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Operation of a direct-mode

bioorganic fuel cell under the

influence of an

electromagnetic field

Master’s thesis submitted in partial fulfillment for the degree of Master of Science
in Espoo . .2011

Supervisor

Professor Pertti Vainikainen

Instructor

M.Sc. (Tech.) Janne Ilvonen

brought to you by COREView metadata, citation and similar papers at core.ac.uk

provided by Aaltodoc Publication Archive

https://core.ac.uk/display/80702703?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1


AALTO UNIVERSITY ABSTRACT OF THE
SCHOOL OF ELECTRICAL ENGINEERING MASTER’S THESIS

Author: Jan Järveläinen
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In this Master’s thesis the influence of a time-harmonic electromagnetic field on the
operation of a direct-mode bioorganic fuel cell is investigated. Also coaxial tapering is
studied and a tapered matching part is manufactured. The frequency under focus ranged
from 50 MHz to 5 GHz.

Today, fuel cells are found very attractive among alternative energy sources due to their
clean emissions. Especially bioorganic direct-mode fuel cells, in which the bioorganic
fuel and the electrolyte are mixed together, offer an easy-to-use energy source for remote
districts. Glucose, for instance, or other sugars could be used as fuel. The main problems
related to fuel cells constitute their high cost and the problematic storage and inefficient
production of the conventional fuels. Biofuels, on the other hand, are easily stored but
yet unable to achieve sufficient power densities. Enhancement of fuel cell efficiency by
means of RF energy has been researched earlier with promising results.

This work examines the effect of an electromagnetic field on the output power of a fuel
cell, which can be treated electrically as a coaxial cable. The basics of fuel cells, coaxial
cable theory and the main characteristics of the fuel cell under study are presented in
the first chapters of the thesis. A broadband tapered matching part is designed and
constructed in order to enable the feeding of an electromagnetic field inside the fuel cell.
Electromagnetic field simulations are exploited in order to optimize the tapering and to
gain knowledge of the electromagnetic behavior inside the fuel cell. The main goal is
to feed the high-frequency power into the fuel cell under controlled circumstances, since
only then can the analysis can be made thoroughly.

The output power measurements of the fuel cell are conducted in order to find a specific
or threshold frequency for the EM field, under the influence of which the operation of
the fuel cell is enhanced the most. The operation of the fuel cell is measured both
with and without coupling an EM signal into the fuel cell and the results are compared.
The measurement results obtained so far do not show any indication that the fuel cell
operation is enhanced by the RF energy. It is, however, noted that the fuel cell was not
operating correctly during the output power measurements, and thus the accuracy of
the measurements was decreased. The malfunction was a consequence of a faulty anode
catalyst. Hence, further measurements are to be performed in the future with a fully
functional fuel cell.
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Tässä diplomityössä tutkitaan aikaharmonisen sähkömagneettisen kentän vaikutusta
suoramoodisen biopolttokennoakun toimintaan. Myös koaksiaalista taperointia tutki-
taan ja taperoitu sovitusosa valmistetaan. Tarkasteltava taajuusalue ulottui 50 MHz:stä
5 GHz:iin.

Tällä hetkellä polttokennot ovat muiden vaihtoehtoisten energialähteiden joukossa hyvin
kiinnostavia päästöjen puhtaudesta johtuen. Erityisesti suoramoodiset biopolttokennot,
joissa biopolttoaine ja elektrolyytti sekoitetaan keskenään, tarjoavat helppokäyttöisen
energialähteen harvaan asutuille seuduille. Polttoaineena voidaan käyttää esimerkiksi
glukoosia tai muita sokereita. Polttekennojen suurimmat ongelmat ovat korkea hinta
sekä perinteisten polttoaineiden ongelmallinen varastointi ja tehoton valmistus. Biopolt-
toaineiden säilytys ei toisaalta vaadi erityistoimenpiteitä, mutta polttoaineet eivät vielä
pysty tuottamaan riittävän korkeita tehotiheyksiä. Radiosignaalien tehostavaa vaikutus-
ta polttokennon toimintaan on aikaisemmin tutkittu lupaavin tuloksin.

Tässä työssä yritetään selvittää, onko sähkömagneettisella kentällä vaikutusta sähköi-
sesti koaksiaalikaapelin tavoin käyttäytyvän polttokennon ulostulotehoon. Työn alussa
esitetään polttokennon alkeet, koaksiaalikaapelin teoria sekä tutkittavana kohteena ole-
van polttokennon tärkeimmät ominaisuudet. Laajakaistainen taperoitu sovitusosa suun-
nitellaan ja valmistetaan jotta polttokennoon voidaan syöttää sähkömagneettinen kent-
tä. Sähkömagneettista kenttäsimulaattoria hyödynnetään taperoinnin optimoimiseksi ja
polttokennon sisäisen sähkömagneettisen kentän käyttäytymisen selvittämiseksi. Pääta-
voitteena on syöttää korkeataajuinen teho polttokennoon hallituissa olosuhteissa, jolloin
analyysi voidaan tehdä perusteellisesti.

Ulostulotehomittausten avulla on tarkoitus löytää tietty taajuus tai kynnystaajuus, jolla
sähkömagneettisen kentän vaikutus polttokennon toimintaan on mahdollisimman hyvä.
Polttokennon toimintaa tarkastellaan sekä ilman sähkömagneettisen kentän vaikutusta
että radiotehon ollessa kytkettynä polttokennoon. Mittaustulokset eivät anna mitään
viitteitä polttokennon toimintaa tehostavasta vaikutuksesta. On kuitenkin huomattava,
että ulostulotehomittausten aikana polttokenno ei toiminut toivotulla tavalla eikä mit-
tausten luotettavuudesta näin ollen oltu täysin varmoja. Toimintahäiriö johtui viallises-
ta anodikatalyytista. Mittauksia suoritetaan tulevaisuudessa lisää täydellisesti toimivan
polttokennon kanssa.

Avainsanat: polttokenno, taperointi, sähkömagneettiset simuloinnit,
sähkömagneettinen kenttä, biopolttoaine

Kieli: Englanti
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CHAPTER 1

Introduction

During particularly the last decade, renewable energy sources have been gaining great

interest. Along with, for example, wind and solar energy, attention has been directed

also to fuel cells, especially due to their clean emissions. Particularly remote districts in

developing countries would benefit greatly of a user friendly bioorganic fuel cell fueled

with, for instance, sugar.

Direct-mode, bioorganic fuel cells are easy-to-use and emit no pollutants, but when

using glucose as fuel they have very low current density and power levels, which is a

major obstacle for the profitability. The oxidation reactions occur at a level of only one

twelfth of the theoretical maximum [1], which gives a reason to believe that the potential

efficiency is considerably higher than the present efficiency. Recent research [2,3] on the

subject suggests that feeding electromagnetic signals from a signal generator into the

fuel cell could enhance the output power levels and thus contribute to the bioorganic

fuel cell commercialization process.

The purpose of this work is to investigate the influence of a time-harmonic electromag-

netic field on the operation and efficiency of the fuel cell. The frequency range extends

from 50 MHz to 5 GHz, which is chosen according to previous research results [4]. The

work is performed as a collaboration between the Department of Radio Science and En-

gineering and the Department of Energy Technology at Aalto University. The former

has focused on the implementation of the feed of the electromagnetic field, while the

latter has been responsible for the development of the fuel cell and the chemical part of

the project. Hydrocell Ltd. has also contributed to the work by manufacturing the fuel

cells.

The thesis is organized as follows. First, the basics of fuel cells are introduced concisely

in Chapter 2. In Chapter 3, coaxial cable theory is presented, and Chapter 4 covers

the configuration and properties of the fuel cell under test along with the material mea-
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1. Introduction

surements. Chapter 5 examines the implementation of the feed of the time-harmonic

electromagnetic field and the matching problem between the signal generator and the

fuel cell. Tapering is discussed in particular. In Chapter 6, the measurement practice

and results are presented. The last chapter concludes the work and presents future

prospects.
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CHAPTER 2

Fuel Cell Basics

Fundamentally, a fuel cell is an alternative energy source, which was invented already

in the 17th century [5]. This chapter introduces the basic operating principle of the

fuel cell along with the typical classification of different fuel cell types. Also fueling and

performance are discussed.

2.1 Introduction

A fuel cell is an electrochemical device that converts chemical energy into electrical

energy. The reaction requires a fuel, an oxidant and an electrolyte to produce the

electrical energy as well as heat and water [6–8]. Hydrogen is usually used as fuel and

air as the oxidant. The elementary chemical reaction occurring in the fuel cell can be

written as [6–8]

2H2 +O2 ↔ 2H2O, (2.1)

and is the opposite of electrolysis, where water is separated into hydrogen and oxygen by

electric current [6]. Additionally, a fuel cell consists of two electrodes; the anode (negative

electrode) and the cathode (positive electrode). The basic fuel cell configuration is shown

in Fig. 2.1. In order to increase the produced current, the electrodes should be flat

and the thickness of the electrolyte small. Moreover, the electrodes ought to be porous

providing optimal penetration for the electrolyte and the gases [8]. This increases the fuel

cell efficiency by giving the maximum area of contact between the electrodes, electrolyte

and gases [6, 8]. A closer investigation of the reactions occurring on both electrodes is

needed in order to understand the function of the fuel cell. At the anode, the hydrogen

atoms (fuel) ionize and release electrons, thus creating protons. Here, energy is released

and the equation can be written as [6]
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2. Fuel Cell Basics

2H2 → 4H+ + 4e−. (2.2)

The protons pass through the electrolyte to the cathode and simultaneously the electrons

tread a different path through the electrical circuit from the anode to the cathode. The

reaction at the cathode combines the oxygen with the electrons and the protons, and

concurrently forms water [6]:

O2 + 4e− + 4H+ → 2H2O. (2.3)

Load

Oxygen Hydrogen

Cathode (+) Electrolyte Anode (-)

VI

Catalyst layers

Fig. 2.1: Basic construction of a fuel cell. Hydrogen is extracted from the fuel and oxygen from
the air.

The primary advantage of a fuel cell over a battery is that fuel cells do not require

recharging [8]. This is due to the fact that batteries are energy storage devices, whose

energy decreases when the chemical reactants are consumed, whereas fuel cells are energy

conversion devices and can theoretically produce energy for as long as fuel is supplied

to the anode and an oxidant is supplied to the cathode [7, 9]. Other advantages include

14



2. Fuel Cell Basics

silent operation and no emission of pollutants [10].

Gaseous hydrogen is the most common fuel and can be extracted from several sources,

for instance natural gas or methanol [8], but theoretically any substance capable of

oxidation can be burned as fuel and fed to the anode. In this work, the term fuel

refers to the matter which contains the hydrogen molecules. The fuel is in practice

always used together with a solvent, for instance water. The electrolyte transports the

hydrogen protons from the anode to the cathode, but also serves as a conductor, thus

completing the electric circuit built up by the electrodes and the load. Moreover, it also

prevents the fuel and oxidant from mixing. Fuel cells in which the fuel is mixed with the

electrolyte are called direct-mode fuel cells [2]. [7]

Catalysts are used in fuel cells in order to provide sufficient power by boosting the

reaction rates, particularly when operation occurs at low temperatures. Catalysts are

placed on top of the anode and the cathode (see Fig. 2.1). Noble metals are widely

used as catalysts, and platinum is the most active catalyst when operating with pure

hydrogen as fuel. The main disadvantage of platinum is its high price; the month average

in March 2011 was approximately 40 e per gram [11]. [5]

2.2 Fuel Cell Types

The most common classification of fuel cell types primarily considers the electrolytes

used in the fuel cell. They include 1) the Alkaline Fuel Cell (AFC), 2) the Proton

Exchange Membrane Fuel Cell (PEMFC), 3) the Direct Methanol Fuel Cell (DMFC),

4) the Phosphoric Acid Fuel Cell (PAFC), 5) the Molten Carbonate Fuel Cell (MCFC),

and 6) the Solid Oxide Fuel Cell (SOFC). The fuel cell considered in this work can be

classified as an AFC, but it has certain resemblance to the PEMFC. The fuel cell types

can further be grouped into low-temperature fuel cells (AFCs, PEMFCs, DMFCs and

PAFCs) or high-temperature fuel cells (MCFCs and SOFCs) [5]. Low-temperature fuel

cells generally require catalysts in order to improve performance [5]. Next, the most

common fuel cell types along with their distinctive features will be introduced. [6, 8]

Alkaline Fuel Cells (AFCs) were proven to be viable sources of power already in the

1940’s and were used to provide on-board electricity for the Apollo lunar flights [8].

