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ABSTRACT

The energy demand of Pakistan is steadily increasing and so is the gap between energy
supply and demand. There has been a shift towards renewable sources of energy in some
parts of the world, particularly Europe. Pakistan, however, continues to rely on fossil fuels
to generate electricity. The advent of fuel cells has allowed us to more efficiently extract
energy from fossil fuels. Fuel cells can be more than twice as efficient as their combustion

counterparts.

With our aim to work towards a sustainable future for Pakistan and for humanity, we aim
to accelerate the introduction of fuel cells into the energy mix of Pakistan by designing a
solid oxide direct carbon fuel cell that will be able to convert the chemical energy of coal

into electrical energy by incorporating a gasifier into our design.

Our project involves a parametric design of the fuel cell, encompassing all critical elements
of a fuel cell from the material of the electrodes to the ideal fuel and the gasifier conditions.
By simulating the entire model of the fuel cell, we wish to optimize its performance
parameters such as the current density and the power density and finally by developing a
prototype single stack fuel cell, wish to highlight its importance towards creating a feasible

future for humanity.
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CHAPTER 01 — INTRODUCTION

1.1 PROBLEM IDENTIFICATION

Growing up in a country facing a severe energy shortfall and where blackouts lasting 8-10
hours a day are the norm instead of anomalies, we have always been acutely aware of need
to work towards a sustainable future for humanity. With the fossil fuel reserves running
out, it is the need of the hour to work on alternative forms of energy while also utilizing

our existing fossil fuels in an efficient manner.

1.2 MOTIVATION

Renewable energy is, without a doubt, the need of the hour and the transition towards wind,
solar and other renewable sources is a necessity. However, the switch will be a long and
tedious process. Solar energy in particular is plagued by the fact that it is extremely
intermittent and can only be used where there is sufficient energy. The variation in power
of the solar cells throughout the day is also a cause of concern. It is also relatively costly
and an inefficient process. Although, research into improving the materials of photovoltaic
cells is ongoing in an effort to improve their efficiency, it is definitely a long way before

energy can be harvested from them in an efficient manner.

Wind energy is a very viable alternate and have become, overtime, extremely efficient in
converting the kinetic energy of the wind to electrical energy. The current efficiency of
wind turbines is very close to the Betz limit or the maximum possible efficiency that can
be achieved by utilizing the power of wind. It can be installed, however, only in places
where there is a steady supply of wind. Also, to harvest sufficient energy, it is important to
make the wind turbines sufficiently high because the speed of wind is greater as you go
higher. This poses a risk to birds who often suffer casualties as they collide with the blades
of the wind turbine. For wind to be considered a viable alternative to fossil fuels, it must

find ways to overcome the apparent problems that hinder its use.

Even if breakthroughs via research were to make the use of solar and wind energy
extremely efficient, cheap and viable in the coming years, there are still many other
problems that need to be addressed. The fact that they can only be installed in select areas

1



(areas of high sunshine for solar energy and regions of steady wind for wind energy) means
that they must often be installed far away from where the energy is required. The further
away they are, the more the line losses that we will have to bear in order to transport the
energy from where it is being generated to where it is needed. These line losses will make

the process overall extremely inefficient.

The inherent intermittent nature of solar and the unpredictable nature of wind energy means
that it is necessary to store energy for times when it may not be available. Lithium lon
batteries have been dramatically improved in recent years but their power density is still

extremely low as compared to a fuel such as oil.

Most of the energy being produced in Pakistan is via fossil fuels and there has been an
increased use of coal in recent years. Wind energy projects have been initiated in Sindh,
particularly in the Jhimpir and Thatta areas and there is also a mega solar project underway.
However, they would still contribute little to the energy mix of Pakistan once

commissioned.

The population of Pakistan continues to grow and brings with it a higher energy demand.
The current shortfall will continue to increase until steps are taken to improve the situation.
The abundance of coal, albeit that of low quality, means that it is a viable option to address

the energy needs of Pakistan.

It is no secret that coal power plants are plagued with their own problems. Although the
energy that they produce is not intermittent because the power plant can run almost
throughout the year, 24 hours a day, with very little downtime, it also contributes to global
warming and results in the release of toxic gases to the environment. The sulfur content
contained within coal give rise to dangerous oxides of sulfur that contribute to pollution.
On top of all that, the combustion of coal is a very inefficient process that is only able to

utilize about 30% of the available energy.

Fuel cells offer a very attractive alternative to coal power plants. Fuel cells have a much
higher efficiency in the range of 70-80%, much higher than that of a coal power plant. A
careful design may also help ensure that the sulfur oxides that are emitted during the

operation of a coal power plant, are eliminated. Fuel cells offer high power densities so we



can extract a sufficient amount of energy from a small area. Power densities in the range

of 4000-5000 Watts per meter square are not uncommon.

Furthermore, investing in fuel cell research is investing in the future because fuel cells can
not only be used to harvest energy from coal, but also from methane and hydrogen.
Hydrogen is a zero-carbon emission fuel and possibly the future of producing energy
because of the high amount of energy it produces per kilogram of fuel. Hydrogen as a fuel
is being very seriously researched upon and the different methods of producing it, including
solar catalysis of water, are steadily gaining increased popularity. The method of harvesting

energy from hydrogen fuel are fuel cells.

So, fuel cells are not only a viable option of using our current resources in an efficient

manner but also a way by which we could work on alternative, cleaner sources of energy.

A sad reality is that there is very little research ongoing in Pakistan right now related to the
use of fuel cells for producing energy. While people all around the world are trying to bring
commercial fuel cell stacks into the market, the people of Pakistan are blissfully ignorant

of its inherent advantages.

Our motivation, therefore, was to develop a prototype for a fuel cell that would allow us to
promote research towards the topic and also make people aware of how it is a solution to
the energy problems that are plaguing Pakistan. The project would allow us to work on a
meaningful project that would allow us to help benefit Pakistan and humanity as a whole.

1.3 AIM:

“Development of a fuel cell prototype that effectively uses local carbon reserves”

1.4 OBJECTIVES

o Selection of a Fuel Cell type

e Selection of Fuel.

e Selection of Materials.

o Numerical Analysis and design of a gasifier to produces Syngas (Carbon Monoxide)
using Reverse Boudouard Reaction.

e Parametric Analysis, design and manufacturing of a fuel cell that utilizes carbon to
produce energy.



