20230046713A1, CN115176259A,
DE102020101651A1 - " Storage System and Method for Storing Medical Products", Mateusz
Daniol, Matthias Henke, Lukas Béhler,

4. Patent Family: W0O2021148425A1, EP4093445A1, US20230033001A1, CN113613686A,
DE102020101655A1 - "Process for the Automatic and Sterile Container-specific Recording of
Sterilization Cycles Carried out by Means of a Sterile Container", Lukas Bohler, Matthias Henke,

Mateusz Daniol,

5. Patent Family: W02022063718A1, EP4076264A1, DE102020125114A1 - "Modular Detection System
for Sterile Circuit Monitoring and Method for Monitoring a Sterile Material Circuit"

6. Patent Family: W0O2020221710A1, EP3962386A1, US20220047336A1, JP2022530399A,
DE102019111177A1 - "Medical Bending System", Frederick Lenzenhuber, Lukas Bé&hler, Ma-
teusz Daniol, Roland-Alois Hgerle, Stephanie Auber, Ralf Pfister

7. Patent: DE102020109931A1 - "Wireless Medical Device", Mateusz Daniol, Lukas Béhler,

8. Patent: DE102020129082A1 - "Sterile Container with Transmitter Module and Sterile Container Mon-

itoring System", Mateusz Daniol, Lukas Bshler.

13.4. Published Articles Related to the Thesis

1. M. Daniol, L. Boehler, R. Sroka, and A. Keller, “Modeling and Implementation of TEG-Based Energy
Harvesting System for Steam Sterilization Surveillance Sensor Node,” Sensors, vol. 20, no. 21, p. 6338,
Nov. 2020, doi: 10.3390/s20216338.

2. L. Boehler, M. Daniol, R. Sroka, D. Osinski, and A. Keller, “Sensors in the Autoclave-Modelling and
Implementation of the IoT Steam Sterilization Procedure Counter,” Sensors, vol. 21, no. 2, p. 510, Jan.
2021, doi: 10.3390/s21020510.
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Block Diagram of the TEG validation software

Appendix A
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Figure 13.1. Schematics of Labview Program used for Logging the data
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Appendix B: Theta Parameter

To understand the meaning of the 6 parameter a short introduction into Crank-Nicolson Scheme needs
to be made. This scheme is widely used in the heat conduction problems. Heat conduction can be described
by heat conduction equation:

Ieaz—T _ o (13.1)
ox ot

The Crank-Nicolson scheme (or method) is an semi-implicit scheme that is second order accurate in both
time and space [166]. In Crank-Nicolson method difference approximations are obtained at the middle of

time incrementation step by approximation of temporal first derivative at (172 by:

[+1 /
orT T, -T;
P 13.2
ot At ( )
The second derivative in both time and space can be described as follows:
‘92_T ~ 1 T{:} _ZTZH + T/:rll + T1l+1 _ZT! + Tll—l (13 3)
Pt 2 Ax? Ax? '
The difference equation can be stated now as follows:
1 1
1 1 1 . .
TE =201+ DT+ T = =T1 #2010 )Tl = Thi+ 1 (13.4)

where A = k(AATt)z
The Crank-Nicolson method, as well as forward and backward Euler’s method can be re-written in more
general form, by introducing parameter 6, introducing so called unifying 0-Rule (giving us Theta-scheme)
[167]:
T = Tl fo(rl] 27l e T + (1-0)(T, - 2T] + TL)] (13.5)

i+1

Finally, the 6 parameter can vary from 0 to 1 changing the character of the Theta-scheme. 6 = 0 gives
the forward Euler’s scheme in time; 6 = 1 gives the backward Euler’s scheme in time; 6 = 0.5 gives the

Crank-Nicolson scheme in time.