The operation has traditionally occurred at pressures above 200 Pa and temperatures

around 260 ◦C [7]. The AFC uses potassium hydroxide (KOH) as electrolyte, which

typically is circulated around the fuel cell in order to be replaceable. This is due to the

fact that the potassium hydroxide reacts with carbon dioxide in the air and changes to

potassium carbonate. The advantages of alkaline fuel cells are the low overvoltage at

the cathode, which decreases voltage losses, and fast chemical reactions, which enables

the use of non-precious, low-cost materials without expensive platinum catalysts [12].
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2. Fuel Cell Basics

Mobile electrolytes also serve as a good cooling system since the circulating electrolyte

effectively removes the heat from the system. Problems arise with the low reliability and

durability which increases the price and makes the alkaline fuel cells economically un-

feasible. Moreover, the problematic electrolyte conversion from hydroxide to carbonate

has shifted the fuel cell development focus to non-alkaline fuel cells [10]. [6]

Proton Exchange Membrane Fuel Cells (PEMFCs), also known as Polymer Electrolyte

(Membrane) Fuel Cells, were also developed for space vehicles. They are able to de-

liver high power densities, offering lower weight, cost and volume [7, 8]. The electrolyte

consists of an immobilized, ion conduction polymer membrane which is bonded to the

electrodes in such a manner that the anode, cathode and electrolyte form one very thin

item [7]. Sulphonated fluoropolymers are the most commonly used electrolyte materials

and among them a specific material developed by Dupont, Nafion R©, is the most estab-

lished one. The electrochemical function of the PEMFC is similar to the basic operation

described in the beginning of the chapter (see (2.1) to (2.3)), that is, the proton exchange

membrane transfers protons from the anode to the cathode, but without the presence of

strong acids [8]. Another major advantage with polymer electrolytes is that they oper-

ate at low temperatures (< 100 ◦C). This allows faster startups and quick reactions to

the change in power demand [7]. Other advantages include good sealing offered by the

solid electrolyte membrane and that there are no corrosion problems [7,12]. Due to low

temperatures, platinum is required as a catalyst [12]. Another concern is the need for

water in the polymer electrolyte in order to assure proton conductivity, which at tem-

peratures below 100 ◦C denotes handling water as a liquid. Water management in the

membrane and electrodes is essential, because the membrane needs to be hydrated, while

flooding the electrode pores must be avoided [5]. Currently, proton exchange membrane

fuel cells are being developed for mobile use in cars and buses and for other portable

applications. [6]

Direct Methanol Fuel Cells (DMFCs) operate similarly to the PEMFCs and comprise

the same structure, electrolyte membrane and cathode reaction [12]. The anode reaction

is however distinct since a mixture of water and methanol is used as fuel instead of

hydrogen, which produces carbon dioxide as a by-product along with water [8, 12]. The

main advantage of the direct methanol fuel cell is the use of liquid methanol which is

easily stored compared to hydrogen. Methanol can also be manufactured from numerous

basic substances and it can be used as fuel without reformation [8, 12]. Furthermore,

methanol is a low-cost fuel with an energy density close to that of gasoline, and a direct

methanol system is easy to use and quickly refillable [6]. Since the boiling point of

methanol at 101.325 Pa (1 atm) is 65 ◦C, the fuel cells operate at approximately 70 ◦C.

The main problem related to the DMFC is the slow proceeding of the anode reaction,

because methanol reactions proceed much slower than hydrogen reactions [6]. This raises

the need for suitable catalysts in order to excite the reactions [6,8]. Another problem is
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concerned with the fuel crossover, because methanol easily mixes with water [6]. Hence,

a part of the methanol will reach the cathode without being split into protons and

electrons, which causes inefficiency and lowers the cell voltage [6].

Phosphoric Acid Fuel Cells (PAFCs) also resemble PEMFCs due to their proton-conducting

electrolytes. The PAFC operates approximately at temperatures from 180 to 200 ◦C and

requires catalysts at both electrodes [8]. Phosphoric acid is used as the electrolyte, be-

cause it is the only common inorganic acid that exhibits the required thermal, chemical

and electrochemical stability, and a volatility low enough to be used effectively. It is also

tolerant to carbon dioxide contrary to the AFC. Due to the high operating temperature,

some acid is lost during operation and has to be refilled. The PAFC uses gas diffusion

electrodes and a mixture of carbon and platinum as catalysts. Phosphoric acid fuel cells

can be combined in series to a stack of 50 or more cells. The PAFC was the first fuel cell

technology that was commercially available, but the high costs within the technology set

a large barrier for gaining economical competitiveness [7, 8]. [6]

Molten Carbonate Fuel Cells (MCFCs) are high-temperature fuel cells, whose operating

temperature is approximately 650 ◦C [7]. The electrolyte is a molten mixture of alkali

metal carbonates, usually lithium and potassium or lithium and sodium carbonates.

High temperatures are needed in order to reach sufficient conductivity of the electrolyte

[7]. In contrast to all other fuel cell types, molten carbonate fuel cells require a supply

of carbon dioxide to the cathode as well as oxygen. Due to high temperatures, precious

catalysts are not needed in which case nickel and nickel oxide can be used to catalyze

the reactions at the electrodes. MCFCs have been tested in power plants and are to be

commercialized in the near future [8]. [6]

Solid Oxide Fuel Cells (SOFCs) are composed of only solid-state components and func-

tion at temperatures above 800 ◦C [7]. The electrolyte consists of an oxide ion-conducting

ceramic material which eliminates the corrosion problems caused by liquid electrolytes

[12]. The generated heat can be used as a by-product for other applications and the high

operating temperature allows usage of non-noble catalysts, as is the case with the MCFC.

The SOFC also possesses the ability to use a large variety of fuels, for instance hydrogen,

carbon monoxide, methane, diesel, gasoline and coal gas, which makes it a promising

technology [8]. The size is due to high temperatures not suited for smaller applications,

but commercialization prospects in terms of power generation are promising [8]. [6]

2.3 Fuel Cell Fueling

Although hydrogen is preferred as the fuel due to its high reactivity and clean oxidation

product (water), it does not appear naturally as gaseous fuel and has to be produced
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2. Fuel Cell Basics

artificially from some other source [6]. Next, we will discuss alternative methods for

generating hydrogen, mainly out of fossil and biological fuels.

2.3.1 Fossil Fuels

Petroleum and coal gas are fossil fuels which are suitable for producing hydrogen. Petro-

leum consists of hydrocarbon-based chemical compounds in gaseous, liquid and solid

form, which can be found in sedimentary rock deposits. Coal gas is very abundant with

well-known properties that makes it a potential fuel for fuel cells [8]. However, fossil fuels

are non-renewable sources of energy and emit carbon dioxide during reformation. [6]

Natural gas is also found inside porous rocks within the earth’s crust. It is a mixture

of hydrocarbons with traces of other gases, and varies greatly according to the source.

Natural gas is also a by-product of several industrial processes and can be reformed to

hydrogen as other fossil fuels [8]. Although natural gas is also a fossil fuel, the carbon

dioxide emissions are lower than for petroleum and coal gas. [6]

2.3.2 Biofuels

Methanol can be mixed with potassium hydroxide (KOH) and used directly as a fuel and

an electrolyte, respectively. It can also be mixed with water and used as fuel in direct

methanol fuel cells, as described in Sec. 2.2. The advantages of methanol originate

from the easy and low-cost manufacturing, trouble-free storage, high energy density and

low operating temperature. The major problem when using methanol with an alkaline

electrolyte is the reaction between the produced carbon dioxide and the electrolyte,

forming harmful potassium carbonate which decreases the cell performance. [13]

Ethanol can be used similarly to methanol, by mixing it with an electrolyte. Both

fuels also share the same main advantages. Compared to methanol, ethanol has the

advantage that carbon dioxide is not created and hence no harmful carbonate can be

formed. Nonetheless, the efficiency of ethanol is lower than that of methanol. [13]

Glucose can be produced from starch and cellulose by hydrolysis. From Fig. 2.2 we

notice that fewer processing phases are required to produce glucose than bioethanol.

Due to heat-consuming processes in ethanol production, it has a negative heat balance,

while the heat balance for glucose is positive. Another advantage of glucose is that it

in liquid phase can be used directly as a fuel in direct-mode fuel cells, mixed with the

electrolyte. Liquid glucose is likewise easily stored as methanol and ethanol and more

manageable compared to gaseous hydrogen. However, it is non-poisonous contrary to

the alcohol fuels. The great interest towards glucose is due to the fact that producing
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for instance bioethanol requires more energy than a fuel cell driven by alcohol is able to

generate. [1, 14]

(C6H10O5)n
Lignocellulose

Also starch
(C12H20O10)n
Note! Addition.

Strong H2SO4

Weak H2SO4

Hemicellulose
hydrolysate

Pretreatment

Dissolution

Hydrolysis

100 - 190 ◦C

Neutralising

Fermentation

Distillation Note! Heat consuming step!

Bioethanol for FC

Undissolved solids

Concentrating
Glucose for FC

Fig. 2.2: Principal flow chart of hydrolisation process [14].

2.4 Performance of a Fuel Cell

When comparing the performance of fuel cells, certain key figures are used. For the fuel

cell electrodes and electrolytes, one of these figures is the current density of the fuel cell,

given in mAcm−2. The current density describes the current per unit area and should be

reported along with a specific operating voltage, typically 0.6 to 0.7 V [5]. The current

density also indicates the performance of the catalysts and their applicability in a specific

fuel cell. [6]

A typical fuel cell polarization curve, which represents the cell voltage-current relation-

ship and thus describes the fuel cell performance [15], is presented in Fig. 2.3 a). The

highest voltage is the open-circuit voltage (OCV), which depends on the fuel concen-

tration and the temperature [16]. The rapid voltage drop at low currents is caused by

activation losses [8]. The polarization curve describes how the output voltage of a fuel

cell varies when the load connected to the circuit, see Fig. 2.1, is altered [16]. While the

load is decreased, the current increases and the output voltage decreases. The voltage

value of 0.5 V is the lowest value of the alkaline fuel cell, because below that voltage the

alkaline electrolyte begins to penetrate into the cathode, which damages the fuel cell [4].

The power-current curve, corresponding to the voltage-current curve, is presented in

Fig. 2.3 b). At different currents the available power differs, and the maximum power

should be found at a current level lower than the maximum [17]. From Fig. 2.3 a) it can
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Fig. 2.3: a) Typical polarization curve of a fuel cell [5] and b) its corresponding power-current
curve.

be seen that at a certain current, the voltage drops rapidly. The operating voltage is

usually a compromise between the maximum power density and the maximum current

density, which cannot be obtained simultaneously [5]. Below this specific voltage value

the power density value begins to decrease rapidly because of limitations in the operation

of the cathode and anode electrodes [17]. In the alkaline direct-mode glucose fuel cell

studied in this work the maximum power density has been detected to be at the current

level which corresponds to a voltage value between 0.5 and 0.6 V [17].

Direct fuel cells supplied with hydrogen or alcohols may reach current densities of several

hundred mAcm−2, while direct-mode glucose fuel cells are only able to produce levels

from 5 to 8 mAcm−2 [2]. AFCs typically obtain current densities of 100 to 200 mAcm−2.

However, the Apollo shuttles, that are based on alkaline fuel cells as mentioned in Sec. 2.2,

operated at much higher current densities (470 mAcm−2) [7]. PAFCs operate at current

densities in the range of 150-400 mAcm−2 at cell voltages from 600 to 800 mV [6, 7].

MCFCs operate at current densities in the range of 100 to 200 mAcm−2 [7]. SOFCs

operate at current density ranges around 200 mAcm−2 [7]. PEMFCs have subsequent

to various development increased the current densities to over 1000 mAcm−2 [6].

2.5 Fuel Cell Efficiency Enhancement by Means of

Electromagnetic Fields

The direct-mode fuel cells have very low current densities when using glucose as the fuel.

The oxidation reaction is capable of yielding only two electrons per one molecule from

24 available electrons [14]. By feeding an electromagnetic field into a cylindrical fuel

cell, the efficiency of the fuel cell may be enhanced [2]. The current densities have been

reported to increase from 8 to 13 mAcm−2 when DC signals are fed into the fuel cell
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from the function generator [2]. At 5 MHz frequency the current densities have been

reported to increase above 13 mAcm−2 [3].

It is expected that this current density value of the direct-mode fuel cell is increased

even from the current maximum value of 15 mA cm−2 when the number of the extracted

electrons will increase from the current maximum values of two electrons per one glucose

molecule towards the maximum of 24 electrons per one glucose molecule [2, 4].