CHAPTER 02 — LITERATURE REVIEW

Coal is a major source of producing energy throughout the world. It is a main resource in
production of electricity. Around 40% of the electricity in the world is generated using
coal.1 [9] Right at this very moment in terms of generating world’s primary energy it is the
second biggest resource, and it is widely anticipated that it will occupy oil’s position on
the top of the list of the largest sources of globe’s primary energy.[9] As per BP Statistical
Review of World Energy 2016, 891,531 million tonnes of reserves of coal were reported
on a global level.[10] If we keep the yearly utilization of coal in mind, it can be safely
predicted that even by the end of year 2112, coal will still be present for use, and by the
end of 2042, it will be the only source of primary energy left in the world. [11]

Many nations and countries in the world have huge coal reserves and Pakistan is one of
them. Approximately 186 billion tonnes of coal reserves are present in Pakistan, which is
much more than the estimated gas and oil reserves in Pakistan. [12] At present, coal power
plants are consuming the coal present in Pakistan. At a global level, on average the

efficiency of coal power plants is merely 33%. [13]

Carbon fuel cell is a more feasible and beneficial option for utilization of coal as compared
to coal power plants. Unique in its nature, this cell operates at high temperature which
involves the utilization of fuel and carbon as anode. It generates electricity and compared
to coal-fired power plants it is much more efficient. Also, in comparison to coal power
plants, the rate and quantity of emissions is very low. [14] The direct carbon fuel cell utilizes
electrochemical oxidation to produce electrical power from the chemical energy of the
carbon available. Fuel usage is around 100% because the fuel and the gases produced are
in unique phases which makes their separation and utilization extremely easy. As far as
other cells are concerned, the same cannot be done and thus the efficiency of fuel usage is
reduced to around 85%. Also, 100% is the approximated theoretical efficiency. These two
important reasons, result in around 80% the efficiency of electrical power production
through direct carbon fuel cell —which is two times the efficiency of the average coal-fired
power plant, and also resulting in half the emissions of green-house gases as compared to
power plants. [15]Quantity of carbon dioxide produced is also around 50% of the quantity

produced through coal power plants. Additionally, the produced gas is around 100% carbon
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dioxide, resulting in almost negligible requirement of gas separation prior to sequestration.
Thus, in comparison to other advanced methods, there will be less energy and financial

expenditures to separate and store carbon dioxide. Moreover, different fuels in large

Water

Sulfuric Acid Solution

Figure 1: A diagram of Grove's gas
voltaic cell.

quantities e.g. organic waste, coal, biomass, coke and tar may be utilized, as well.

Even though they were not known by most people, initial developments in fuel cells started
during 1800s. Sir Humphry Davy during 1801, present the idea of fuel cell. He was the
first to do so. Christian Friedrich Schonbein got accreditation during 1838 for developing
the first fuel cell. Sir William Robert Grove, belonging from Wales was a judge and a
scientist who had immense expertise in researching fuel cells. During 1839 he invented the
'gas battery' presently called the 'Grove cell’. William Robert Grove proved that when
hydrogen and oxygen are made to react electrochemically, electrical power is generated.
Figure 1 is the fuel cell that William Robert invented. After many months, during 1840,
William Robert presented first incandescent light. Thomas Edison improved upon this idea.
Ludwing Mond and Charles Langer also utilized and worked on the concept of ‘Gas
Battery’. During 1889, this refinement and advancement was given the name 'fuel cell'. In
1950s, many actual and important advantages of fuel cells could be seen after many
advancements. During 1959 5 kW fuel cell system was developed through manipulation of
the concept of the Langer and Mond cell by Francis Thomas Bacon. In the same year, Harry
Karl Ihrig further manipulated 5 kW system developed by Bacon resulting in a 15 kW cell
5



stack which was utilized to run a tractor. The organization behind the act of utilization of
the fuel cell to run the tractor, started utilization of fuel cells to run the US Air Force
vehicles and submarines.

Subsequent to developments of Bacon and lhrig, in various high-scale projects, fuel cells
played a massive role. During 1960s, NASA utilized the fuel cells as fuel cell generators
on its space program. Gemini space program again utilized these fuel cell generators
halfway through the decade. Apollo space missions also utilized the fuel cells to generate
electricity and provide drinkable water to astronauts embarked on space campaigns.
Because of such campaigns, on all space missions, these cells were utilized. Soviet Union
also worked on fuel cells for utilization in submarines and space programs.

In 1970s, fuel cells received major advancements, government legislations on emissions
from transport and concerns related to environment grew drastically. General Motors (GM)
demonstrated, for the first time, the concept of fuel cell electric transport. Towards the start
of 20™" Century, most of the great car manufacturing organizations began to give attention
to the concept of fuel cells in some way. But, fuel cars became commercial and could be
accessed by people during 2008.

In 1990s, government began to fund development and research in fuel cells because solid
oxide fuel cells and polymer electrolyte fuel cells gained importance as stationary and
portable sources of electricity. Significantly, in the field of combined heat and power
(CHP) units where the thermal energy and electricity is used in micro-generation points. A
mandate was presented in California, in the 1990s whose aim was to come up with other
ways to power vehicles; this gave a great boost for zero emissions transportation. This era
is also a witness to the early utilization of fuel cells in mobile devices such as mobile
phones and laptops even though the portability of this equipment was not compared to
those powered by a standard battery. [16]

There are many uses of fuel cells and also for every particular use, there is a specific fuel
cell. The uses of fuel cells are of 3 major types: portable, transportation and stationary
power [17]

Portable uses of fuel cells contain those that are fitted in, or provide charge to, that can be
carried around by the user for generating power.[17] Many types of portable devices can

utilize the power range of 5W — 500kW within this specific area of usage. Few utilities of
6



fuel cells in portable power devices are personal computers, cellphones, hearing aids (fuel
cell recharges the battery of hearing aid) and in military equipment. Within this area of
application, to substitute or play a supportive role for the present power systems, direct
methanol fuel cells and polymer electrolyte membrane fuel cells are used. The advantage
of fuel cells in Hy for polymer electrolyte membrane fuel cells and CH30OH for direct
methanol fuel cells despite being a less expensive and less heavy substitute for batteries
but can also be carried around easily. [18]When they are used alongside the present battery-
powered systems, they become a source of really quick charging. [17]

A major field where fuel cells can be utilized is the transportation sector. Fuel cells can be
used as a substitute for the primary power source in vehicles. It can also be used in
conjunction with the current battery stack system to extend the life and time of the battery-
powered systems in present vehicles. The use of fuel cells is not simply restricted to cars
on roads but they can also be used in auto driving applications in boats, trains and any other
mode of transportation which utilizes the the IC engine or electrical one. But, the major
focus on many great companies is to substitute the IC engines with the fuel cells battery
hybrid systems. A list of vehicles operating on fuel cells is present in Fuel Cells (2003)
which gives further detailed information on kinds of fuel cells and their ranges for specific
vehicles depending upon the requirements and applications. Even though this is just a start
and there is still some time in seeing the fuel cell powered vehicles on roads at a common
level, car manufacturers have the goal to produce and sell such cars expectedly in 2015[17].
One of the drawbacks of fuel cell cars at a commercial level is that there is no proper
infrastructure for the refueling and provision of pure Hz. Polymer electrolyte fuel
membrane cells has been considered as the most optimum and suitable kind of fuel cell
that should be utilized in the transportation sector. Even though the fuel cells are far more
efficient that IC engines, the main reason why polymer electrolyte membrane fuel cells are
considered the most suitable is because they operate at a low temperature due to which the
startup time is very short, and thus suitable in scenarios where quick power is required by
the person who wants to start driving their car as soon as they get in without having to wait
out the starting time.

