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Abstract

The performance of a phosphoric acid fuel cell reactor, (PAFC), with n-
hexadecane, C16Hs4, canola biodiesel, soybean biodiesel and petroleum diesel fuel has
been investigated. Fifteen-hour steady-state operation was achieved with each of the
diesel fuels. This is the first extensive study reported in the literature in which n-
hexadecane is used directly as the fuel. It is also the first study of a fuel cell operated
with petroleum diesel fuel. Identification of steady-state conditions (temperature =
190°C, molar ratio of fuel to water = 414) is significant because it demonstrates that
stable fuel cell operation is technically feasible when operating a PAFC with diesel
fuels. Degradation in fuel cell performance was observed prior to reaching steady-
state. The degradation was attributed to a carbonaceous material forming on the
surface of the anode. After treating the anode with water the fuel cell performance
recovered. However, the fuel cell performance degraded again prior to obtaining
another steady-state operation. Several consistent observations suggested that the
carbonaceous material formed from the diesel fuels might be a reaction intermediate
necessary for steady-state operation. Finally, the experiments indicated that water in
the phosphoric acid electrolyte could be used as the water required for the anodic
reaction. The water formed at the cathode could provide the replacement water for
the electrolyte, thereby eliminating the need to provide a water feed system for the

fuel cell.



Ré&umeé

La performance d'un récteur de pile & combustible a base d'acide
phosphorique (PAFC), a é&é éudie en utilisant les combustibles suivants:
hexadezane normal CieHzs, biodiesel de Canola, biodiesel de soya et un diesel d&ive
du pérole. Un fonctionnement stable a &ééré&lisépendant 15 heures avec chacun des
carburants. Ce travail est la premiée &ude approfondie rapporté dans la litté&ature
dans laquelle I'nexadéeane normal a ééutilisédirectement comme combustible. C'est
&alement la premige éude d'une pile acombustible utilisé& avec du pérodiesel.
L'identification d’un état stationnaire (température = 190°C, le rapport molaire de
carburant al'eau = 414) est important car il dénontre que le fonctionnement stable de
piles a combustible est techniquement faisable lorsquun PAFC est utilis¢ avec les
carburants diesel. La déyradation des performances de la pile acombustible a &é
observée avant l'atteinte de I'&@at stationnaire. La déyradation a &€ attribuée ala
pré&ence d'une matiée carbonisé& ala surface de I'anode. Le rendement de la pile &
combustible est remonté&aprés avoir trait€l'anode avec de la vapeur d'eau. Toutefois,
la performance de la pile a combustible s’est dégradée encore une fois avant d'obtenir
une autre opé&ation al'éat stationnaire. Plusieurs observations cohé&entes ont sugggé
que les dé@s carbonisé pourraient &re un intermé&liaire de réction né&essaire pour
I'obtention d'un é&at stationnaire. Enfin, les exp&iences indiquent que l'eau dans
I'@ectrolyte (acide phosphorique) pourrait alimenter la réction anodique. L'eau
formé ala cathode pourrait fournir de I'eau de remplacement pour I'@ectrolyte, ce
qui ¢éliminerait la nécessité de fournir un systéme d'alimentation d’eau pour la pile a

combustible.
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Chapter 1 - Introduction

“Where there is a will, there is a way”
— An old proverb

1.1 Fossil fuels and their emissions

Ever since the Industrial Revolution in the 18th century, large quantities of
fossil fuels have been used to power the economy and thereby make life more
enjoyable for people. The economic growth of the most countries is still based on the
use of energy stored in fossil fuels - coal, petroleum, and natural gas. At the present
time, about 80% of the world energy demand is met by fossil fuels. Fossil fuels in
different forms are used everywhere in the world, especially for transportation,
because they are storable and portable [1]. While fossil fuels have been the most
logical choice for human activities for more than two centuries, there is no question
that finding a way to use them more efficiently is needed. As the world’s economy
develops, demand for fossil fuels is increasing globally. Even though the current
production of oil exceeds demand and the price of oil has recently decreased

dramatically, the total supply is limited. Thus, energy is still a serious long term issue.