In previous research, a current capacity of 25836 Coulombs (As) has been reported [3].

The available charge can be calculated with [18]

Q = F neVanC0, (2.4)

where F is the Faraday constant, ne is the number of electrons transferred, Van is the

volume of liquid in the anode and C0 is the glucose concentration. The equation yields

57900 As, when ne = 2, Van = 0.3 dm3 and C0 = 1 Mol/dm3. This is the theoretical

capacity of the fuel cell under test, when two electrons are extracted per one glucose

molecule.
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CHAPTER 3

Coaxial Cable Theory

The fuel cell investigated in this work behaves electromagnetically as a coaxial cable due

to the cylindrical shape of the fuel cell, as seen in Fig. 3.1. Because the fuel cell will be

fed with precisely known electromagnetic fields, basic knowledge of the electromagnetic

behavior of coaxial cables is essential. In this chapter, the properties of the coaxial cable

will be presented, beginning with Maxwell’s equations, waveguide basics and the cable

structure. Also multi-layered dielectrics will be discussed.

electrodes
(conductors)

Fig. 3.1: Structure of the fuel cell investigated in this work.

3.1 From Maxwells’s Equations to the Helmholtz Equation

Electromagnetism, as a science, is fundamentally based on Maxwell’s equations [19],

which essentially are based on empiric knowledge and theory developed by other scientists

in the field [20]. They also offer a historical view into radio science, whose development is

easier to comprehend by knowing the most famous work of Maxwell. Maxwell’s equations

in differential form can be written as follows [20, 21]:

∇ · ~D = ρ, (3.1)
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3. Coaxial Cable Theory

∇ · ~B = 0, (3.2)

∇× ~E = −∂ ~B

∂t
, (3.3)

∇× ~H = ~J +
∂ ~D

∂t
, (3.4)

where the vector differential operator ∇ = ∂
∂x x̂+

∂
∂y ŷ+

∂
∂z ẑ, D is the electric flux density,

ρ is the electric charge density, B is the magnetic flux density, E is the electric field, H

is the magnetic field and J is the current density. The relationship between the fields

and the flux and current densities are [19–21]:

~J = σ ~E, (3.5)

~D = ε ~E, (3.6)

~B = µ ~H, (3.7)

where σ is the conductivity, ε is the permittivity and µ is the permeability of the medium.

A dielectric is called isotropic when the properties are the same in every direction. The

characteristics of a linear dielectric are independent on changing field strengths. If the

dielectric is isotropic and linear and the derivatives are approximated as time-harmonic,

the Maxwell equations simplify to [20, 21]:

∇ · ~E = 0, (3.8)

∇ · ~H = 0, (3.9)

∇× ~E = −jωµ ~H, (3.10)

∇× ~H = jωε~E, (3.11)

where ω = 2πf is the angular frequency and f is the frequency. When multiplying (3.10)

with the operator ∇× and using (3.8), (3.11) and the vector calculus theorem [21]

∇×∇× ~A = ∇(∇ · ~A)−∇2 ~A, (3.12)

we attain the equation [20, 21]

∇2 ~E = −ω2µε~E = −k2 ~E, (3.13)

called the Helmholtz equation, where k = ω
√
µε is called the wave number.

Assuming that the electric field varies only in the x direction, the wave will propagate
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in the z direction and the Helmholtz equation simplifies to [20, 21]

∂2Ex

∂z2
+ k2Ex = 0. (3.14)

The solution for the equation is [20, 21]

Ex(z) = E+e−jkz + E−ejkz, (3.15)

where E+ and E− are arbitrary amplitude constants whose values are determined from

the boundary conditions.

3.2 Basic Waveguide Equations

Since the medium within waveguides is source free, the Helmholtz equation applies [20,

21]. If it is assumed that waves propagate in the z direction and the z-dependence is

related to e−γz, the electric field can be represented by [21]

~E = ~E(x, y, z) = ~g(x, y)e−γz, (3.16)

where γ is the propagation constant. When this equation is inserted in the Helmholtz

equation (3.13), the following equation is obtained [21]:

∇2 ~E = ∇2
xy

~E +
∂2 ~E

∂z2
= ∇2

xy
~E + γ2 ~E = −ω2µε~E, (3.17)

where ∇2
xy expresses a partial derivative for x- and y-directions. Similar equations can

also be written for the magnetic fields, yielding two equations which apply for all straight

wave guides [21]:

∇2
xy

~E = −(γ2 + ω2µε) ~E, (3.18)

∇2
xy

~H = −(γ2 + ω2µε) ~H. (3.19)

The transverse components Ex, Ey, Hx and Hy can be written as functions of Ez and

Hz [20, 21]:

Ex =
−1

γ2 + ω2µε

(

γ
∂Ez

∂x
+ jωµ

∂Hz

∂y

)

, (3.20)

Ey =
1

γ2 + ω2µε

(

−γ
∂Ez

∂y
+ jωµ

∂Hz

∂x

)

, (3.21)

Hx =
1

γ2 + ω2µε

(

jωε
∂Ez

∂y
− γ

∂Hz

∂x

)

, (3.22)

Hy =
−1

γ2 + ω2µε

(

jωε
∂Ez

∂x
+ γ

∂Hz

∂y

)

. (3.23)
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3.3 TEM Waves

TEM-waves are the desired waveform in coaxial cables [21]. The electric field E and

the magnetic field H are thus perpendicular to the direction of propagation and we have

Ez = 0 and Hz = 0. Therefore, when regarding (3.20) to (3.23), the x- and y-components

must also be zero, unless [21]

γ2 + ω2µε = 0. (3.24)

For TEM mode, the propagation constant γ can be calculated as [21]

γ = ±jω
√
µε ≈ ±jω

√
µRe{

√
ε} = ±j

2π

λ
= ±jβ, (3.25)

when the losses are considered to be low, where β is the wave number and λ is the

wavelength, which can be calculated from [21]

λ =
1

f
√
µε

. (3.26)

The phase velocity vp is [20]

vp =
ω

β
=

1√
µε

. (3.27)

When ε = ε0 and µ = µ0, where ε0 and µ0 are the permittivity and permeability

in vacuum, respectively, vp is the speed of light c. We attain the TEM mode wave

equations as [21]

∇2
xy

~E = 0, (3.28)

∇2
xy

~H = 0. (3.29)

The waves propagating towards z direction satisfy the equation [21]

Ex

Hy
= −Ey

Hx
= η, (3.30)

where η =
√

µ/ε is the wave impedance. The electric field can also be written as the

gradient of the scalar potential [21]:

~E(x, y) = −∇xyΦ(x, y). (3.31)

In an uncharged environment Maxwell’s first equation (3.8) states, that∇· ~E = ε∇xy · ~E =

0, which combined with Eq. (3.31) leads to the Laplace equation [21]:

∇2
xyΦ(x, y) = 0. (3.32)
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The voltage between the inner and outer conductor is [20, 21]

V12 = −
∫

2

1

~E · ~dl = Φ1 − Φ2, (3.33)

where 1 and 2 are the first and second conductor, respectively, and Φ1 and Φ2 are the

conductor potentials. The current is according to Ampère’s law [20,21]

I =

∮

Γ

~H · ~dl, (3.34)

where Γ is the cross-sectional contour of the conductor. TEM modes can occur only in

waveguides with two or more conductors.

3.4 Coaxial Cables

The coaxial cable is the most widely used transmission line for transferring RF (Radio

Frequency) energy and it is very broadband [22]. Its shielded structure prevents the cable

from interfering with other devices and external fields from coupling into the line [23–25].

This is due to the outer conductor, which, if ideally conducting, will not permit fields

from penetrating through it [20, 24]. The fundamental mode inside coaxial cables is

TEM [21,22].

3.4.1 Structure of the Coaxial Cable

A coaxial cable is a shielded waveguide which consists of a cylinder shaped outer conduc-

tor and a thinner inner conductor, both sharing the same geometric axis (see Fig. 3.2)

[21, 23]. There is an insulating layer between the two conductors, designated the di-

electric, which electrically separates the conductors from each other and provides the

cable a stable form [23,26]. The conductivities and permittivities of the conductors and

the isolator along with the cable dimensions define the electric properties of the coaxial

cable. The cable is typically protected from moisture, dust et cetera by a plastic outer

jacket which does not affect the electric properties [22]. [21]

The inner and outer conductors are made of copper, steel or aluminum and can also be

plated with a highly conductive metal such as silver [26]. The inner conductor can be

a solid or stranded cylinder. Popular insulators are polyethylene, polypropylene, PTFE

(Teflon) and organic polymers [22, 24, 27].
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Fig. 3.2: Cross-section of a coaxial cable.

3.4.2 Different Types of Coaxial Cables

Coaxial cables are categorized depending on the cable stiffness. Depending on the usage

purpose cables are made either flexible, semi-rigid or rigid. The rigidity affects the

electrical properties.

Flexible cables have the lowest electrical properties due to their braided conductors and

elastic dielectrics [22, 23]. The braided outer conductor possesses lower conductivity

than a solid conductor and the slots allow electromagnetic fields to penetrate through

the conductor. Semi-rigid cables are stiffer due to the solid outer conductor, but they

are not intended to be bent frequently due to the and the electrical properties are better

compared to flexible cables [22].

Rigid coaxial cables are inflexible with very stable electrical properties [23]. The fuel cell

studied in this work resembles a rigid cable although it has certain resemblance to the

semi-rigid cable due to the small slots in the outer conductor.

3.4.3 Equations for Coaxial Cables

In coaxial cables, the wave mode is TEM and the fields can be derived from Laplace’s

equation (3.32) as [21]:

1

r

∂

∂r

(

r
∂Φ(r, φ)

∂r

)

+
1

r2
∂2Φ(r, φ)

∂φ2
= 0, (3.35)

where r is the radius. By regarding the boundary conditions Φ(ro, φ) = 0 and Φ(ri, φ) =

V the potential can be solved as [21]

Φ(r, φ) = V
ln(ro/r)

ln(ro/ri)
. (3.36)
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Hence, the electric field is [20, 21]

~E(r, φ) = −∇Φ(r, φ) = ~ur
V

ln(ro/ri)

1

r
, (3.37)

where ~ur is a unit vector directed along the radius. The magnetic field can be solved

similarly as [20, 21]

~H(r, φ) =
1

η
~uz × ~E(r, φ) = ~uφ

V

ηr ln(ro/ri)
= ~uφ

I

2πr
, (3.38)

where I is the current in the inner conductor, ~uz is a unit vector directed along the z-axis

and ~uφ is the unit vector orthogonal to ~ur. The voltage between the conductors is [28]

V = −
∫ ri

ro

q

2πεr
dr =

q

2πε
ln

(

ro
ri

)

, (3.39)

where q is the electric charge, and ri and ro are the radii of the inner and outer conductors,

respectively (Fig. 3.2). From this we can calculate the capacitance per unit length

as [20, 28]

Cl =
q

V
=

2πε

ln
(

ro
ri

) . (3.40)

The inductance and conductivity per unit length, respectively, are [20, 21, 28]

Ll =
µ

2π
ln

(

ro
ri

)

, (3.41)

σl =
σ

ε
c =

2πσ

ln
(

ro
ri

) . (3.42)

The characteristic impedance of a coaxial cable can be calculated from V = IZ and

expanded to [20, 21]

Z0 =
V

I
=

η

2π
ln(ro/ri) =

√

µ

ε

ln(ro/ri)

2π
. (3.43)

There is a cable loss due to the finite conductivity of the conductors and unideal prop-

erties of the dielectric. The attenuation factor due to conductor loss can be calculated

with [20, 21]

αc =
Rs

4πZ0

(

1

ro
+

1

ri

)

, (3.44)

when both conductors have the same surface resistance Rs. The attenuation constant

for the dielectric loss is [20, 21]

αd =
π

λ
tan δ, (3.45)
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where tan δ is the loss tangent of the insulator. The equation is valid if tan δ << 1. In

order to prevent higher order TE and TM modes from propagating in the coaxial cable,

the wavelength λ inside the cable must satisfy [21]

λ > π(ro + ri). (3.46)

3.5 Wave Propagation in Coaxial Cables with Multi-layered

Dielectrics

When the insulator in the coaxial cable consists of several dielectric layers with different

electrical properties (Fig. 3.3), the evaluation of the cable properties becomes more

complicated. Now, the characteristic impedance of the cable changes compared to the

case where the insulator is homogeneous.