The idea of stationary power is that primarily electrical energy is generated along with
some thermal energy by a stationary source. Presently, the sources of stationary power are

the coal-fired power plants that produce electricity at their own specific locations and then
7



the electricity is distributed according to the requirements of specific areas within the
country. A kind of boiler system is normally used to produce thermal energy for such sites.
Combined heat and power systems are used to vary the way thermal energy is generated
and supplied. to generate thermal energy and electrical power from fuel cell installed in a
system similar to a boiler is the main purpose of CHP system. Such combined heat and
power systems range from 0.5kWe and I0kWe. They have efficiency between 80-95%
when both electricity and heat is used[17]. Combined heat and power system, though only
affordable when government funds such systems, are being used extensively in East-Asian
countries like South Korea and Japan. To fulfill the requirements of heat and electricity,
fuel cells remain in operation almost continuously. This makes up for the rapid fire up time
which was critical in other applications related to transportation. Hence, for this sort of
application, polymer electrolyte membrane fuel cell, molten carbonate fuel cell and solid
oxide fuel cells are majorly considered with solid oxide fuel cell being the most appropriate
one for such applications. The most beneficial aspect of solid oxide fuel cell is that it can
utilize natural gas as well which makes the introduction of SOFCs in the present
infrastructure no problem at all from both cost and time scale perspective.

There are various kinds of fuel cells. Type of electrolyters, operation temperature and
conducting ions that pass through the electrolyte are major factors for differentiating
between and classifying different fuel cell types. Major types of Direct Carbon Fuel Cells
(DCFC) exist as follows. 1.Polymer Electrolyte Membrane Fuel Cell (PEMFC) 2. Direct
Methanol Fuel Cells 3. Alkaline Fuel Cell (AFC) 4. Phosphoric Acid Fuel Cells 5. Molten
Carbonate Fuel Cells 6. Solid Oxide Fuel Cells (SOFC)

Table 1: Types of Fuel Cells [19]

Fuel cell Abbreviation Mobile ion  Operating
'l('ml)rl:lllll'v

Polvmer Electrolyte Fuel Cell PEMFC H* 60-807C

Alkaline Fuel Cell AFC OH~ 50-200°C

Phosphoric Acid Fuel Cell PAFC H* ~ 200°C

Molten Carbonate Fuel Cell MCFC 'Oy 2 ~ (H0~C
Solid Oxide Fuel Cells SOFC a 6O0-1000°C



Table 2 Fuel Impact on Various Fuel Cells [19]

Fuel PEMFC AFC PAFC MCFC SOFC
H, fuel fuel fuel fuel fuel
'O poison poison poison fuel fuel
(50ppm per stack) (< 0.5%
('H, diluent poison diluent diluent fuel
COy & HO diluent poison diluent diluent diluent
S poison poison POIsOn POoison
(< S0ppm) (< ODppm) (< 1ppm)
PEM FUEL CELL
Electrical Current
Excess e- €1 Water and
Fuel Heat Out
e =
PR . H+ ‘ eetam
H
t o] 1D
H2| | H* f
H* %
Fuel In 7 \ Air in
Anodd _ | ‘Cathode
Electrolyte

Figure 2: Schematic of a PEM
fuel cell[6]

The polymer electrolyte membrane fuel cell (PEMFC) has other names lik proton exchange
membrane fuel cell, polymer electrolyte fuel cell and solid polymer fuel cell.
Polymer membrane which conducts ions is used as an electrolyte. On sides of the
membrane, anode and cathode are bonded. Such arrangement has been generally named as
membrane electrode assembly that can be placed between the flow field plates (bipolar
plates) to make an assembly called "stack". Polymer electrolyte membrane fuel cell
operates in a way similar to that of an acid electrolyte cell since the ions in the polymer are

H+ or proton. [20]



At Anode:
HZ _— 2H+ + 26_

At Cathode:

1
502 +2H* + 2™ —— Hy0

Overall Reaction:

HZ +_02—)H20

PEMFCs are expensive and this is a major factor that restricts their vast applications in
various fields. In 2009, a PEMFC was developed which cost around 61$ and its operation
life was registered as 2500h when used in the field of transport. PEMFCs are better than
internal combustions in many ways apart from the cost. [6]The drawback is the heat
produced from PEMFC which cannot be effectively used in all applications. Another
drawback of PEMFC is the need of platinum which is used to support the electrochemical
reactions. PEMFC operates at a low temperature which means that the amount of heat

produced by the PEMFC is very small for endothermic reformation. [20]

End-Plate (Current Collector)-

Gasket.

Bipolar Plate (Anode) -
MEA -

Ripolar Plate (Cathode )).

Gasket.
End-Plate (Current Collector).

Figure 3: Basic components of a direct methanol fuel
cell [3]
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The direct methanol fuel cell (DMFC) is regarded as the optimum fuel cell system because
it generates electricity by directly utilizing methanol at anode. This gives DMFC an edge
over the generic fuel cells, especially in applications in transport, that depend on huge
reforming assemblies to produce H, from methanol and similar hydrocarbons.

At Anode:
CH3;0H + H,0 —— CO, + 6H* + 6e~

At Cathode:

1
502 + 6H+ + 68_ — 3H20

Overall Reaction:

CH30H + 0, —— C0; 3H,0
The production of DM fuel cell at a commercial level has been limited because of its
abysmal performance in comparison with air/hydrogen systems, greatly impeded by the
performance of anode that demands most efficient of methanol oxidation catalysts.
Research was conducted to find catalysts of this nature and it was found that only platinum-

based substances show prominent activity and desired stability. [21]However, platinum-
based substances and platinum itself is very costly and require a hefty initial expense. [22]

Alkaline Fuel Cells (AFCs) utilize aqueous KOH solution for electrolyte, at a
concentration of around 30%. [23] The electrodes have a two-layer structure: an active
electrocatalyst layer, and a hydrophobic layer. Utilization of non-noble metal electrocatysts

is allowed by the inherently faster kinetics of redox reactions in an AFC. [4]

At Anode:
2H, + 40H™ —— 4H,0 + 4e”

At Cathode:
0, + 2H,0 + 4~ —— 40H"
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Overall Reaction:
2H2 + 02 —_— 2H20
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Figure 4: Alkaline Fuel Cell composition [4]

The production of CO> poisons the AFC and adversely effects its performance with time
and as a result the generation of power from hydrocarbons is limited so some extent.
[24]Just like other kinds of fuel cells, Alkaline Fuel Cells have a specific tolerance to the
quantity of impure substances. Any harmful substances that include different gas like CO>
can cause degradation of the fuel cell. In addition, to separate carbon dioxide from the

stream of feed gases is not feasible because it results in hefty expenses. [4]

Phosphoric acid fuel cells (PAFC) utilize H3PO4 as an electrolyte in liquid form. The
electrolyte consisting of phosphoric acid conducts protons due to which the protons simply
travel to the cathode from the anode while an external circuit is required for the migration
of electrons. At cathode, air is supplied. O reacts with protons and electrons supplied by

electrolyte and external load. [5]

At Anode:
H, —— 2H* + 2e~

12



At Cathode:

1
502 +2H* + 2™ —— Hy0

Overall Reaction:

HZ +_02—)H20

Just like other fuel cells that do not operate at a high temperature, CO has adverse effects
on the performance of PAFC. This is because the carbon monoxide causes degradation of
the platinum catalyst. Platinum catalysts have high costs. Carbon and graphite are used to
support the platinum catalyst. But, when carbon and graphite are utilized the performance
of the fuel cell is somewnhat restricted. Specifically, to prevent any sort of corrosion in the
fuel cell, it is advised that the operation voltage be less than 0.8V. [25]At high voltages, Pt

electrode is dissolved due to which there is no presence of any sort of metallic substance

Hycvogan fual

LOAD
2.9. sleciric
maotor

Elctrons fow round
the extamal ciroutt

CO3" ions throughglectrolyte

Quygen and carbon dioeide

Figure 5: Phosphoric acid fuel cell
schematic [5]

to catalyze the corrosion of carbon. Additionally, a drawback of using carbon with platinum
is that platinum tends to migrate to the upper surface of carbon and cover, thereby
lessening, the active surface area by lumping together in large quantity on the surface.