In addition, the burning of the fossil fuels has been connected to a series of
serious environmental consequences such as air pollution, climate change and rising
sea levels. Air pollution is primarily related to Canada’s criteria air contaminants NOx,
CO, HC, SOx. Greenhouse gas emissions such as CO,, CHs, and N.O are also
generated during the combustion of fossil fuels. The fossil fuel sources of these
emissions are the leading contributors to climate change and rising sea levels [2]. As a
result there is a need to decrease both greenhouse gas emissions and emissions of

criteria air contaminants.

Reliance on fossil fuels is still important in most countries. Of course, there is

no question that a shift to a different source will occur in the future. In the meantime



we are trying to control the emissions of criteria air contaminants and greenhouse
gases by developing a more efficient fossil fuel conversion system. Our reliance on
limited fossil fuel resources, such as petroleum diesel fuel, for the majority of our
transportation energy needs, makes it imperative that we utilize these resources as
efficiently as possible. Higher efficiency energy conversion also means less emissions,

since less fuel is consumed and less exhaust created for the same energy output.
1.2 Fuel cells

Fuel cells are one example of an efficient energy-conversion system. Fuel
cells convert chemical energy directly into electrical energy, without the combustion
of fuels. Fuel cells offer higher theoretical energy efficiencies compared to gas
turbines or internal-combustion engines. Fuel cells are also capable of operating with

a wide variety of fuels, either directly or indirectly [3].

In 1839, fuel cells were first described by a physical scientist, William Grove
[4]. A schematic diagram of a typical fuel cell is shown in Figure 1.1. The basic
physical structure of fuel cells consists of an electrolyte medium between two
electrodes. This electrolyte is a barrier between the fuel and oxidant. The anode
electrode facilitates electrochemical oxidation of fuel, while the cathode electrode
causes the electrochemical reduction of oxidant. Protons and electrons will be
generated or used during the oxidation or reduction process. Protons are transported
from anode to cathode through an ionically conductive but electronically insulating
electrolyte. Electrons generated at the anode during oxidation pass through the

external circuit between anode and cathode to produce electrical power [5].



Electrons Flow

Hydrogen (Ha) | | Oxygen (02)

Excess Fuel Water & Heat

Figure 1.1 A schematic diagram of a typical hydrogen fuel cell

Among the different types of fuel cells that have been developed in the past,
the phosphoric acid fuel cell (PAFC) was the first to be commercialized. The
electrolyte used inside PAFCs is a high concentration of phosphoric acid. Due to its
mediocre ionic conductivity, it requires operating temperatures between 150€ and
220<€ to work [6]. Hydrogen is the most common fuel used in PAFCs. Hydrogen and
air are supplied to the anode and cathode respectively. When they contact the catalyst

surfaces at the anode and cathode respectively, reactions will happen.

When hydrogen is the fuel, the electrochemical reactions in a phosphoric acid
fuel cell are
Anodic reaction: Ho =2 H" + 2 ¢ (1.1)
Cathodic reaction: %2 02 + 2 H" + 2" = H,0 (1.2)
The overall reaction is

Hz + % O = H20 + heat (exothermic reaction, AH=-286 kJ mol™?) [7] (1.3)



Hydrocarbons are also desirable fuels for PAFCs despite the fact that most
PAFCs currently operate using hydrogen. It is clear that hydrocarbons have several
advantages: it is easier to store liquid hydrocarbons than hydrogen gas, higher energy
storage density, global availability, and ease of transportation [8]. If hydrocarbons

were used directly in fuel cells, the theoretical efficiency could reach 97% [9].

Furthermore, the capital cost of a hydrocarbon fuel cell system could be 30%
less than that for hydrogen fuel cell system. The fuel processor unit used to convert
hydrocarbons to hydrogen is required for hydrogen fuel cells but not for hydrocarbon
fuel cells. However, the reaction rate of hydrocarbons in PAFCs is very small so their
operation has not been commercialized. It is a widely held view that low-temperature
fuel cells cannot directly oxidize hydrocarbons at rates that are of any practical
interest [10]. This project attempts to investigate the performance of PAFCs with

hydrocarbons and find a set stable operation conditions.