ε2

ε1

Conductors

c
b

a

Fig. 3.3: Cross-section of a coaxial cable with two dielectric layers.

The characteristic impedance Z0 for any TEM waveguide can be calculated with [20,29]:

Z0 =

√

Ll

Cl
. (3.47)

Since the inductance per unit length Ll is independent of the permittivity ε (3.41), it is

not affected by the different dielectric properties in the insulator layers, assuming that the

materials are non-magnetic (µ = µ0) [30]. By contrast the capacitance per unit length

Cl does depend on the permittivity (3.40), and a changing capacitance also alters the

characteristic impedance. Each insulator layer can be seen as a single capacitor, hence,

the layers can be seen as capacitors connected in series [30] and the total capacitance

per unit length ClT can be calculated with [31]:

1

ClT
=

1

C1

+
1

C2

+
1

C3

+ . . . , (3.48)

where C1, C2, C3, . . . are the capacitances of the single capacitors. With a double dielec-
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tric the total capacitance per unit length is

1

CT
=

1

Cab
+

1

Cbc
, (3.49)

where Cab is the capacitance per unit length of the inner dielectric (permittivity ε1) and

Cbc the capacitance per unit length of the outer dielectric (permittivity ε2), see Fig. 3.3.

The total capacitance per unit length of a double dielectric coaxial cable can be calculated

with (3.40) and (3.49). We attain the following equation:

CT =
2πε1ε2

ε1 ln
(

c
b

)

+ ε2 ln
(

b
a

) , (3.50)

where a is the radius of the inner conductor, b the radius of the dielectric boundary

surface and c the radius of the outer conductor. The total inductance per length unit is

calculated with (3.41), where µ = µ0, and as the capacitance per unit length is known

from (3.40), the characteristic impedance for a double dielectric coaxial cable can be

calculated from (3.47):

Z0 =

√

µ0 ln(c/a)

2π
· ε1 ln

(

c
b

)

+ ε2 ln
(

b
a

)

2πε1ε2
=

1

2π

√

√

√

√µ0 ln
( c

a

)

(

ln
(

c
b

)

ε2
+

ln
(

b
a

)

ε1

)

. (3.51)

Similarly, equations can be derived for cables with several dielectrics by calculating the

capacitance for each layer individually and utilizing (3.47) and (3.48).

The effective relative permittivity εeff for the dual dielectric waveguide is obtained by

dividing the total capacitance CT by the capacitance of a similar air-filled waveguide

[29, 30]:

εeff =
ε1ε2 ln(c/a)

ε0(ε1 ln
(

c
b

)

+ ε2 ln
(

b
a

)

)
=

ε1,rε2,r ln(c/a)

ε1,r ln
(

c
b

)

+ ε2,r ln
(

b
a

) , (3.52)

where ε1,r and ε2,r are the relative permittivities of the two dielectric layers. Here, the

waveform inside the cable cannot be TEM due to the fact that the propagation constant

is different in the two dielectrics. However, if the deviation from a perfect TEM-mode

is small, the waveform is called quasi TEM (QTEM). [30]
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CHAPTER 4

Configuration and Electrical

Properties of the Fuel Cell

4.1 Fuel Cell Configuration

The fuel cell under test is a direct-mode bioorganic fuel cell in which the fuel and the

alkaline electrolyte are mixed with each other. Hence, the fuel cell belongs to the class

of alkaline fuel cells. A picture of the fuel cell is presented in Fig. 4.1. The fuel cell

uses monosaccharide glucose (C6H12O6) soluted in battery water (distilled water) as

fuel and potassium hydroxide (KOH) as the electrolyte. The anode catalyst consists

of Raney nickel and at the cathode the catalyst consists of pyrolized cobalt porphyrin

complex (CoTPP) on carbon together with spinel (MnCo2O4). It can be noted that the

Fig. 4.1: The fuel cell under test.

PSU

Fuel cell operation space Fuel tank

Fig. 4.2: Simplified illustration of the fuel cell.

electrolyte and the catalyst materials can be changed from one test model to another,
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4. Configuration and Electrical Properties of the Fuel Cell

and the above-mentioned materials apply for the fuel cell model which was used during

the material and output power measurements.

A simplified illustration of the fuel cell is shown in Fig. 4.2. The fuel cell operation space,

where the reactions take place, occupies the largest part of the fuel cell. The length of

this part is approximately 22 cm. In order to keep the fluids in place, there is a plastic

plug at the left end of the fuel cell. This piece, made out of polysulfone (PSU), has a

length of 3 mm. At the other end of the fuel cell, there is a fuel tank, which assists the

filling of the fuel. The fuel cell is kept vertically during operation and thus a plug is

required only at the bottom (left end in Figs. 4.1 and 4.2).

The cross-section of the operational part of the fuel cell is presented in Fig. 4.3. The outer

layer, the cathode, is perforated nickel-plated copper, which is an excellent electrical

conductor (conductivity for annealed copper at 20 ◦C is 58 MS/m [32]) and the holes,

approximately 1 mm in diameter, allow oxygen to penetrate through the layer. It is

noted, that the holes have a small influence on the conductivity. Within the outer layer

is a porous layer composed of carbon, Teflon and the cathode catalyst, which allows the

oxygen to penetrate through this layer as well. For simplicity, this layer is designated

as CTC. Going inwards radially, the next layer is composed of battery water with a

variable concentration of glucose, which is denominated the fuel solution. Next to the

fuel solution, as the fourth layer, is a similar perforated nickel-plated copper layer as the

outer layer. Certain models also have a layer of acid-proof steel on top of the copper.

This copper tube is the fuel cell anode. The layer closest to the fuel space in the middle

of the fuel cell is composed of porous Raney nickel and functions as a catalyst for the

anode. The layer thicknesses are presented in Table 4.1.

Cathode

CTC

Fuel solution

Anode

Anode catalyst

Fuel solution

Fig. 4.3: Cross-section of the fuel cell.
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Table 4.1: Order and thickness of the fuel cell layers.

Material
Outer Inner Layer

diameter diameter thickness
[mm] [mm] [mm]

1. Cathode 33.4 32.6 0.4
(Ni-Cu)

2. CTC 32.6 30.1 1.25
(Carbon + Teflon + CoTPP + MnCo2O4)

3. Fuel solution 30.1 28.7 0.7
(H2O + glucose + KOH)

4. Anode 28.7 28.0 0.35
(Ni-Cu)

5. Anode catalyst 28.0 24.6 1.7
(Raney-Ni)

6. Fuel solution 24.6 - -
(H2O + glucose + KOH)

The fuel solution (glucose and KOH soluted in battery water), fed into the middle of the

fuel cell, penetrates through the Raney nickel layer (fifth layer) and the porous nickel-

plated copper tube (fourth layer) to the space (third layer) between the CTC and the

anode. The fuel solution penetrates approximately halfway into the CTC layer.

4.2 Waveguide Characteristics of the Fuel Cell

The studied fuel cell operates electrically as a coaxial cable due to its cylindrical shape

with a coaxial structure, the metallic electrodes and the dielectric between the conduc-

tors. This is seen by comparing Figs. 3.2, 3.3 and 4.3.

Essentially, the insulator consists of two layers which may be dielectric: the CTC and the

fuel solution layer. However, these layers can also act as conductors, and as described

previously in Sec. 4.1, the substance inside the layers is not homogeneous. Therefore,

treating the layers theoretically as in Sec. 3.5 should be made with reservation. In order

to specify the dielectric properties of these layers, permittivity measurements have to be

conducted. The measurements are reported in Sec. 4.3.

4.2.1 Permittivity of the Cable Dielectric

The permittivity of a coaxial cable dielectric can be considered as the most important

property, because it enables calculation of many important electrical properties of the

cable, such as the characteristic impedance and attenuation. The permittivity is also
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4. Configuration and Electrical Properties of the Fuel Cell

required in order to construct an accurate simulation model. The complex permittivity

ε of a material can be defined as [21, 33]

ε = εrε0 = ε
′ − jε

′′

= ε
′

(1− j tan δ), (4.1)

where εr is the relative permittivity of the medium, ε0 = 8.854×10−12 is the permittivity

of vacuum and ε
′

and ε
′′

are the real and imaginary parts of the permittivity, respectively.

The imaginary part is a measure of how dissipative a medium is and affects thus the

attenuation for a wave propagating in the medium [33]. In this definition, both po-

larization and conduction losses are included in ε
′′

[21], which in reality is defined as [33]

ε
′′

= ε
′′

d +
σ

ω
, (4.2)

where ε
′′

d represents the dielectric losses and σ/ω the conductivity losses. In order to

calculate the dielectric loss (3.45), the loss tangent and the wavelength inside the dielec-

tric are required. The definition of the loss tangent can be obtained from Eq. (4.1) to

be [22, 33]

tan δ =
ε
′′

ε′
=

ε
′′

r

ε′r
, (4.3)

where ε
′

r and ε
′′

r are the real and imaginary parts of the relative permittivity, respectively.

If this complex permittivity is placed in Eq. 3.25, the propagation constant becomes

γ = ±jω
√
µε = ±j

2π

λ

√
1− tan δ = jβ + α, (4.4)

where α is the attenuation constant. The wavelength λ inside a medium can be calculated

from [33]

λ =
λ0

Re(
√
εr)

, (4.5)

where λ0 is the wavelength in vacuum. Hence, determining permittivity is essential for

calculating dielectric properties. If it is assumed that the losses in (4.2) are entirely

conductivity losses, the conductivity is [21]

σ = ε0ε
′′

rω. (4.6)

4.3 Permittivity Measurements

In order to measure the permittivity of a dielectric material, many methods can be used,

for instance the lumped circuits method, the resonance method, the transmission line

propagation method or the free-space propagation method [33]. In this work the trans-

mission line propagation method is used, and the permittivities of the most important
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4. Configuration and Electrical Properties of the Fuel Cell

fuel cell materials are measured with an HP 8753D network analyzer and an HP 85070A

dielectric probe kit. The dielectric probe is an open-ended coaxial line, which is one of

the most common permittivity measurement methods [33, 34]. The frequency range of

the probe extends from 0.2 to 20 GHz with a ±5% uncertainty in permittivity of the

material under test [34,35]. The device is suited for measuring liquid and solid samples,

and the assisting software facilitates the measurements. An illustration of the probe is

shown in Fig. 4.4.

Polystyrene

Side view

Metal

19 mm

3.5 mm

Fig. 4.4: HP 85070A Dielectric probe [34].

4.3.1 Operating Principle of the Dielectric Probe Kit

The dielectric probe kit is composed of the probe and a software. The software requires

a Windows operating system and certain features of the computer, but due to the age

of the software the computer qualifies easily. The only required accessory is a GPIB

card inside the computer. The computer is connected via the GPIB interface to the

compatible network analyzer (8753D), and the probe is connected to the input port of

the analyzer. No calibration of the network analyzer is needed, however the software

calibrates the probe with three known measurements; air, a metallic short and deionized

water [34, 35]. After this the probe is calibrated and ready for use. The permittivity

range of the probe extends from 2.5 to 80.

The dielectric probe is essentially an open-ended coaxial line, as mentioned earlier. Liq-

uid materials can be easily and accurately measured, because the contact is strict and no

air gaps are formed between the probe and the measured material, which is required in

order to avoid large measurement errors [33, 34]. For solid materials measuring is more

inaccurate because avoiding air gaps can be almost impossible. Another requirement is

that the thickness of the material exceeds 20/
√

|εr| mm, otherwise the field penetrates

through the material under test which distorts the result [33, 34].
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4. Configuration and Electrical Properties of the Fuel Cell

The operation of the dielectric probe is illustrated in Fig. 4.5. A discontinuity arises

between the probe and the material under test [33], which causes a measurable amount

of power to reflect at the material interface towards the source, which will be discussed

in more detail in Sec. 5.1. The reflection coefficient calculated in the analyzer defines the

properties of the material under test. The software outputs real and imaginary parts of

the relative permittivity.

Material
interface

E-field

20/
√

|ε′r| mm

Fig. 4.5: Interaction region of the electric field of the dielectric probe [34].

Cf C(εr) G(εr)

Fig. 4.6: Equivalent circuit for the open-ended coaxial probe [33].