Just like the rest of the FCs, the operation of the (Molten Carbonate Fuel Cell) MCFC is
relies on reaction of Hz and O resulting in H20 via an electrolyte that carries electrons.
For the anodic reaction, the H2 supplied is produced from CH4 in MCFC by a procedure
called ‘steam reforming’. CHa, the constituent of natural gas that carries energy, reacts with
H>0 to burn the carbon, thereby releasing all the H> from CH4 and H20. This procedure
utilizes the thermal energy from the FC. Subsequent to the removal of Sulphur and higher

hydrocarbons, a direct feed of mixture of H,O and CHs can be directed to the MCFC with
13



internal  reforming — we call it the direct fuel cell

Internal Reformer:

CH, + H,0 —— 3H, + CO

Anodic Gas

Cathodic Gas

Figure 6: Operating prinicple of MCFC when hydrogen
is used as fuel [2]

At Anode:
H, + C0;*~ —— H,0 4+ CO, + 2e~
At Cathode:

1
502+ C0; +2¢”— C05%~

Overall Reaction:

1
H2 +§02—)H20

(DFC).

[26]

The cathode is made of lithiated NiO which is a major drawback in molten carbonate fuel

cell because it can dissolve easily. The NiO material after dissolution in electrolyte

undergoes transportation, reduction and precipitation in the electrolyte matrix. [27]

The solid oxide fuel cell (SOFC) also known as ceramic fuel cell has a distinguishable

characteristic that it has a metallic oxide, solid ceramic electrolyte. The typical assembly

of a planar solid oxide fuel cell it consists of anode, cathode, electrolyte, interconnect plates

and sealing material. [28]Practically, if more than one cell has to be utilized, they are
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‘stacked’ together. At the negative electrode, reduction of O, to O% takes place, which then
are transported to the positive electrode via electrolyte where they undergo a reaction with
the fuel, normally Hz and CO, producing H20 and carbon dioxide, along with electrical
power and thermal energy.

The hydrocarbon fuel is reacted in the presence of a catalyst, normally to produce synthesis
gas also known as syngas (CO+Hy>), in the solid oxide fuel cell itself. Carbon monoxide
and hydrogen undergo electrochemical oxidation to produce CO2 and H>O at positive

electrode, along with electricity and thermal energy.
At Anode:
H, + 0>~ —— H,0 + 2e~
CO 4 0% —— (0, + 2¢~
At Cathode:
0, +4e~ —— 20%

Overall Reaction:
H2 + CO + 02 _>H20 + COZ

carbon monoxde, CO a Carxon doxie CO.‘,
+ O N

\‘ hydu;qon H) v\ warler, H!)

Anode (catalyst)

Sold electrolyte o2 } cocrona
(Oxygen ion conductor) ,

Cathode /

r 0, + 4o"— 204

Oxygen (Air), O,

Figure 7: Schematic of SOFC [1]
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Table 3 Reactions at Anode of an SOFC [7, 8]

~Reaction Equation

~ Methane steam reforming CH; + H,O — 3H, + CO
Methane dry reforming CHy+CO; —2H, +2C0
Shift reaction CO+ HyO) — Hy + CO,
Methane full combustion CHy + 205 — 2H,0 + C'O,
Methane partial oxidation CHy+ 10, — 2H, + CO
Hydrogen full combustion Ho+ 10, — H,O
Carbon monoxide full combustion CO+ 105 — CO;
Methane electrochemical oxidation CH, +4072 = 2H,0 + CO; + 8¢~
Carbon monoxide electrochemical oxidation CO4+ 0% = COy+2e
Hydrogen electrochemical oxidation H, + 072 — HyO + 2¢~
Methane cracking CHy —2H,+C
Boudouard reaction 200 — CO, + C

Table 4 Reaction at Cathode of an SOFC [7, 8]

Reaction Equation

. - P
Oxygen electrochemical reduction 55 + 2¢~ — O?

For a desired potential, multiple FCs are assembled together in series to form a “stack” by
using interconnecting plates that helps keep the fuel at anodic side and air at the adjacent
cathodic side apart in planar solid oxides fuel cells stacked together. [29]

The highest theoretical efficiency is around 80%. [1]

SO fuel cells because of their high efficiency and effectiveness in terms of cost is the most
desirable for producing electrical power from a vast array of fuels. The properties, structure
and morphology of cell components play a vital role to judge how the solid oxide fuel cell
will perform and if it is durable or not. [30]The solid oxide fuel cell has a working
temperature in the range of 800-1000 °C. To lower the cost of interconnecting plates,
manifolds and seals, efforts are being made to develop SOFCs, especially smaller ones,

that operate at a lower temperature range. [1]
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Alongside electricity, the high operating temperature of solid oxide fuel cells produces
thermal energy at higher temperatures. The thermal energy can then be utilized in different
manners, for example, in cogeneration, CHP systems or in production of electrical power
by driving a gas turbine. Thus, in comparison to the rest of the types of fuel cells, solid
oxide fuel cells have more efficiency. Solid oxide fuel cells are also employed for the
electrolysis of H>O at high temperatures without requiring any sort of significant changes
in the schematic. VVarious types of fuels can be utilized, solid oxide fuel cells can be brought
directly into operation with hydrocarbons, and SOFCs are much more efficient than the
rest of the types of FCs. These are the three most important benefits that SOFCs have over
other fuel cell types. The additional advantage of SOFCs is that they have a greater
tolerance to CO, which undergoes an electrochemical oxidation reaction to be converted to
carbon dioxide at the positive electrode. PEMFCs on the other hand can easily be poisoned
by carbon monoxide due to which results in the requirement of an advanced and costly
external processing of hydrocarbons to convert carbon monoxide to carbon dioxide. Then
the removal of CO; results in a pure H to be utilized as fuel, and hence carbon dioxide
emissions are reduced. Solid oxide fuel cells can greatly tolerate other impure substances
that can adversely affect other FCs and can also tolerate changes in the composition of
fuels due to which the requirement of external processing of fuels is generally low to almost
negligible and the durability of the fuel cell is enhanced greatly. Further benefits are that
the need of utilization of Pt and other expensive substances is eliminated; such substances
greatly increase the cost of FCs. Since no liquids are present in the SOFCs, most of the
problems related to corrosion and electrolyte loss are eliminated. Also, the methods to stack
SOFCs are simpler and less expensive as compared to polymer electrolyte membrane fuel
cells. [1, 31]

As mentioned above, the operating temperature range of a solid oxide fuel cell is in the
range of 700-1000°C.[28] When the SOFCs are operated at such elevated temperatures,
thermal stresses due to mismatch of coefficient of thermal expansion (CTE) between
different components and temperature gradients in the solid oxide fuel cells stack are
greatly increased to higher levels. Delamination and production of cracks at a microscopic
level in the various layers of solid oxide fuel cells stack are caused. Every layer of an SOFC
has critical importance and a vital role to play when SOFC is being operated. Thus, to
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successfully design and operate a solid oxide fuel cell, the requirement of a thorough and

optimum analysis of the solid oxide fuel cell has to be fulfilled.