In addition, the performance of bio-diesel fuel and petroleum diesel fuel in
PAFCs has also been investigated. n-Hexadecane is a compound used to model diesel
fuel. After determining the performance of n-hexadecane in a PAFC, a comparison

between bio-diesel fuel and petroleum diesel fuel was made.

Despite such great advantages of using hydrocarbons and diesel fuels directly
in PAFCs, there has been little progress in this area. PAFCs that operate on hydrogen
are more expensive. The achievements of this thesis can be summarized as: fuel cell
performance with different fuels has been determined, a stable operation condition
has been found, and a comparison of several typical fuels was made. The overall
objective of this project was to replace the diesel combustion engine with a fuel cell
system and thereby decrease the emissions of criteria air contaminants and

greenhouse gases.
1.3 Research objectives

The development of one or more stable operation conditions for different



diesel fuels in PAFCs was required for the success of this research project. Several
diesel fuels were considered to be the suitable fuels: n-hexadecane, canola biodiesel
fuel, soybean biodiesel fuel and petroleum diesel fuel. With that goal in mind, the

following objectives were proposed:

Objective 1: Modify a phosphoric acid fuel cell (PAFC) test station system to

operate with diesel fuel and calibrate the whole system with hydrogen.

Objective 2: Investigate the performance of n-hexadecane, a model

compound used to represent diesel fuel, in a phosphoric acid fuel cell (PAFC).

Objective 3: Investigate the performance of canola biodiesel fuel, soybean

biodiesel fuel and petroleum diesel fuel in the phosphoric acid fuel cell (PAFC).
1.4 Thesis Structure

My thesis consists of six chapters. The introduction to the entire thesis is
provided in chapter one. Chapter two gives the background of this research project.
The following two chapters are independent articles that are to be published in
scientific journals. Therefore, these two chapters describe the key problems, ideas and
experimental procedures. Chapter 3 describes how we found one set of processing
conditions that produced a steady-state when operating with n-hexadecane. Chapter 4
describes experiments with two biodiesel fuels and a petroleum diesel fuel. Chapter
five provides a summary and a brief comparison of the preceding chapters. The
conclusions and contributions to knowledge are presented in Chapter six. The
operation of a phosphoric acid fuel cell test station and the installation of a membrane

electrode assembly are shown in the Appendices of this thesis.
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Chapter 2 - Literature Review

“Attention to detail; Rapid response,; Brutal honesty”

— Marten Ternan

Fuel cells generate electric power from the chemical energy of the fuel used
during an oxidation-reduction (redox) reaction. Over the last few decades, the
combination of energy issues and environmental issues has caused both government
organizations as well as private enterprises to allocate resources for research and

development of novel and practical fuel cells [1].

Fuel cells have been classified, according to the electrolyte employed, into the
following major types: alkaline fuel cells (AFCs), proton exchange membrane or
polymer electrolyte membrane fuel cells (PEMFCs), phosphoric acid fuel cells
(PAFCs), molten-carbonate fuel cells (MCFCs), and solid-oxide fuel cells (SOFCs)
[2]. The first of these fuel cell technologies to have a significant number of

commercial applications was PAFC technology [3-4].

2.1 Phosphoric acid fuel cell technology

2.1.1 History of PAFCs

The first fuel cells, such as William Grove’s first gas battery described in 1842,
used acids as the electrolytes. Initially, sulfuric acid was the electrolyte most
frequently used. Phosphoric acid was not initially considered to be as attractive as
sulfuric acid because its conductivity was comparatively poor [5]. As a result PAFCs

were slower to develop than other types of fuel cells.

In 1961 Elmore and Tanner operated a fuel cell using an electrolyte that was
35% phosphoric acid and 65% silica powder pasted on a Teflon gasket [6-7].
Phosphoric acid was not reduced electrochemically under fuel cell operating
conditions. Furthermore, their PAFCs ran with air at the cathode rather than pure

oxygen. Their phosphoric acid fuel cell was operated for six months at a current
7



density of 90 mA/cm? and 0.25V with no apparent deterioration [6, 8].