The real part ε
′

r of the material under test influences the phase of the reflected wave

and the imaginary part of the permittivity, ε
′′

r , influences the amplitude. The open-

ended coaxial cable probe measurement can be characterized by the equivalent circuit in

Fig. 4.6, where G is the radiation conductance, Cf is the capacitance of the field inside

the sensor, and C is the capacitance of the field outside the sensor (inside the material

under test). C and G depend on both the permittivity of the sample and the coaxial

cable dielectric, and also on the dimensions of the transmission line. Cf depends only

on the cable properties. [33]

For air, which is one of the calibration materials, the values G = G0, C = C0 and Cf can

be calculated analytically or measured. A simple approximation neglects Cf , G0 and G,
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4. Configuration and Electrical Properties of the Fuel Cell

and the reflection coefficient can be calculated as

ρL =
−Z0 + 1/[jωC0(ε

′

r − jε
′′

r )]

Z0 + 1/[jωC0(ε
′

r − jε′′r )]
, (4.7)

whereupon the real and imaginary parts of the permittivity can be solved as

ε
′

r =
−2|ρL| sinφ

ωC0Z0(1 + 2|ρL| cosφ+ |ρL|2)
, (4.8)

ε
′′

r =
1− |ρL|2

ωC0Z0(1 + 2|ρL| cosφ+ |ρL|2)
, (4.9)

where φ is the phase angle of ρL. More accurate analysis methods also take into account

Cf and G0. [33]

4.3.2 Dielectric Measurement Results

The real and imaginary parts of the relative permittivity were measured for the glucose

solution and for the CTC in a frequency range of 20 MHz - 5 GHz. Altogether, 21 mea-

surements were conducted, as seen in Table 4.2. The glucose solution was measured with

the concentration varying from 0 to 100 mmol/l and the temperature varying from 20

to 40 ◦C, which are normal values under operation [36]. The temperature was measured

with a Fluke 52 K thermometer, whose measurement accuracy is ±1.1 ◦C [37].

The real and imaginary parts of the relative permittivity from measurements 6 to 10

(Table 4.2) are presented in Fig. 4.7. The loss tangent, calculated with Eq. (4.3), is

presented in Fig. 4.8. A higher temperature is represented with a thicker line. As can

be seen from Fig. 4.7, both the real and the imaginary part of the permittivity decrease

as the temperature rises. This can be explained with the Debye relaxation model for

liquids with polar molecules, which reads [38]

ε(ω) = ε∞ +
εs − ε∞
1 + jωτD

, (4.10)

where εs = 190.0−375T is the low-frequency permittivity, ε∞ = 4.9 is the high-frequency

permittivity, τD = 1.99
T e2140/T × 10−12 is the relaxation time and T is the temperature

in Kelvin. On frequencies below 5 GHz, the equation yields that both the real and the

imaginary part of the permittivity decrease as the temperature rises. The loss tangent

decreases in the same manner as the real and imaginary part of the permittivity, as

shown in Fig. 4.8. The figures also show the frequency characteristics. Similar figures

can be drawn for measurements 1-5 and 11-20, which likewise show the downward trend

resulting from a temperature rise.

The permittivity measurements for the battery water with various concentrations of
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Table 4.2: Performed permittivity measurements

Material under test
Concentration Temperature

[mmol] [◦C]

1. 20
2. 25
3. Battery water (distilled water) (40 g) 0 30
4. 35
5. 40

6. 20
7. 25
8. Battery water (40 g) + glucose (0.72 g) 10 30
9. 35
10. 40

11. 20
12. 25
13. Battery water (40 g) + glucose (3.6 g) 50 30
14. 35
15. 40

16. 20
17. 25
18. Battery water (40 g) + glucose (7.2 g) 100 30
19. 35
20. 40
21. CTC - 25

glucose are corresponding with earlier permittivity investigations [39–41]. A comparison

between the measurement results and previous results [39] for battery water is presented

in Table 4.3. It is noticed, that the measured permittivities are congruent with previous

results. The measured permittivity for 0.1 GHz at 25 ◦C has a very small imaginary

part (0.1) compared to the value presented in literature (0.4), but this difference is a

result of inaccuracy in the measurements. Observing the measurement results (Figs. 4.7

to 4.12) and especially the uneven shape of the graph lines, it is obvious that there is

some uncertainty in the measurements due to inaccuracy in the calibration.

Table 4.3: Difference between measured and previously obtained relative permittivity results for
battery water.

Temperature Frequency Measured Permittivity
[◦C] [GHz] Permittivity presented in [39]

25 0.1 78.9− j0.1 78.0− j0.4
25 3.0 76.5− j12.0 76.7− j12.0
35 0.3 75.8− j1.0 74.0− j0.9
35 3.0 74.1− j9.2 74.0− j9.4
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The impact of increasing the concentration can be seen as a thickening line in Figs. 4.9

and 4.10, which present measurements 2, 7, 12 and 17. The temperature is constant

(25 ◦C) and the concentration increases from 0 to 100 mmol/l. It can be seen that the

loss tangent increases with increasing concentration. This is natural, since the glucose

molecules, which are larger than water molecules, have a smaller real part and larger

imaginary part of the permittivity compared to water (on the investigated frequency

range) [42].

As can be seen by observing Eqs. ( 3.43) and ( 4.5), higher permittivity lowers the

characteristic impedance and increases the wavelength. Eqs. (3.45) and (4.3) show the

influence of the growing loss tangent on the dielectric attenuation, which can be seen in

Fig 4.8.

The permittivity of the CTC was measured in order to determine whether the material

is a dielectric or a conductor. Although permittivity measurements do not directly give

accurate conductivity results, they may provide an indication on the conductivity of the

material. As seen in Figs. 4.11 and 4.12, the permittivity was high, which suggests that

the material is fairly conductive. This assumption follows from the fact that the metallic

short applied for calibrating the probe gives the highest possible relative permittivity

(10000) at all frequencies. The conductivity of the CTC was also tested with a volt-ohm

meter (DC), whereupon good conductivity was detected. The conductivity on higher

frequencies could not be measured directly, but it was assumed that the CTC layer is a

decent conductor because carbon is a good electric conductor. It must nonetheless be

noted, that the measurement results for the CTC are to be treated with great reservation,

because the relative permittivity is not between 2.5 and 80 (Sec. 4.3.1), which was the

requirement in order to gain reliable measurement results. Using Eq. ( 4.6) at 2.5

GHz, we get σ ≈ 139 S/m. The conductivity value indicates that the CTC resembles a

semiconductor. The permittivity of the CTC can also be shown with logarithmic axes,

in which case a straight line is obtained. This indicates, that the conductivity of the

material is nearly constant.

The fuel cell dielectric can be approximated using the effective relative permittivity,

presented in Sec. 3.5, which can be calculated with (3.52). The permittivity is shown

in Fig. 4.13 and the loss tangent in Fig. 4.14. The characteristics of the glucose-battery

water solution varied widely depending on the concentration and temperature, as shown

in Figs. 4.7 to 4.10, and in this calculation the fuel solution is portrayed by measurement

13 in Table 4.2, because the concentration and temperature values are approximately

average values considering the range of variation.

The wavelength for the effective dielectric can be calculated with (4.5) to be approxi-

mately 12 to 14 times shorter than in vacuum. At 1 GHz, λ ≈ 20 mm.
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Fig. 4.7: Real and imaginary parts of the relative permittivity for a glucose solution with 10
mmol/l concentration when temperature varies from 20 to 40 ◦C in 5 ◦C steps. The thicker line
represents higher temperature.
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Fig. 4.8: Loss tangent for the glucose with 10 mmol/l concentration when temperature varies
from 20 to 40 ◦C in 5 ◦C steps. The thicker line represents higher temperature.
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Fig. 4.9: Real and imaginary parts of the relative permittivity for a glucose solution when the
concentration varies from 0 to 100 mmol/l. The temperature is constant at 25 ◦C. The thicker
line represents higher concentration.
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Fig. 4.10: Loss tangent for the glucose solution when the concentration varies from 0 to 100
mmol/l. The temperature is constant at 25 ◦C. The thicker line represents higher concentration.
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Fig. 4.11: Real and imaginary parts of the relative permittivity for the CTC layer at room
temperature.
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Fig. 4.12: Loss tangent for the CTC layer.
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Fig. 4.13: Real and imaginary parts of the effective relative permittivity for the combined dielec-
tric.
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Fig. 4.14: Effective loss tangent for the combined dielectric.
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CHAPTER 5

Implementation of the Signal

Feed

In order to generate a time-harmonic electromagnetic field into the fuel cell, a signal

generator must be connected to the fuel cell. A means of doing this is to use a matching

part. Since the size difference between any signal generator feed cable and the fuel cell

is remarkable, the matching part has to be tapered. Additionally, the matching part

could reasonably be coaxial, due to the coaxial output of the used signal generator and

the coaxial structure of the fuel cell. The frequency under focus ranges from 50 MHz to

5 GHz.

This chapter presents the feeding of the signal and the related matching difficulties. Dif-

ferent tapering methods, particularly methods concerning coaxial cables, are compared

with the assistance of calculus and simulation. Also attenuation of the fuel cell dielectric

and alternative signal feed structures are discussed.

5.1 Impedance Matching

Until now in this study, waveguides have been assumed to be homogeneous and infinite,

in which case terminations, size variations or other discontinuities of the cable have not

been of interest. However, discontinuities in a cable cause reflections, which prevent a

part of the signal power from penetrating through the discontinuity and instead reflects

towards the source of the signal [21]. A difference in the characteristic impedance causes

a reflection when connecting two coaxial cables [20, 21].
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5.1.1 Reflection Coefficient

As discussed in Sec. 3.4.3, a coaxial cable has a specific characteristic impedance Z0,

calculated with (3.43), depending on the diameters of the conductors and the electrical

properties of the dielectric. If a cable with the characteristic impedance Z0 (cable 1) is

connected to a cable with the impedance ZL (cable 2) as in Fig. 5.1, the voltage reflection

coefficient can be calculated with [20, 21]:

ρL =
V +

V −
=

ZL − Z0

ZL + Z0

, (5.1)

where V + is the amplitude of the wave propagating in the z direction in cable 1 and

V − is the amplitude of the reflected wave propagating in the −z direction. The voltage

transmission coefficient is [21]

τL = 1 + ρL =
2ZL

ZL + Z0

. (5.2)

z0

cable 1 cable 2

discontinuity

Z0 ZL
V +

V −

VL

Fig. 5.1: Wave propagation and reflection in waveguides.

The time-average power flowing through the discontinuity is [20]

Pav =
1

2

|V +|2
Z0

(1− |ρL|2). (5.3)

The maximum power is delivered to the second cable when the reflection coefficient

ρL = 0 and no power delivered when ρL = 1, which means that all power is reflected at

the discontinuity [20, 21]. When ρL = 0, cable 2 is said to be matched to cable 1, and

in other cases the connection is mismatched. When the other cable is mismatched, not

all of the available power from cable 1 is delivered to cable 2. This loss is referred to as

return loss (RL), and is defined as [20, 21]:

RL = −10 log |ρL|2 dB, (5.4)

which means that a matched case has an infinite return loss and a total reflection (ρL = 1)
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has a return loss of 0 dB [20]. Alternatively, this loss caused by mismatching can be

expressed with the ratio of the power received through the discontinuity and the power

transmitted into the line [43] as insertion loss (IL), and can be written as [21]

IL = −10 log
1

1− |ρL|2
dB. (5.5)

5.1.2 Standing Waves

In a matched lossless cable, the amplitude of the voltage remains unchanged throughout

the cable, but in mismatched cases reflections cause waves propagating in the opposite

direction. This leads to standing waves where the amplitude of the voltage in the cable

is not constant [20]. The maximum voltage Vmax is acquired when the propagating and

reflected waves are in the same phase and their voltages are combined. Thus, [20, 21]

Vmax = |V +|+ |V −| = |V +|(1 + |ρL|). (5.6)

The minimum voltage Vmin is by the same token located where the incoming and reflected

wave have opposite phase and the total voltage is the difference between the voltage

amplitudes, written as [20, 21]

Vmin = |V +| − |V −| = |V +|(1− |ρL|). (5.7)

The standing wave ratio (SWR) is defined as the ratio between Vmax and Vmin [20,21]:

SWR =
Vmax

Vmin
=

(1 + |ρL|)
(1− |ρL|)

, (5.8)

which is a measure of mismatch since as the reflection coefficient increases, so does the

SWR. In a matched situation the SWR = 1 and if ρL = 1, SWR is infinite [20, 21].

5.2 Electromagnetic Characteristics of the Fuel Cell

The permittivity measurements, presented in Sec. 4.3.2, assert that the permittivity for

the fuel solution and the CTC is not constant, but depends on the frequency. Further-

more, the permittivity of the glucose solution also depends on the concentration and the

temperature. Thus, the characteristic impedance inside the fuel cell is not static.