A lot of research has been done to analyze a solid oxide fuel cell thermally[32-36]. Such
study and research-based activities [32-36] employed numerical and experimental
analyzing techniques to approximate the stresses in single or multiple layers of an SOFC
at room temperature and also by applying a uniform temperature gradient to a basic anode-
electrode-cathode (PEN) assembly. The focus of such studies [32-36] were only those
stresses caused by the mismatch of CTE between layers of electrolytes and anode/cathode
at a specified temperature of operation, totally neglecting how temperature gradients have
effects within the positive electrode-electrolyte-negative cathode assembly, and how heat
interacts between said assemblies and interconnecting plates or other components of
SOFCs . Many of the studies [37-39] employ FEM (finite element method) for the
calculation of thermal stresses and thermochemical models to find the desired temperature
gradients for both tubular [31] and planar [37, 38] solid oxide fuel cells. Thus, the factor
of uneven temperature distribution in generation of thermal stresses within the solid oxide

fuel cells can be incorporated in simulations.

The models of a single cell for the planar solid oxide fuel cells [37, 38] incorporated parts
of SOFCs like interconnecting plates and positive electrode-electrolyte-cathode assemblies
in a way that the effects of CTE mismatch and mechanical constraint between these parts
were also included while analyzing the thermal stresses. Thus, simulations like those
discussed in Refs. [37, 38]can prove to be very beneficial tools to calculate the distribution
of thermal stresses thereby producing very effective results that may help greatly in the
designing of a planar solid oxide fuel cells stack. But, in such studies [37, 38] to simplify
the calculations, only one stack of SOFC was taken into consideration and other
components such as gas seals were neglected. The planar stack of SOFC needs high
temperature gas seals to join all the parts of the cell while keeping the air and the fuel
separate. Thus, it can be seen that such high temperature gas seals and their effects must
also be taken into account during analysis to obtain even more accurate results. A broken
gas seal can cause leakage and degradation of the level of performance of a solid oxide fuel
cell stack. But, this perspective has not been greatly studied from a literature point of view.

Thus it is required that the importance of gas seals in the efficiency and operation of solid
18



oxide fuel cell be studied. It is required that while simulating, the model be as close as it
can be to the practical one for accurate calculation and results of thermal stresses in planar
solid oxide fuel cells stack.Just like it was discussed above, the models used in these studies
[32-38] are simple and not close to the real one. In this study, we use a simpler approach
like the ones used in [32-36] assuming uniform temperature profiles but using an FEA

model to calculate the thermal stresses. [32-39]
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CHAPTER 03 - METHODOLOGY

3.1 THERMODYNAMICS OF A FUEL CELL

Study of energetics is called thermodynamics. It is the science of the conversion of energy
from one form to the other. Fuel cells, like heat engines, are energy transformation devices.
Therefore, fuel cell provides basis for understanding the transformation of chemical energy
intro the electrical energy. It can also be used to predict whether a reaction is spontaneous
energetically or not. Moreover, thermodynamics helps in placing an upper limit for the

maximum electrical energy a chemical reaction can produce. [40]

SOFCs have the potential to run on different hydrocarbons as fuels as well as Ho.
Furthermore, they are also able to utilize as fuels compounds like Carbon Monoxide and
Carbon Dioxide which gives them a huge advantage over other kinds of FCs that operate
at low temperatures. Besides hydrocarbons, SOFC can also use liquid fuels like methanol,
ethanol, liquefied petroleum gas, dimethyl ether and other common liquid fuels [41]. We
are going to concentrate on pure hydrogen, methane and carbon monoxide as possible inlet

fuels. The electrochemical reactions for these fuels are [42]:
Hydrogen (H,):
At anode, the following reaction takes place

0%~ + H, —— H,0 + 2e~ (1)

The reaction at cathode is:

0.50, + 2e~ —— 0%~ 2)

The overall reaction of the cell is:

Carbon Monoxide (CO):
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The following reaction takes place at the anode:

CO + 0% —— CO, + 2e~ (4)

At cathode:

0.50, + 2~ —— 0% (5)

The overall cell reaction is:

€O+ 0.50,—— CO, (6)
Methane (CH,):
At anode:

CH, + 40*~ —— €O, + 2H,0 + 8e~ 7)

At cathode:

1

502 +2e” —— 0%~ (8)
The overall cell reaction is:

Equations (3), (6) and (9) are of course the combustion reactions of hydrogen, carbon
monoxide and methane, respectively, but this ‘combustion’ in fuel cell does not occur in

the sense of burning [43].

Negatively charged electrons (e ™) are set free at the anode, as shown in the equations (1),
(4) and (7), and help in producing current in the external circuit, and are consumed by the

reaction taking place cathode, as shown in equation (2), (5) and (8).
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Multiple cells are piled up together and are connected in a series to make compact units

with required terminal EMF.
The first law can be written in the following form because fuel cell operates steadily. [40]

AH = Q + Wieer (10)

Here, P.E and K.E. terms are excluded as they are negligible, AH is the change in enthalpy,
Q is the heat added to system and work of shaft has been replaced by the electrical

work W,;.;. If the fuel cell is operating isothermally and reversibly, [40]

Q =TAS (11)

Therefore, equation (10) can be rearranged as

Woeee = AH — TAS = AG (12)

where, AG is the Gibbs free energy. The transfer of heat Q to the surroundings that is needed

for isothermal working of a fuel cell is:

Q = AH — AG (12)

3.1.1 HEAT POTENTIAL OF A FUEL (ENTHALPY OF A REACTION)

“The maximum heat energy that can be extracted from a fuel is given by the fuel’s enthalpy

of reaction (for a constant-pressure process).” [40]

Because of the chemical reaction a large amount of chemical bonds are reconfigured. This
results in change in the internal energy of the species. The heat that is given out of the
system during a reaction is because of the change in its internal energy after subtracting
the energy that is utilized in doing some work.

Consider the reaction of burning carbon in air. A large amount of heat is given out as a
result of this combustion process. This is because the bonds reconfigure themselves.
Product carbon dioxide is at a lower state of internal energy than the reactants i.e. Oxygen

and Carbon. If some of this change in internal energy is used in doing some work, the rest
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is given out in the form of heat of the reaction. This can be described in with a situation
where a ball is rolling downwards from the top of the hill. At the top, the ball has a higher
P.E but a lower K.E. As it rolls down, its P.E is converted to K.E and therefore, the ball
moves from a higher state of P.E to a lower state of P.E. Heat of combustion of a reaction
is the change in the enthalpy of a combustion reaction. Sometimes the change in enthalpy

of a reaction is also referred to as “enthalpy of the reaction” or “heat of the reaction” [40]

The energy balance for the reaction can be written as [44]

AH = Hproq — Hreact (13)
Hyroq = Z Ny(Rg +R—R?) (14)
Hrcace = ) No(Rg +F =), (15)

Equation (13) expresses that the change in enthalpy is the difference between the energies
of the products and the reactants. N,, and N, are the number of moles of product p and the
reactant r, respectively (when 1 mole of the fuel is utilized). They can be easily picked up
from the stoichiometric reaction. 71]9 shows how much enthalpy is required to form one
mole of chemical species at the reference state from the reference species and is called the
“enthalpy of formation”, h° is the sensible enthalpy at the reference state and h is the

sensible enthalpy at the specified state. The reference state is 25°C and 1 atm.
Consider a general reaction taking place at STP,

aA+ bB —— mM + nN (16)

Change in enthalpy for this reaction can be written using equation (13), (14) and (15) can

be written as
AH® = [mh2 (M) + nh(N)| — [ah?(A) + bh2(B)] 17)

For the calculation of AH°, (h — h°) becomes zero.