Appendix C: SPICE listing of the Kubov’s TEG model

* block symbol definitions

> .subckt peltier p n Tc Th

Sk —m—————— Blectrileal DemeulE —————————

BOl n0 p V=Pe (V(Tc)+TO0)

5 BO2 p0 n V=Pe(V(Th)+TO0)
s Re n0 p0 {R_TEG}

;y: ———————— Thermal Domain —-———————————-—-

§$ Bl 0 Tc I=V(p,n0)*I(B02)

B2 0 Th I=V(pO,n)+I(B02)

0o B12 0 NOO1l I=V(nO,p0)=*I(B02)

Rgl N0O1l Tc {Rg/2}

> Rg2 Th N001 {Rg/2}
5 Cgl Tc 0 {Cg/2}

Cg2 Th 0 {Cq/2}

5 * ——— params and functions —--

; .param Se=53m R_TEG=41
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.param Cg=15 Rg=3
.func Pe(T) {SexT}
.param T0=273

.ends peltier

.dc V1 -12 16 0.1

3 .backanno

.end

Listing 13.1. Spice netlist for Kubov’s TEG model

Appendix D: SPICE listing of simulation setup

Vth Thot 0 PWL file= <filepath_hot_side>
Vtc Tcold 0 PWL file= <filepath_cold_side>

5 XPeltier Tcold Thot 0 TEG_OUT peltier_module params: Se=53m R_TEG=41 Cg=1.74 Rg=1408

5 * block symbol definitions

6 .subckt peltier_module Tc Th n p
7 Re p0 n0 {R_TEG}

Cgl Tc 0 {Cqg/2}
Cq2 Th 0 {Cq/2}
Rgl NOO1 Tc {Rg/2}
Rg2 Th NOO1 {Rq/2}

> B1L 0 Tc I=V(p,n0)«*I(B02)
3 B12 0 NOO1l I=V(n0,p0)~*I(B02)

B2 0 Th I=V(p0O,n)=*I(B02)

5 BOl n0 p V=Pe(V(Tc)+TO0)

B02 p0 n V=Pe(V(Th)+TO0)
.param Se=53m R_TEG=41
.func Pe(T) {Sex*T}
.param T0=273

.param Cg=15 Rg=3

.ends peltier_module

.backanno

.end

Listing 13.2. LT Spice netlist used for power generation simulation. Filepaths to the CSV data with temperature
of the TEG hot and cold side are denoted in angle brackets <>

Appendix E: Preparation of the RF430FRL152HEVM board to

mimic the real sensor node behaviour

Measuring the power consumed by a benchmark program involves proper hardware preparation and com-
pensation for parasitic power consumption by components of the measurement board not directly related to
the chip. This is related to the design of the board power supply circuit itself. As shown in the Figure 13.2
the part related to the power supply can be divided into specialized areas numbered from 1 to 4. The first
possibility to power the board is using the energy harvesting technique from the radio field emitted by the
reader (numbered 1 in the figure). The next two methods are related to powering the board via USB and
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from MSP-FET programmer (circuits 2 and 3 respectively in the figure 13.2. Circuit 3 is used to measure
current and voltage using EnergyTrace technology. Note that it powers, among other things, the TPS72215
voltage regulator and the VDDSW line through jumper SV7. This line also powers the voltage translators
(from the 3V logic used by the MSP-FET to the 1.5V logic on which the RE430FRL152H runs). This causes
redundant power consumption, unrelated to the operation of the chip itself and the program running on it.
We can define this as a so-called hardware bias in power consumption. The last way to power the chip on the
board is directly from the battery. This is marked in blue in the figure 13.2. By defaul, the chip is powered
from the VDDB input, which is connected to the VDDSW bus via jumper SV7. To measure the power con-
sumed directly by the RF430FRL152H chip, connect the power supply to jumper JP3. A digital multimeter
Agilent 34410A with logging function was inserted between the laboratory power supply and jumper JP3.
Measurements were made using 500 sample current measurement. The measuring range of the multimeter

has been set to 20 pA assuring that the most of it’s range will be in use.
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Figure 13.2. Schematic of power-related sections of RFE430FRL152HEVM board.
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