Using Eq. (3.51), the characteristic impedance Z0 can be calculated for every measure-

ment presented in Table 4.2. The impedance is found to vary between 0.52 and 0.61 Ω

inside the fuel cell, if the conductivity of the CTC is assumed to be low according to

the conductivity calculus performed in Sec. 4.3.2. The impedance can also be calculated
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with (3.43), using the effective permittivity (Sec. 3.5), which yields the same result. If

the conductivity of the CTC is assumed very high, the dielectric is formed only out of

the glucose solution layer, whereupon the thickness of the dielectric is smaller. Now, the

characteristic impedance is even lower, varying between 0.25 and 0.35 Ω.

At the beginning of the fuel cell, as the first material into which the electromagnetic

field penetrates, is the PSU plug as seen in Fig. 4.2. The real part of the relative per-

mittivity varies approximately between 3.0 and 3.5 [44,45], and is also slightly frequency

dependent. The PSU used in the fuel cell has an approximate permittivity of 3.2 and a

loss tangent of 0.006 [46]. With this dielectric and regarding the dimensions, the char-

acteristic impedance at the beginning of the fuel cell can be calculated to be Z0 = 8.4

Ω. In the simulations this characteristic impedance is used as the load impedance, ZL,

to which the matching part is tapered. The decision to taper the matching part to this

impedance was made because at this stage the structure of the fuel cell and the length

of the plastic plug were unknown. The characteristic impedance of the signal generator

output is Z0 = 50 Ω.

In Sec. 3.4.3 the condition for preventing the existence of lossy TE and TM modes is

presented with (3.46). For the fuel cell the equation is satisfied only below approximately

360 MHz, when the real part of the relative permittivity is approximated as 75.

5.3 Coaxial Cable Tapering

As discussed in Sec. 5.1, impedance mismatch often occurs when connecting transmission

lines. The reflections can be decreased by using a tapered matching part between the lines

[20]. A tapered waveguide is “A waveguide in which a physical or electrical characteristic

varies continuously with distance along the axis of the guide” [47], and literature presents

many methods for tapering a transmission line from a smaller impedance to a larger

impedance [20]. The manufacturing equipment constricts the length of the taper, as well

as the shape, which has to be stepped (Sec. 5.4.1).

Fig. 5.2: Tapering of a coaxial cable with 10 steps; the inner conductor is shown as grey.

Many methods can be considered for tapering any transmission line from a smaller

impedance Z0 to a larger impedance ZL stepwise (see Fig. 5.2). To keep the reflection
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coefficient ρL constant between every step of the tapering is one possible alternative.

Another method for doing this would be to keep the impedance change constant from

one step to another. Also, changing the diameter of both the inner and the outer

conductor in constant steps, is one alternative.

Literature presents the Klopfenstein taper as the optimum method for a given taper

length L, compared to the exponential and the triangular tapers [20]. The triangular

taper was not taken into account in the taper comparison, because according to [20], this

taper is the slowest to reach the desired reflection coefficient, thus having a larger reflec-

tion coefficient on lower frequencies, which potentially form the specific area of interest.

A multisection quarter-wave transformer can also be used to change the characteristic

impedance of a coaxial cable [21], but in this specific application the implementation is

impossible, because the length of the matching part is restricted.

5.3.1 Constant Reflection Coefficient

As mentioned in Sec. 5.1, the reflection coefficient ρL between two steps with the char-

acteristic impedances Z1 and Z2 is

ρL =
Z2 − Z1

Z2 + Z1

.

If the reflection coefficient is constant at ρ, we obtain the impedance of the first and

second step of the taper as

Z1 = Z0

1 + ρ

1− ρ
,

Z2 = Z1

1 + ρ

1− ρ
= Z0

(

1 + ρ

1− ρ

)2

,

where Z0 is the initial impedance. Finally, we can set up an equation for the end

impedance ZL, when the number of steps is n, as

ZL = Zn
1 + ρ

1− ρ
= Z0

(

1 + ρ

1− ρ

)n+1

. (5.9)

Now we can calculate the reflection coefficient

ρ =

(

ZL

Z0

)
1

n+1 − 1

(

ZL

Z0

)
1

n+1

+ 1

. (5.10)
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5.3.2 Constant Impedance Change

If the characteristic impedance between the steps changes constantly, the calculus is done

simply by calculating the step size when the initial impedance Z0, the end impedance

ZL and the number of steps n are known. The step size Zstep can be calculated with

Zstep =

∣

∣

∣

∣

ZL − Z0

n+ 1

∣

∣

∣

∣

. (5.11)

5.3.3 Constant Diameter Change

Both the inner and outer diameters of the coaxial taper can be changed with constant

steps. In this case the characteristic impedance for a single step can be evaluated with

(3.43). This is the simplest method and requires minimum calculation in order to simulate

or manufacture the taper.

5.3.4 Exponential Taper

According to [20], the exponential taper should be fast to reach a desired reflection

coefficient. The characteristic impedance along the taper is calculated with [20]

Z(z) = Z0e
az, (5.12)

where 0 ≤ z ≤ L. In order to have Z(0) = Z0 at the beginning of the taper and

Z(L) = ZL = Z0e
aL at the end, the constant a in (5.12) can be determined as [20]

a =
1

L
ln

(

ZL

Z0

)

. (5.13)

5.3.5 Klopfenstein Taper

For a given taper length, the Klopfenstein impedance taper has been considered to be

optimum when a small reflection coefficient is required over the passband [20, 48]. The

Klopfenstein taper is essentially an infinitely stepped Chebyshev transformer and also

analogous to the Taylor distribution of antenna array theory [20].

The design of the taper begins by choosing a maximum passband ripple ρm and cal-

culating the zero frequency reflection coefficient ρ0 with (5.1), when the length of the

taper L, the initial impedance Z0 and the end impedance ZL are known. This allows
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the calculation of A, which is obtained from the equation

coshA =
ρ0
ρm

. (5.14)

The logarithm of the characteristic impedance Z along the Klopfenstein taper is calcu-

lated with

lnZ(z) =
1

2
lnZ0ZL +

ρ0
coshA

A2φ(2z/L− 1, A), (5.15)

where 0 ≤ z ≤ L and the function φ(x,A) is defined as

φ(x,A) = −φ(−x,A) =

∫ x

0

I1(A
√

1− y2

A
√

1− y2
dy, (5.16)

for which |x| ≤ 1 and I1(x) is the modified Bessel function. The function in (5.16) takes

the following special values:

φ(0, A) = 0,

φ(x, 0) =
x

2
,

φ(1, A) =
coshA− 1

A2
,

but is otherwise calculated numerically. In this work, ρm has been chosen to be 0.1. It

is noted, that if ρ0 is miscalculated, also ρm is changed. [20]

5.3.6 Simulations

In this work, all simulations have been performed using the Ansoft HFSS (High Fre-

quency Structure Simulator) electromagnetic field simulation tool, version 11.2.0. The

program is based on the finite element method (FEM) in order to compute the electro-

magnetic behavior of components in the frequency domain [49]. The simulated reflection

coefficient and gain for the matching part are presented in Fig. 5.9.

5.3.7 Taper Comparison

The taper methods mentioned previously were simulated in order to find the matching

part with the highest gain. The gain is simulated for the constant reflection coefficient,

constant impedance change, constant diameter change, exponential and Klopfenstein

tapers (see Fig. 5.3). The length L = 60 mm and the amount of steps was n = 10. It is

seen that the Klopfenstein taper has the lowest attenuation at frequencies below 2 GHz,

compared to the other tapering methods.
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Fig. 5.3: Comparison of tapering methods. L = 60 mm, n = 10, Z0 = 50 Ω and ZL = 8.4 Ω.

Influence of the Length

In general, a longer taper reduces the attenuation. This is seen by simulating a Klopfen-

stein taper with different length and comparing the results presented in Fig. 5.4. The

length in the simulation varied from 30 to 155 mm.

Influence of the Number of Steps

Intuitively it would be assumed that a greater number of steps in the taper enhances the

penetration through the matching part, as the shape of the taper increasingly starts to

resemble a perfect cone. Simulations, however, suggest the opposite, as seen in Fig. 5.5.

At lower frequencies, the gain is higher with only 5 steps in the taper compared to a

larger amount of steps.

5.3.8 Tapering to Different Parts of the Fuel Cell

The easiest approach to the tapering problem is to ignore the structure of the fuel cell

and taper the signal generator output to the end of the fuel cell, which in this case is
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Fig. 5.4: Influence of the length on the gain of the matching part. n = 5, Z0 = 50 Ω and ZL = 8.4
Ω. Klopfenstein is the used tapering method.

the polysulfone plastic, as mentioned in Sec. 5.2, with a characteristic impedance of 8.4

Ω. On the other hand the tapering could be done directly to the actual substance of the

fuel cell; the solution consisting of glucose and battery water. Thus, the polysulfone plug

would be considered electrically short, whose effect in the propagation is small. Here,

the characteristic impedance is, as calculated in Sec 5.2, approximately 0.6 Ω when the

CTC layer is treated as a dielectric.

Hence, the taper can be designed from 50 to 8.4 or 0.6 Ω. These two approaches are

compared with each other with simulations, where the transmission through the match-

ing part and the polysulfone is examined. The taper to 8.4 Ω is the 5-step Klopfenstein

taper that is used in the previous section. As the taper to 0.6 Ω, Klopfenstein could

not be used, because it would have required numerous steps (> 20) in order to be

manufacturable (see Sec. 5.4.1). Thereby, a 7-step taper using the constant impedance

change-method was used instead. This was the only method, which could be manufac-

tured with under 15 steps without short-circuiting the inner and outer conductor. The

comparison is presented in Fig. 5.6, which shows the attenuation from the end of the

signal generator cable to the beginning of the operational (liquid) part of the fuel cell.

It can be seen that both approaches have their advantages. Below 1.6 GHz, tapering to

8.4 Ω is more profitable, and vice versa on frequencies above 1.6 GHz.
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Fig. 5.5: Influence of the number of steps in the taper on the gain of the matching part. L = 60
mm, Z0 = 50 Ω and ZL = 8.4 Ω. Klopfenstein is the used tapering method.

5.4 Prototype of the Matching Part

5.4.1 Manufacturing Constraints

The machining equipment at the Department of Radio Science and Engineering constricts

the size and shape of the matching part. Firstly, the length of the matching part is limited

to 60 mm due to the length of the drill bits. Secondly, the shape of the matching part

cannot be formed into a cone, but the thickness has to be changed gradually in steps

(Fig. 5.2). Last, air must be used as insulator, because machining dielectric material

into perfect shape would be problematic. Brass is the material used for machining the

matching part.

5.4.2 First Steps

Before building the matching part, a few simulations were conducted in order to clarify

how the tapering could be realized for this application. In particular, a high gain at

a wide frequency range was desired. The broad frequency band is required, since it
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Fig. 5.6: Difference in the gain when designing the tapering to different parts of the fuel cell.

is not known whether a specific frequency or threshold frequency exists, at which the

electromagnetic field enhances the operation of the fuel cell the most. The structure of

the matching part is similar to the simulation model in Fig. 5.7.

In the design and manufacturing process, the most important matter regarding the

matching part was to ensure knowledge of the reflection and transmission qualities. The

first prototype was done early in order to be able to initiate the measurements as soon

as possible. Also, it was done in the belief that a better, more optimized matching part

would be constructed later if needed. Because of this, it was accepted that the first

prototype was only able to transmit power at a required level in order to investigate the

influence of the electromagnetic field, not to be perfectly optimized for the task.

The first matching part was made out of brass according to the first simulation results

(Fig. 5.8), because it was important to have a working method for feeding the fuel cell.

The tapering was done with constant diameter change, after this was found to be the least

attenuating taper among the methods tested at that time (constant reflection coefficient

and constant characteristic impedance change were the other methods). At the time

of making the decision on the tapering method, the Klopfenstein method was not yet

known. The same holds true for the knowledge of the precise fuel cell structure. Due to

this, the matching was done to the end of the fuel cell (the PSU plug, with Z0 = 8.4 Ω)
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Fig. 5.7: HFSS simulation model for the matching part.

and not to the inside (the fuel solution, Z0 ≈ 0.6 Ω). The simulated reflection coefficient

ρL and gain for the matching part are presented in Fig. 5.9.

a) b)

Fig. 5.8: Inner a) and outer b) conductor of the matching part, connected to a 50 Ω SMA-N
type connector.

5.4.3 Measurements

The simple matching part presented in Figs. 5.7 and 5.8 cannot be measured entirely,

because no adapters are suitable for connections to the wider side of the matching part.