AH° can now be calculated for electrochemical reactions of Hydrogen, Carbon Monoxide

and Methane given by reactions (3), (6) and (9), respectively.
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For Hydrogen,

Table 5: Calculation of Enthalpy of Combustion of Hydrogen

7,0 7,0
Substance No. of hy N (hy)
moles N | kJ/kmol [45] kJ /kmol
H, 1 0 0
0, 0.5 0 0
Hyoqer = Z Nr(f_l}))r =0
H,0@ 1 241,834 | 241,834
Hproq = Z Np(ﬁjz)p = —241,834

Using equation (17),

For Carbon Monoxide,

AH® = —241,824 k] /kmol |

Table 6: Calculation of Enthalpy of Combustion of Carbon Monoxide

) 5
Substance | NO- Of hy N i)
moles N | kj/kmol [45] kJ /kmol
co 1 -110527 -110527
0, 0.5 0 0
Hyoqer = Z NT(E/Q)T = —110527
co, 1 -393522 ‘ -393522
Hproq = Z Np(ﬁjz)p = —393522

Using equation (17),

AH = (—393522) — (—110527)
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AH® = —282,995 k] /kmol |

For Methane,

Table 7: Calculation of Enthalpy of Combustion of Methane

7,0 7,0
Substance No. of hy N(hy)
moles N | kJ/kmol [45] k] /kmol
CH, 1 -74873 -74873
0, 2 0 0
Hyoger = z Nr(ﬁg)r = —74873
co, 1 -393522 -393522
H,0) 2 -241,834 -483668
Hproq = Z Np(ﬁ;’)p = —877190

Using equation (17),

AH = (—877190) — (—74873)

|AH® = —802,317 k] /kmol |

3.1.2 EFFECT OF TEMPERATURE ON ENTHALPY

Amount of heat any specie can absorb depends on its temperature. Therefore, it can be
concluded that the heat of formation of a specie is also a function of the temperature. The
change of enthalpy of a substance can be described by the heat-capacity of a substance.
[42]

T

AHf(T) = AHfO + f Cp (T) dT (18)
298.15
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where, AHgry is the heat of formation of a substance at any temperature T, AHf° is the

reference formation enthalpy of the substance at 7, = 298.15 K and c,, represents the heat

capacity of the substance at constant pressure which itself is depends on the temperature.

The temperature dependence of c,, is described in Ref [44] as

C, =A+B(T)+C(T?) +D(T?)

[k]/kmol. K]

(19)

Where A,B, C and D are constants and their values can be obtained for different gases

from Ref [44]. T is in Kelvins from 273 t0 T, 4-

Table 8: Values of A, B, C and D for different gases to be used in equation (19)

Chemical Species Trnax (K) A B (10%) | €(10%) D (10%)
Hydrogen 1800 29.11 | —0.1916 | 0.4003 —0.8704
Oxygen 1800 25.48 1.520 —0.7155 1.312

Carbon Monoxide 1800 28.16 0.1675 0.5372 —2.222
Carbon Dioxide 1800 22.26 5.981 —-3.501 7.469

Methane 1500 19.89 5.024 1.269 —11.01
Water 1800 32.24 0.1923 1.055 —3.595

Using equation (19) and Table 8, we obtain the following graph.
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Figure 8: Specific heat (kJ/kmol.K) for different gases plotted against a temperature (K)
range where equation (19) is applicable.

3.1.3 HEATING POTENTIAL

Heating potential is directly related to the enthalpy of the reaction or its heating value. It
can be calculated by the following formula. [46]

—AH
_ 20
Enn nF (20)

E\,y represents the heating potential, AH is the change in enthalpy of the reaction (total heat
energy), F is known as the Faradays constant (96485.334 As/mol) and n shows the

number of electrons taking part in the electro-chemical reaction.

Equation (10) is used to calculate the heating voltage E,y at 25°C and 1 atm.
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Table 9: Heating Voltage (V) calculation for three different fuels i.e. Hydrogen, Carbon
Monoxide and Methane

_ AH® Epp®
Fuel Overall Cell Reaction n
kJ/kmol W)
Hydrogen H, + %02 .m0 241,824 2 1.2532
fﬁ;ﬁgﬂi e o+ %02 —_.co, —282,995 2 1.4665
Methane CHy +20, —— CO, +2H,0 | —802,317 8 1.0394

3.1.4 GIBBS FREE ENERGY

For the case of chemical reactions, only a specific amount of the energy can be transformed
into the electrical energy, the rest of the energy is given out as heat. The “useful energy”

that can be utilized in as electrical work is known as “Gibbs free energy”. [46]

Consider equation (12),
AG = AH — TAS (21)

Here, AG is free available energy, AH is the change in enthalpy of the reaction, T is the
temperature in Kelvins and AS represents entropy change. Equation (12) shows that the
difference between AH and AG is directly related to the change of entropy. The amount of
heat given out by a fuel cell operating in a totally reversible manner is the product T and
AS. Fuel cell reactions that have negative change of entropy AS generate heat when the
reaction takes place, while those with positive change of entropy AS may extract heat from
the surroundings, if the irreversible heat generation is smaller than the reversible heat

absorption.[42]

The Gibbs free energy can also be used in predicting the spontaneity of a chemical reaction
along with the maximum electrical energy that can be obtained from the electrochemical
reaction. If AG =0, the system is unable to produce any useful work that can be transformed

into electrical energy. If AG is positive, some work must be done on the system for the
28



reaction to take place. Hence, the sign of AG can be used to indicate if a chemical reaction

IS spontaneous:

If AG is postive, the reaction is non-spontaneous i.e not favourable energetically
If AG is zero, the reaction takes place at an equilibrium

If AG is negative, the reaction is spontaneous i.e favourable energetically

All reaction that are spontaneous are energetically favourable which means they are
“downhill processes”. Even if a reaction is spontaneous, it doesn’t mean that the reaction
can occur or how fast can it occur. A lot of spontaneous reactions don’t take place because
of the obstruction provided by some kinetic barriers. Consider the example of diamond.
The reaction of transformation of diamond in to graphite is a spontaneous reaction and is
energetically favourable but it doesn’t occur naturally. In a similar manner, fuel-cells are
also limited by kinetics of the reactions taking place. The rate of production of electricity

is also limited by a number of kinetic phenomena. [40].
Under standard state conditions, we may write equation (14) as

AG° = AH° — TAS° (22)
The balance of entropy for a system that undergoes a process can be written as [44]

Sgen + (Sin — Sout) = ASsys (23)

In equation (17), S;, — Soy: represents the net entropy transfer by heat and mass, Sy, is
the entropy generation and ASj,, is the overall change in entropy of the system. For a

reversible process, entropy generation S, is zero.
Consider this general reaction taking place at STP as shown previously in equation (16),

aA+bB —— mM + nN (16)

AS° = [mS°(M) + nS°(N)] — [aS°(4) + b5°(B)] (24)

The temperature dependence of AS can be represented as:
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T c,(T)
ASy = AS° + fz . P

dT (25)

Where, AS ry is the change of entropy at the temperature T, AS® is the change in entropy at
the STP, ¢, is the specific heat at constant pressure as function of temperature (Equation

(19)).