In the late 1960s and 1970s, with the development of materials science, some
major advances in PAFC electrode materials appeared [2]. For example, Kordesch
and Scarr developed a thin electrode made of “carbon paper as substrate and a Teflon-
bonded carbon support for the catalyst.” During the energy crisis in the 1970s
researchers begin studying fuel cells at Los Alamos National Laboratory. They

designed a golf cart powered by a PAFC.

The early work was followed by the development of large scale PAFC power
plants. The TARGET program (Team to Advance Research for Gas Energy
Transformation - sponsored by the American Gas Association and the United
Technology Corporation, and later included Toshiba) [2, 9-10] contracted Pratt and
Whitney to operate 12.5 k W power plants from 1971-73. Development programs
organized by the Gas Research Institute — US Department of Energy resulted in the
operation of 40 kW power plants from 1976 to 1986. In 1994, a 50 kW Fuji Electric
PAFC for transit buses was designed by the U.S. Department of Energy in
Georgetown University [11]. Subsequently [12-15], a 200 kW power plant (model
PC25) was developed by the ONSI Corporation (United Technologies Corporation,
Toshiba, and Ansaldo-Italy were equity investors) [16-17]. Eventually the PC25
technology was held by UTC Power and sold to ClearEdge Power [18] in 2013, and
then to the Doosan Group in 2014. Doosan is now offering a 400 kW phosphoric acid
fuel cell system. In addition to Doosan, Fuji Electric also has a 100 kW PAFC system.
Power systems in the MW range have been built by combining several of the units
described above. Nearly 150 units of the model PC25 power plants have been
delivered to customers in 13 countries throughout North America, Asia, and Europe,

and the fleet has accumulated 1.5 million hours of operations [19-20].



2.1.2 PAFCs Components
A schematic structure of hydrogen PAFC is shown in Figure 2.1. A PAFC
consists of liquid electrolyte, two electrodes (anode and cathode), two gaskets,

graphite bipolar plates (separator plates) [12,21].

&)
\‘../\v.r‘

Hydrogen (Hy) Oxygen (O2)

Excess Fuel Water & Heat

Gl (a )@ i G
\-/ NG R ‘<_/ - ( H )
U v G/

Two electrodes
\ (Anode and Cathode) ]

|
\ Two gaskets ]

Graphite bipolar plates

Figure 2.1 A schematic structure of hydrogen PAFC

The membrane electrode assembly (MEA) is the most important part in the
fuel cell. It includes two electrodes (each with a gas diffusion layer and a catalyst
layer), and a liquid electrolyte. The concentrated phosphoric acid solution in a PAFC
is absorbed into the pores of a porous matrix with fine pores. From the outside, this
matrix electrolyte behaves like a solid electrolyte, preventing the reactant gases
hydrogen and oxygen from mixing [22-23]. The combination of the gas diffusion
layer and the catalyst layer that are in each electrode, are referred to as gas diffusion
electrodes. They are made by using platinum catalyst nanoparticles, supported on a

high surface area carbon, dispersed in a layer made of carbon bonded with
9



polytetrafluoro-ethelyne (PTFE). This type of porous material provides a well
dispersed highly conductive catalyst. It is also able to collect the electrons efficiently
[24]. The electrochemical reactions in the PAFC take place on the electrocatalyst
(highly dispersed platinum particles supported on carbon black). Platinum catalyst is
commonly used for both anode and cathode. Its loading is typically 0.1-0.2 mg/cm?
[25]. This is a major decrease from 28 mg/cm? used in the 1960°s [26]. Platinum is an
expensive precious metal. It has a very low CO tolerance of about 5 —10 ppm that

affects the fuel cell power output significantly [27].

Gaskets are used for sealing. They play a crucial role in avoiding gas mixing
and leakage. Apart from sealing and gas leakage, they also help to cover the
dimensional variations of the components. They also prevent cracking of the bipolar
plates and the electrode. Teflon is used as the gasket material because it provides an
effective seal that avoids leakage of reactant gases at relatively high temperatures [28-

30].