This questions the simulation results which were obtained in the previous section, see

Fig. 5.9.

One solution is to connect two matching parts in series according to Figs. 5.10 and 5.11.

This structure can be measured and thus compared with the simulation results. These
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Fig. 5.9: Reflection coefficient and gain for the first matching part prototype. Z0=50 Ω and
ZL=8.4 Ω.

results are presented in Fig. 5.12, and it can be seen that at frequencies below 2 GHz, the

measured response is very similar to the simulated response. Hence, it can be assumed

that the simulations are valid also for the simple matching part in this frequency range.

As will be discussed in Sec. 5.5, higher frequencies are assumed to be of lesser interest.

Fig. 5.10: Photograph of the connected matching parts.

Fig. 5.11: Simulation model for two matching parts in series.

5.5 Influence of Attenuation Inside the Fuel Cell

In Sec. 4.3.2, the dielectric measurement results for the dielectric materials of the fuel

cell, the fuel solution and the CTC, are presented. As can be seen from Fig. 4.13, the
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Fig. 5.12: Simulated and measured reflection coefficient and gain for the double matching part.

effective relative permittivity is high, which according to Eqs. (4.3) and (3.45) leads to

a high attenuation of the electric field.

The losses in dielectric matter occur partly due to the small conductivity the unideal

dielectric possesses, in which the electric field produces a small electric current according

to (3.5), and the electric power is converted to heat [50–52]. The heat generated can be

calculated with [51, 52]

Wheat =
E2fεr tan δ

1.8 · 1012 . (5.17)

Thus, the energy is preserved according to the first law of thermodynamics, but converted

to heat [5].

The calculated and simulated attenuation Lc for the fuel cell is presented in Fig. 5.13.

The theoretical estimation of the attenuation, is calculated with [20]

Lc [dB] = −20 log10 e
−αl, (5.18)

where α is calculated with (3.45) and l is the length of the operational part of the fuel cell

(220 mm). In Eq. (3.45) it is assumed that tan δ ≪ 1, which evidently is not the case

for the CTC, as seen from Fig. 4.12. However, this equation is used because it is the best

approximation available. For a more accurate solution, α can be obtained from (4.4),

where there is no restrictions for tan δ. It is nevertheless evident that the attenuation

is so strong, that the electromagnetic field exists only at the beginning of the fuel cell,

due to the large losses of the dielectric. The large attenuation gives reason to believe,

that frequencies above 1 GHz should not be used, because here the attenuation exceeds

30 dB. The glucose solution and the CTC layer have not been modeled separately in the

simulation model, but the effective permittivity (Fig. 4.13) has been used to describe

the two dielectric layers.

The attenuation per centimeter in dB at different frequencies is presented in Table 5.1
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Fig. 5.13: Calculated and simulated attenuation of the fuel cell.

Table 5.1: Calculated attenuation of the fuel cell on different frequencies.

Frequency [GHz] 0.1 1.0 2.0 3.0 4.0 5.0

Attenuation [dB/cm] 0.01 1.36 4.77 9.67 15.04 21.35

Previously in Sec. 4.3.2, it was assumed that the conductivity of the CTC is not excep-

tionally high. However, if it would be very high (close to a perfect electric conductor),

the electromagnetic field inside the fuel cell exists only in the glucose, whereupon the

attenuation is approximately according to Fig 5.14. This assumption is made because

no accurate conductivity measurement has been conducted for the CTC. Here, the fuel

solution is again approximated by measurement 13 in Table 4.2. By comparing Figs. 5.13

and 5.14, it is noted that the attenuation in the glucose solution and in the CTC are of

the same order of magnitude.

5.6 Other Methods for Signal Feeding

The electromagnetic field inside the fuel cell attenuates strongly, as seen from Fig. 5.13,

which means that the field at the other end is non-existent and the effect of the field
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Fig. 5.14: Calculated and simulated attenuation of the fuel cell dielectric when the conductivity
of the CTC layer is assumed very high.

is concentrated only on the forepart of the fuel cell. This problem could be diminished

by circulating the fuel, but then the matching part could not be used and other feeding

methods would have to be considered. Among these are the probe feed and the radiating

cable.

5.6.1 Probe Feed

One possible feed structure is presented in Fig. 5.15. This coaxial probe, which is very

narrow-band, could be attached to the lateral area of the fuel cell, enabling both ends

of the fuel cell to be used for circulating the fuel. Circulation of fuel, as discussed in

Sec. 2.2, improves the operation of the fuel cell by removing heat and exchanging the

fuel.

Multiple probes could also be used to make the total field inside the fuel cell more

uniform. When the specific operating frequency is known, the probe feed needs not to

be broadband and the matching becomes much simpler.
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Fuel cell

Coaxial
probe

Fig. 5.15: Coaxial probe feed.

5.6.2 Radiating Coaxial Cable

Radiating or leaky coaxial cables (Fig. 5.16), are coaxial cables with slots in the outer

conductor in order to allow the electromagnetic field to penetrate out of the cable [53].

They have been used in for instance railway tunnels and coal mines [53].

Outer jacket Outer conductor

Dielectric

Inner conductor

Slots

Fig. 5.16: Leaky coaxial cable [53].

A leaky coaxial cable could be connected side by side with the fuel cell, and if slots

were made also to the outer conductor of the fuel cell, the leaky coaxial cable could

feed an electromagnetic field directly into the fuel cell. With multiple slots, the field

inside the fuel cell could be very uniform, and the slots could be optimized when the

operation frequency would be known [53]. The feed of the radiating cable would also

allow circulation of fuel.
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CHAPTER 6

Output Power Measurements

This chapter describes the measurements performed to investigate the influence of a

time-harmonic electromagnetic field on the output power of the fuel cell under test. The

goal is to find a specific frequency or a threshold frequency, at which the RF power

enhances the operation of the fuel cell the most. The measurement setups are presented

and the polarization curves (Sec. 2.4) are drawn in order to compare the output power

between the original fuel cell and the enhanced fuel cell (radio signal applied).

During the work, several fuel cells were constructed in order to measure the output

power with and without the influence of the electromagnetic field, fed via the matching

part. However, there were severe problems in the first three manufactured fuel cells, and

proper measurements could not be conducted. Problems arose from it being impossible

to fill the fuel cell entirely, short-circuits and a too low OCV. Also the last fuel cell, with

which the final measurements were conducted, faced slight problems, and the operation

of the fuel cell was not ideal.

6.1 Measurement Setups

The fuel cell and the matching part were connected according to Fig. 6.1. In a) it is

illustrated how the inner conductor is connected, and b) shows the entire matching part

connection. The inner conductor has an M10 screw thread, which is screwed around

the M10 screw at the end of the fuel cell. The outer conductor of the matching part

is placed around the inner conductor, and attached to an SMA-N type coaxial adapter,

which in turn is connected to a bias tee. Also the inner conductor of the matching part

is connected to the connector, which assures that the inner and outer conductor share

the same axis. The bias tee separates the DC voltage from the RF power, which allows

feeding high-frequency power through the coaxial input and simultaneously discharging

61



6. Output Power Measurements

the fuel cell [54]. An equivalent circuit of a bias tee is presented in Fig. 6.2.

a)

b)

SMA-N adapter

Bias tee

Fig. 6.1: Fuel cell with a) inner conductor of the matching part connected and b) the entire
matching part with the bias tee connected.

RF + DC RF

DC

Fig. 6.2: Equivalent circuit of a bias tee [54].

The measurement connections for the power measurements are presented in Fig. 6.3.

The fuel cell voltage and the current of the circuit are measured with various resistance

levels in order to acquire the polarization curve. The fuel is circulated from the top with

a KNF NF30-KTDC mini diaphragm pump in order to enhance the operation. The

electromagnetic field is fed from the signal generator through an SMA coaxial cable to

the bias tee.

6.1.1 Apparatus

An HP 34970A data acquisition unit is used to measure the voltage and current of the

fuel cell. The potentiometer in Fig 6.3 is a General Radio Co. type 102-F variable

resistor, which ranges from 0.1 to 111 Ω and has a 0.1 Ω accuracy.

The bias tee ZX85-12G-S+, manufactured by Mini-Circuits, is very broadband (0.2 to

12000 MHz) and offers a low insertion loss (maximally 1.5 dB up to 6 GHz) according

to the manufacturer [55]. Measurements show that the insertion loss is approximately 1

dB between 0.1 and 5 GHz.
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Fig. 6.3: Power measurement setup. The direction of the fuel circulation can be turned.

An HP 8340B synthesized sweeper is used to produce the high-frequency time-harmonic

signals. The frequency ranges from 10 MHz to 26.5 GHz with a frequency resolution of 4

Hz and the calibrated output range of the sweeper ranges from -110 to 10 dBm, but can

produce powers up to 20 dBm [56]. The device was tested with an Agilent 8564EC spec-

trum analyzer before conducting the fuel cell measurements. The synthesized sweeper

operated without large errors according to the test.

6.2 Measurement Procedure

The measurements were conducted with the measurement setup shown in Fig. 6.3. At

first, the fuel solution was fed into the fuel cell, and the fuel was put into circulation with

the pump. In the beginning, the potentiometer was not connected, and the OCV was

measured. After inserting the fuel, the measured voltage was not immediately stable but

the activation of the fuel cell lasted approximately 20 minutes. After the OCV of the fuel

cell had stabilized, the potentiometer was connected with a resistance of 111 Ω. In order

to get the polarization curve, the resistance was then decreased in steps until a voltage

between 0.4 to 0.5 V was obtained. The same procedure was then repeated several times

with the signal generator coupled with a frequency of 4 GHz and also without the RF

power. The bandwidth of the signal was 100 Hz. The frequency of 4 GHz was chosen due

to the fact, that the best results had previously been obtained using this frequency [4].

After each polarization curve measurement, it lasted approximately 20 minutes before
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the fuel cell reached a stable OCV. The temperature during the measurements was 24◦C.

The pump which was utilized to circulate the fuel was found to be necessary in order to

keep the fuel cell operating evenly.

The influence of the electromagnetic field was also tested by sweeping the frequency

range from 50 MHz to 5 GHz with frequency steps of 100 MHz and comparing the

output power. The sweep was completed twice with different voltage levels. The output

power of the synthesized sweeper was +15 dBm through all of the measurements. The

high power was chosen since it was believed that a higher power would more likely affect

the operation of the fuel cell.

6.3 Measurement Results

The measurements of the polarization curves are presented in Table 6.1, where also

the resistance levels are visible. The polarization curve was measured 6 times; 3 times

without RF energy and 3 times under the influence of a 4 GHz, 15 dBm electromagnetic

signal. The power ([mW] column in Table 6.1) was obtained by multiplying the measured

voltage and current. The voltage-current and power-current curves are presented in

Figs. 6.4 and 6.5.

As can be seen from the measurement results, no evident increase of power can be

detected. Even though the polarization curves with the 4 GHz RF signal implemented

are slightly better, the enhancement is unsubstantial compared to the variation between

the three measurements without RF assistance. From Fig. 6.5 it can be detected, that the

fuel cell had not been totally activated and reached its maximal current capacity when the

first measurement was performed, since the power-current was not stable until the fourth

measurement. The difference between the first three and the last three measurements

can be explained by the loosening of one of the fuel hoses, and the shutdown of the fuel

circulation that followed. After this incident the OCV increased by approximately 20

mV. It was detected that small changes in the hose position and changing the direction of

rotation affected the output voltage and current of the fuel cell more than implementing

an EM field.

Instability of the output voltage is caused especially by entrapped air inside the fuel

cell. The shape of the measured polarization curves differs from the characteristic po-

larization curve presented in Sec 2.4. The voltage drop at low currents, which is caused

by activation losses, is not visible since the anode catalyst is not functioning properly.

Moreover, the maximum power value was not found because the voltage could not be

decreased enough without damaging the fuel cell.

Between the second and third measurement (see Table 6.1), the frequency was swept
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Fig. 6.4: Measured fuel cell voltage-current curves. The blue lines represent measurements
without RF signal and the red dashed lines represent measurements when a 4 GHz EM signal is
fed to the fuel cell.

while keeping the fuel cell circuit open (disconnecting the potentiometer). The open

circuit voltage was 727 mV before coupling the synthesized sweeper. Then the EM

field was coupled and the frequency was changed from 5 GHz to 50 MHz in 100 MHz

steps with a time interval of approximately 5 seconds. The voltage remained steadily at

727 mV and did not change. This frequency sweep was repeated with a closed circuit

and an output voltage of 605 mV and current of 20.4 mA. Here, the output voltage

decreased only because energy was consumed during the test. However, no effect of the

electromagnetic field was noticed.