3.15 IDEAL VOLTAGE

The ideal voltage of the fuel cell shows the maximum energy that can be transformed in

electrical work. It is related to the Gibbs free energy by the following equation. [47, 48]

_—AG

E° = — 26
— (26)
Where, n = number of electrons exchanged
F = Faraday’s Number = 96485.33 As mol~!
E° = ldeal Voltage of the cell

3.1.6 EFFECT OF TEMPERATURE ON IDEAL VOLTAGE

Ideal voltage depends on the Gibbs free energy [Equation (26)] and Gibbs energy depends
on the change in enthalpy and entropy at a temperature T at which the Gibbs free energy is
calculated. Both the change in enthalpy AH and the change in entropy AS are a function of
temperature as shown in equation (18) and equation (25), respectively. Therefore, ideal
voltage is also a function of temperature. AH® and AS° values for the required substances
are tabulated [44]
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Table 10: Enthalpy and Entropy Values at STP for different gases as given in Ref [5]

Chemical Species k]?lflrrjol k]/ai;l'l(
Hydrogen 0.0 130.571
Oxygen 0.0 205.038
Carbon Monoxide -110527 197.544
Carbon Dioxide -393522 213.795
Methane -74873 186.142
Water -241,834 188.725

3.1.7 EFFECT OF PRESSURE ON IDEAL VOLTAGE

The theoretical cell potential is not only dependent on temperature but also on the
pressure. This dependency is greatly in general described by the Nernst Equation. [49]

For a reaction,

aA+ bB —— cC+ dD (27)

Nernst Equation can be written as

RT (PA)a(PB)bl
E=E+—In|——— (28)
nF (Pc)(pp)?
For this reaction of Carbon Monoxide (6),
1
CO+ 50, —— (0, (6)
Nernst Equation can be written as
1
RT 2
E=E° 4 1n (o) (po,)’ (29)
2F (Pcoz)

Introducing a system pressure ps,,s and defining pco = apsys, Po, = BPsys aNd peo, =

YPsys, €quation (23) can be rearranged as
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1
. RT_|a.pz| RT
E=E°+ ﬁln + Eln[psys] (30)

If a, B and y are constants, increasing system pressure from p, to p, influences the cell

potential as follows

RT &] 31)

~4F " p,
3.1.8 IDEAL EFFICIENCY OF A FUEL CELL

The reversible electrical efficiency of a fuel cell at a pressure p and temperature T, can be
given by the following equation [50]

_ Total energy that can be used

= 32
7 Total energy that is available (32)

We know that the total useful energy is the Gibbs free energy and total available energy is
the change in enthalpy of the reaction, so now we can equation (32) as:

AG

== (32)

n

Ref [51] calls this efficiency as “the maximum efficiency possible” or “maximum
efficiency limit”
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3.2 THERMAL ANALYSIS OF A SOLID OXIDE FUEL CELL

A typical unit cell of a planar SOFC stack is composed of a positive electrode, an
electrolyte, a negative electrode (known as PEN assembly), interconnect plates and seals.
In practical applications, multiple cells are assembled in the form of a stack. An SOFC
operated between the temperature range of 700-1000 C [52]. The high temperature
operation gives rise to a significant level of thermal stresses due to mismatch of coefficient
of thermal expansion (CTE) between different components and temperature gradients in
the SOFC system. These kind of thermal stresses can cause delamination and micro-
cracking in different layers of the PEN assembly, each of which is very critical to the
operation of an SOFC. Hence, a comprehensive thermal analysis of an SOFC stack is

required for the successful design and operation of an SOFC.

A number of studies have been carried out on the thermal analysis of an SOFC [53-60].
Most of these studies [53-57] used experimental and numerical analysis to calculate or
estimate the stresses in the electrolyte or electrolyte layers at either room temperature or
by applying a uniform temperature gradient within a simple positive electrode-electrolyte-
negative electrode assembly. These studies [53-57] only focused on the stresses caused by
the mismatch of coefficient of thermal expansion between electrolyte and electrode layers
for a given operating temperature ignoring the effects of temperature gradients within the
PEN assembly and thermal interactions between PEN and the other components of the cell,
like interconnects. A number of studies [58-60] use Finite Element Analysis to calculate
the thermal stresses and thermo-chemical models to establish the required temperature
profiles for planar [58, 59] and tubular [60] SOFCs. As a result, the contribution of uneven
temperature distribution in the generation of thermal stresses within the SOFC can be

included and simulated.

These models of a single cell for the planar SOFCs [58, 59]included components like
interconnects and PEN such that the effects of coefficient of thermal expansion mismatch
and mechanical constraint between these the components were also taken into account in
the thermal stress analysis. Hence, simulation approaches like the ones proposed in Refs.
[58, 59]would provide a very effective tool for calculation of thermal stress distribution

and give very useful results for design of planar SOFCs. However, in these studies [58,
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59], for the sake of simplicity of calculation, only a single stack of cell was considered and
the other parts as gas seals were not included. The planar type of SOFC require high
temperature gas seals to bond the cell components and separate the air and fuel
compartments. Therefore the influence of these gas seals on the thermal stress distribution
also need to be evaluated to obtain highly accurate results. If a gas seal is damaged, it may
cause leaked and degrade the performance of an SOFC. However this issue lacks sufficient
studies in the literature and hence provides a need for study of the role of gas seals in the
efficient working and durability of an SOFC. To provide an effective tool for the
calculation of thermal stress in a planar SOFC cell, it would be better to use a simulation
model as close as possible to the practical one. As described above, the models used in
prior in these studies [53-60] have been simplified to some extent. In this study, we use a
simpler approach like the ones used in [53-57] assuming uniform temperature profiles but

using an FEA model to approximate the thermal stresses. [58-60]

3.2.1 THEORETICAL ANALYSIS

Our primary aim is to analyze the shear stress that develops between the layers of a fuel

cell. A model of our situation is illustrated in the following figures:
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Figure 9: Free-body Diagram of Fuel Cell
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We begin with a simple force balance on the individual components of the fuel cell

including the electrolyte, the anode and the cathode [61].

dF1+ , _0
e fT o=

i S
dx =

Q
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Figure 10: Schematic of Fuel Cell

Furthermore, the stress-strain relationships for each of the three layers are: [61]

du,  F t T
dx  Eit, %1
du, F,

— = + a,T
dx  E,t, 2
dus Fs

— =——+ a3T
dx  Ests 3

The solution of the above equations is as follows:
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T = A, sinh f;x + A, sinh ,x + A3 cosh 1x + A4 cosh f,x
t' = A1k sinh Bx + Ay k, sinh B,x + Azk; cosh B1x + Agky cosh B,x

B, and 3, are constants that can be solved by finding the roots of the following

equation:[61]

1[G/ Ety G/ Et
ﬁ4———(1+ )+—,(1+ ),82
Eity [n Est, n Ests

+ Ge [(1 + Eltl) (1 + Eltl) 1] =0
(Eqty)2nm’ Est, Ests

We assume:

e The materials are isotropic and homogeneous.

e The ends are free.