The graphite bipolar plates have various functions. They are separator plates,
preventing the mixing of hydrogen at anode of one cell with the oxidant (air) at
cathode of the adjacent cell. They should be impermeable to the reactant gases, at
least along the “Through plan” direction of the plate. They transmit both electrons and
heat generated to the next cell and they are required to be to be both electronically and
thermally conducting [30-31]. The flow fields for the reactant gases are machined in

the graphite bipolar plates [32].
2.1.3 Fuels for PAFCs

PAFCs can operate with different fuels, such as hydrogen, methanol, and
hydrocarbons. Hydrogen is the fuel used most frequently [33]. The first hydrogen—
oxygen PAFCs were tested in the mid-1960s. 85% phosphoric acid was used and the
working temperatures were less than 100°C [34-35]. Approximately 95% percent of
all hydrogen is currently produced by “steam-reforming” natural gas. It is the lowest

cost, large scale method of production [37-38]. Hydrogen is an attractive fuel because
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water is the only species emitted from the fuel cell (nominally zero emissions). Its
reaction rate in a fuel cell (the current density) is greater than that of all other fuels.
However it has some disadvantages. The infrastructure for its widespread distribution
does not yet exist. Storing gases, including hydrogen, is always more difficult than
for liquids. As a result there are still some serious challenges for the use of pure
hydrogen as the feed for fuel cells in automotive-propulsion [36] and in other

applications.

Hydrocarbon fuels also have great potential for use directly as the fuel in
PAFCs. This potential is caused by certain advantages that hydrocarbons have in
comparison to hydrogen. Hydrocarbons provide higher energy density than hydrogen.
There is an established existing infrastructure for distributing hydrocarbons. Liquid
hydrocarbons are easy to store. Using hydrocarbons directly in the fuel cell is more
energy efficient than hydrogen because the endothermic heat of the steam reforming
reaction is not necessary (hence, less CO2 emissions). Because hydrocarbons are fed
directly to the fuel cell, the capital cost of fuel processing equipment used to produce

hydrogen is eliminated [37, 39-40].

2.1.4 PAFCs Performance

The on-going development of phosphoric acid fuel cells since they were first
commercialized has resulted in improvements to their durability, performance and
cost. The poor ionic conductivity of phosphoric acid (H3POa) requires the operating
temperature of PAFCs to be between 150°C and 220°C. However, that has the
advantage of increasing their catalyst activity. The higher temperatures are also
necessary because phosphate anions adsorb on the oxygen (reduction) electrode at
temperatures below 100°C, thereby reducing catalytic performance of the PAFC.
Other advantages of higher temperatures are that the hydrogen fuel is not required to
be pure hydrogen and the reductant at the cathode does not have to be pure oxygen

[41-42].
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The cell works by dissociating the hydrogen fuel at the anode into protons and
electrons. The generation of electrons at the anode and their consumption at the
cathode creates an electrical potential gradient that causes an electrical current to flow
from the anode to the cathode. Meanwhile, the protons migrate through the
phosphoric acid in the matrix layer until they reach the cathode where they recombine
with the electrons from the anode and react with oxygen that is fed to the cathode [43-

44].

The measured data that indicates the performance of PAFCs is usually plotted
as a polarization curve. It is the most frequently used method for reporting a fuel
cell’s performance [7-8]. In a polarization curve, the potential difference between the
cathode and the anode is plotted versus current density. It provides a concise
overview of the fuel cell performance. Data for a polarization curve is often
measured in the following order. The first datum point is measured at the open circuit
potential (zero current density). Then the current density is increased in increments
and the potential difference measured at each current density. In the experiments
performed in this study, the first measurement was made at a large current density.
Then the current density was decreased in increments and the potential difference
between the anode and the cathode was measured at each value of the current density.
In general the current density was maintained at a constant value for approximately
one-half hour before the potential difference was recorded. A typical polarization

curve for hydrogen in our PAFCs is shown in Figure 2.2.
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Figure 2.2 Hydrogen polarization curve in a PAFC

When hydrogen is in a phosphoric acid fuel cell, two electrochemical
reactions occur. Both the anodic reaction (Eq. 2.1) and the cathodic reaction (Eq. 2.2)

are shown below:

Hy —» 2H" + 26" (2.1)
1 Oy + 2H* + 267 —» H,0 (2.2)

The overall reaction (Eqg. 2.3) is shown as:
Hz + % O, — H20 + heat (exothermic reaction, AH=