6.3.1 Summary of the Measurements

Before the measurements were conducted it was reasoned that many factors could boost

the fuel cell efficiency when an electromagnetic field is applied into the fuel cell. It was

assumed, that a high-frequency field would turn the polar molecules in the fuel and

potentially break the molecules. It was also pondered, whether the glucose solution

could possess a certain oscillation frequency at which this breakdown could occur. In

other words, what was the relationship between the photon energy (E = hf , where h is
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Fig. 6.5: Measured fuel cell power-current curves. The blue lines represent measurements without
RF signal and the red dashed lines represent measurements when a 4 GHz EM signal is fed to
the fuel cell.

the Planck constant [21]) and the molecular binding energy [57]. The heating effect of

an electromagnetic field, that is to say the kinetic heat energy, was also considered [57].

However, these considerations were soon found to be unrealistic since the levels of the

photon and kinetic energy were very small.

Yet, the measurements showed no influence of the electromagnetic field on the operation

of the fuel cell. Even though the measurements were performed thoroughly, the fuel cell

did not operate perfectly at any stage, which throws doubt on the measurement results.

The malfunctioning of the fuel cells during this work was a consequence of the fact that

the fuel cell itself was a prototype, whose operation was still very much in a development

phase. The high attenuation inside the fuel cell results in the electromagnetic field

affecting only a small part of the fuel cell when using frequencies over 1 GHz.

6.4 Discussion

In the beginning of the work, positive results that had been obtained in earlier research

were examined with great interest, but no measurements were repeated. This could have
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been the first step, because the entire work rested on the results of earlier research and

assumptions that had been made according to them.

Additionally, the fuel cell prototypes, which were used to test the matching part and

whose operation also was measured, did not consist of exactly the same fuel, electrolyte

and catalysts as the fuel cell with which earlier research had been performed. Because

the fuel cell itself was still developing, the materials and the structure of the fuel cell

were modified throughout the work. It would have been reasonable to investigate the

effect of the electromagnetic field with a fully functional, perhaps even commercially

available fuel cell. Here, problems would have been caused by the difficulties to modify

the structure to be suitable for the matching part, but the problems with the basic

operation of the fuel cell would have ceased to exist.

The most important part of the work, design of the signal feed into the fuel cell, was

done hastily. Here, the structure of the matching part was chosen early almost without

considering other possible alternatives. Although the matching part according to simu-

lation results turned out to satisfy the objectives, other feed structures could have been

studied more closely.

As has been discussed earlier, a proper circulation of the fuel would benefit the operation

of the fuel cell. Although a circulation construction was built, the circulation was not

ideal because only one end of the fuel cell was available. This resulted in a situation,

where the circulation was very small in some areas. In order to be able to use both ends

of the fuel cell for circulating the fuel, another kind of feed structure would be necessary.
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Table 6.1: Performed polarization curve measurements.

1. measurement 2. measurement 3. measurement
no EM field 4 GHz EM field no EM field

Ω [mV] [mA] [mW] [mV] [mA] [mW] [mV] [mA] [mW]

∞ 727 0.0 0.0 727 0.0 0.0 720 0.0 0.0
111 691 5.7 3.9 697 5.8 4.0 692 5.8 4.0
100 686 6.2 4.3 691 6.3 4.4 688 6.3 4.3
80 677 7.5 5.1 682 7.6 5.2 679 7.6 5.2
70 671 8.4 5.6 676 8.5 5.7 674 8.5 5.7
60 663 9.4 6.2 668 9.6 6.4 667 9.6 6.4
50 653 10.8 7.1 658 11.1 7.3 658 11.0 7.2
40 639 12.7 8.1 646 13.1 8.5 646 13.0 8.4
35 628 13.9 8.7 636 14.3 9.1 637 14.3 9.1
30 611 15.6 9.5 624 15.9 9.9 627 15.9 10.0
25 598 17.5 10.5 610 17.8 10.9 613 18.0 11.0
20 578 19.8 11.4 591 20.3 12.0 595 20.4 12.1
17 562 21.6 12.1 577 22.0 12.7 581 22.0 12.8
15 549 23.0 12.6 564 23.4 13.2 569 23.5 13.4
12 526 25.3 13.3 542 26.0 14.1 548 26.2 14.4
10 508 27.0 13.7 524 27.7 14.5 530 28.1 14.9
8 485 29.0 14.1 502 30.0 15.1 510 30.2 15.4

4. measurement 5. measurement 6. measurement
4 GHz EM field no EM field 4 GHz EM field

Ω [mV] [mA] [mW] [mV] [mA] [mW] [mV] [mA] [mW]

∞ 749 0.0 0.0 749 0.0 0.0 749 0.0 0.0
111 718 5.9 4.2 710 5.9 4.2 710 5.9 4.2
100 714 6.5 4.6 707 6.5 4.6 707 6.4 4.5
80 707 7.9 5.6 700 7.8 5.5 699 7.8 5.5
70 701 8.8 6.2 694 8.7 6.0 694 8.7 6.0
60 694 9.9 6.9 688 9.8 6.7 687 9.8 6.7
50 685 11.4 7.8 679 11.3 7.7 678 11.1 7.5
40 672 13.5 9.1 667 13.2 8.8 666 13.3 8.9
35 664 14.8 9.8 659 14.5 9.6 658 14.7 9.7
30 653 16.4 10.7 649 16.1 10.4 647 16.3 10.5
25 640 18.5 11.8 635 18.0 11.4 635 18.3 11.6
20 623 21.0 13.1 618 21.0 13.0 617 20.8 12.8
17 609 22.8 13.9 604 22.7 13.7 604 22.7 13.7
15 597 24.3 14.5 592 24.0 14.2 592 24.1 14.3
12 577 26.9 15.5 572 26.7 15.3 573 26.7 15.3
10 561 28.7 16.1 558 28.2 15.7 555 28.8 16.0
8 538 31.0 16.7 538 30.5 16.4 537 31.0 16.6
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CHAPTER 7

Conclusion

The aim of this thesis was to investigate whether the efficiency of a direct-mode bioor-

ganic fuel cell can be enhanced by means of a time-harmonic, high-frequency electro-

magnetic field, which was suggested by earlier research. The interest towards fuel cells is

steadily increasing because the demand for environmentally friendly alternative energy

sources is higher than ever. Bioorganic, glucose fueled fuel cells, that would be beneficial

in remote districts, are yet unable to reach desirable power densities.

In this thesis, first, the basics of fuel cell theory relevant to this work were briefly

presented. This was needed in order to comprehend and measure the operation of the

fuel cell under test. It was noted that the current capacity of the fuel cell under test had

been measured to be far below its theoretical maximum. Next, coaxial cable theory was

discussed, due to the coaxial structure of the fuel cell. The configuration of the fuel cell

under test was presented, and its dielectric materials investigated. The permittivities of

the fuel solution and the Carbon-Teflon-Catalyst (CTC) layers were measured with a

dielectric probe. For the fuel solution it was detected, that the real and the imaginary

part of the relative permittivity decrease with a rising temperature. An increase of

concentration was found to decrease the real part of the permittivity, but to increase

the imaginary part. Increasing the frequency contributed to the descent of the real part

and the rise of the imaginary part of the permittivity. The values were found to be

congruent with previously obtained results for the relative permittivity of battery water,

varying around 75− j10. For the CTC layer, the permittivity was found to be very high,

and the loss tangent varied between 1 and 10. The effective relative permittivity was

calculated analytically and used to model the combined dielectric, consisting of the fuel

solution and the CTC, because modeling two very different dielectric layers with the

electromagnetic field simulator would have been problematic. The calculus, which was

performed although the permittivity and loss tangent of the CTC was very high, yielded

an effective relative permittivity of approximately 180− j40.
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Applying the EM field inside the fuel cell via a matching part was investigated with means

of simulation. A first prototype of the matching part, whose shape and length were

restricted due to manufacturing constraints, was manufactured as quickly as possible

according to the first simulation results. The tapering methods compared at this point

were the constant reflection coefficient, the constant impedance change and the constant

diameter change. The brass matching part was found to be fairly broadband, but not

optimal in the sense of having the best transmission through the matching part. After

further simulations, which also took into account the exponential and the Klopfenstein

tapers, the Klopfenstein tapering method was found to be the most optimal. It was also

detected, that fewer steps in the taper enhanced the transmission coefficient through

the taper. In addition, it was found that lengthening the matching part in general

also improved the transmission. The matching part was tapered to the end of the fuel

cell, which had a characteristic impedance of 8.4 Ω, and not to the operational part

of the fuel cell, where the characteristic impedance was approximately 0.6 Ω. Though

it was assumed, that the tapering should have been done to the 0.6 Ω impedance, the

simulations proved that both approaches were beneficial, but on different frequency

ranges. In order to verify the simulation results, two identical matching parts were

connected to each other, in which case the matching part could be measured. It was

detected, that the reflection coefficient and the gain through the matching part agreed

very well with the measured parameters on the frequency range of 50 MHz to 2 GHz.

The attenuation of the fuel cell was studied with simulations and calculus. Due to the

high permittivities and loss tangents of the dielectrics, the attenuation was considerably

large. At 1 GHz, the attenuation was calculated to be 1.4 dB/cm. This fact led to

the assumption, that when using frequencies above 1 GHz, the influence of the EM

field could only exist in the very beginning of the fuel cell, and that especially higher

frequencies should be avoided in order to keep the attenuation as low as possible (at 2

GHz the attenuation was 4.8 dB/cm). Finally, also alternative methods for the signal

feed were presented, especially in order to free the matching part end of the fuel cell and

enable the fuel to circulate. These methods included the probe feed and the radiating

cable feed.

The output power measurements were conducted in order to investigate the influence

of the electromagnetic field. The goal was to find a specific frequency or a frequency

threshold for the EM field, under the influence of which the operation of the fuel cell

would be enhanced the most. The pump, which was used to circulate the fuel, was found

to be essential from the point of view of the fuel cell since the pump enabled a steady

operation of the fuel cell. The polarization curve was first measured without assistance

of the RF power by measuring the output voltage of the fuel cell and the current of

the load circuit while decreasing the resistance in the circuit with a variable resistor.

This procedure was then repeated also with a signal generator at 4 GHz. Totally, the
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polarization curve was measured three times with and three times without RF power.

The open circuit voltage was measured without the electromagnetic field and then also

with the EM field applied, sweeping the frequency from 50 MHz to 5 GHz with steps of

100 MHz. The frequency sweep was also performed while discharging the fuel cell.

The main conclusion of this work is that the measurements were unable to show any

significant influence of the time-harmonic, high-frequency electromagnetic field on the

output power of the fuel cell. The polarization curves differed slightly from each other,

but this was a consequence of the fuel cell, which had not fully been activated before

starting the measurements. It is however noted, that the fuel cell was malfunctioning

during these measurements. Another problem which was encountered during the mea-

surements was the instability of the fuel cell, in which case the measurement results could

not be treated as fully reliable. Especially the anode catalyst did not work properly. This

could be seen from the shape of the polarization curves, that did not correspond to the

characteristic shape of a normal polarization curve. The malfunction of the fuel cell was

a result of the ongoing development process of the fuel cell. In this case the correct

electrolyte and catalysts are yet to be found. The results of this work should not be

used to draw final conclusions because as mentioned earlier, the fuel cell was malfunc-

tioning. However, the measurements do suggest that the specific combination of the fuel,

electrolyte and catalysts used in this application is not influenced by a time-harmonic

electromagnetic field within the frequency range of 50 MHz to 5 GHz, which results in

no enhancement of the fuel cell operation.

Lastly, it can be concluded that it could have been reasonable to repeat the measure-

ments, which had been reported in earlier research, in the beginning of this work. The

effect of changing a single characteristic of the fuel cell could not be found out, since too

many properties of the fuel cell was changed during the work.

7.1 Future Prospects

For future research in this issue, a perfectly operating fuel cell would be useful. This

would remove a significant part of the uncertainty that was faced in this work. It

would furthermore be beneficial if the fuel cell was simply constructed without expensive

materials, whereupon manufacturing prototype fuel cells and modifying the construction

in order to be suitable for applying the electromagnetic field would be more affordable.

In order to make progress in the development process, it is essential to go back to

the beginning of the research work and try to repeat the measurements which yielded

promising results. While searching for the perfect combination of the fuel, electrolyte

and catalysts which might be influenced by electromagnetic signals, only small changes

are to be made at a time. Then the effect of EM signals can be studied properly.
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