e Linear elastic behavior is exhibited by the materials
e The contact with the interconnect is frictionless

This allows us to simplify our system and the constants A5, A4, k5 and k, are equal to

zero. The shear stress between the layers is thus:

sinh B; x sinh B,x
=0 +C;
cosh p;1 cosh 3,1

sinh B;x sinh B,x

L] cosh ;1 272 cosh B,

The constants k;, C;, C, are calculated as follows:

1 >_/3ﬂ

1
ki = Exty [( G

—
Eijt;  Ejt,

Gﬁl[DZkZ + D3]

- E1t177(,312 - .322)

1

GﬁZ [DZkl + D3]

- E1t177(322 - .312)

2

Similarly, the constants D,, D, and D5 are calculated as follows:
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_ Eyty[Ests(as — ay) + Ezty(a; — a))]T

1=

_ E3t[Erty (o — ag) + Estz(as — a;)]T

2

_ E3ts[Erty (o — a3) + Extyp(a; — a3)]T

3

3.2.2 PARAMETERS USED

The following cell parameters were fixed:

Table 11: Parameters used for Thermal Analysis

Layer/Parameter Thickness Temperature (C) Material
(mm)
Interconnect 10 22 — 800 (ramped) Structural Steel
Yttria-stabilised Zirconia
Electrolyte 0.5 22 — 800 (ramped) (YS2)
Anode 0.1 22 — 800 (ramped) Ni-YSZ
Cathode 0.1 22 — 800 (ramped) Varies
The properties of the materials used are as follows:
Table 12: Properties of materials used in Thermal Analysis
. . Young Shear Therm_al Thermal
Material / Density Expansion L
Properties Layer (glem?) Modulus | Modulus Coefficient Conductivity
(GPa) (GPa) 5 ool (W/mK)
10° (K™)
Structural
Steel [62] Interconnect | 7.85 200 76.9 1.2 60.5
Yttria-
stabilised | o\ oivte | 6.4 130 55 1 2
Zirconia
(YSZ) [63]
Ni-YSZ
composite
(40% Anode 8.05 50 17.5 1.25 4
porous)
[63]
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Ni—YSZ
composite
(26% Anode 8.20 90 37 1.3 6
porous)
[63]
Porous
Platinum Cathode 21.45 171 61.5 0.91 69.1
[63]
Zirconium
Dioxide Cathode 5.6 200 76.3 1.05 3
[64]
Strontium
Doped
Lanthanum Cathode 5.3 35 12.9 1.17 10
Manganite
[65]
The maximum shear strength of each material is (according to convention) 60% of the

tensile strength and is tabulated as follows:

Table 13: Shear strength of materials used in Thermal Analysis

Material Shear Strength (MPa)

Yttria-stabilised Zirconia (YSZ) [63] 165
Ni — YSZ composite 70

(40% porous) [63]
Ni — YSZ composite 70

(26% porous) [63]
Porous Platinum [63] 100
Zirconium Dioxide [63, 64] 400

Strontium Doped Lanthanum Manganite

[65] 93

3.2.3 ANSYS MODEL

e The basic geometry consisted of the fuel cell sandwiched between two
interconnects that were bolted.

e The bolts were subjected to pretension and the fuel and air inlets were the fixed
supports.
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Figure 11: Geometry of the ANSYS Model of Fuel Cell
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3.3 PERFORMANCE OF A SOLID OXIDE FUEL CELL

The performance of a solid oxide fuel cell is a function of many of its variables including:

e Flow rates of fuel and air/oxygen.
o Geometry of the fuel cell

e Interconnect coverage area

e Conductivity of the different layers

e Weight fraction of fuel and oxygen etc

Any attempt at optimizing the performance of a fuel cell will be incomplete without a
parametric study of how these factors affect its performance and the optimum mix of all

the factors.

3.3.1 GOVERNING EQUATIONS

A complete model of a fuel cell incorporates all the necessary parameters that could
possibly enhance or degrade it. It is therefore a complex model that encompasses the
electrochemical and mass diffusion elements and must be solved simultaneously to obtain

a suitable solution.

3.3.2 ELECTROCHEMICAL MODEL [44, 66-74]

An ideal fuel cell is able to maintain its voltage irrespective of the current that is drawn
from it. In reality, however, the voltage of the fuel drops due to irreversible losses and are

known as overpotential losses.
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Figure 12: Cell Voltage to current density (Theoretical) [75]

The activation loss can be calculated as follows:

. ankn (1 —a)nFn
J=Jo IeXp< RT ) —exp <_T>l

It can be rearranged to represent the activation potential as:

() (2) = G ()
= n\-—j)»— ni\-—
Tact naaF Joa nacF Joc

The Ohmic polarization is as follows:

Nonm = JASRopm

Similarly, the concentration polarization is as follows:

n =cln i
conc jL _j

Here c is a constant equal to:
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The combined effect of these overpotentials/polarizations is to reduce the voltage of the
fuel cell that we have previously calculated. The new voltage of the fuel cell is calculated

as follows:

V = Ern — Nact — Nohm — Ncone

Here E1H, the theoretical open circuit voltage is calculated as follows:

RT Hawroducts
Erp = Voo + —In—22=
Th oc nF Havl

reactants

3.3.3 TRANSPORT EQUATIONS

Seven different regions are considered including:

e Upper interconnect

e Lower interconnect
e Oxygen/air flow area
e Fuel flow area

e Cathode

e Anode

e Electrolyte

The pressure gradients that are created and the high temperatures warrant a compressible
flow analysis and the assumption of incompressible flow is not possible here. Steady flow
is considered to simplify the model.

The mass momentum and energy equations are to be applied to each of the regions (where

applicable) and the resulting system of equations is to be solved simultaneously.

Oxygen and Fuel

The following assumptions are made:

e No chemical reaction occurs within the flow channels and it is restricted to the

cathode and anode.
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e The consumption of oxygen and carbon monoxide will not significantly change the
density of the mixture.

e The flow itself is slightly compressible.
The mass equation is therefore:

dp
57 +V (oY) = S

Similarly, the momentum equation is as follows:
a - - =
g(pV) +V-(pVV) = -Vp +pgV -7+ Sy
The stress tensor of the system is equal to:
o 2
7= u[(VW+ wT) - 3V-V]
Each species must be conserved and so the species conservation equation is:
d S
a(PCi) +V-(pVe) ==V ] + S,
The energy equation is equal to:

] G
a(pe) —a—’z+ V-(pVe) =V - (kTVT) + S, + Syaq

The above equations apply both to the anode and the cathode and must be applied to both
of them separately. Boundary conditions, initial conditions and flow and fluid properties
will generally be different in both channels and the equations will therefore have to be

adjusted accordingly.

Electrodes

The porous nature of the electrodes allows ions to be transported across them and the
reaction is considered to be completely contained within the electrodes and is assumed to
not occur in the flow regions. Therefore, it is imperative that we write the basic mass,
momentum, energy and species equations for the electrodes as well.

The mass equation is as follows:
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9
a(pe) +V-(peV) =0

The momentum equation comes out to be:

g2uv
K

%(peV) + V- (peVV) = —eVp + V- (0) +

The species balance equation is as follows:
a -
a(ﬂfci) + V- (peVe) = =V -¢J; + S5

Finally, the energy equation is as follows:

d dp S
&(pse) —E50 +V-(peVe) =V ¢ <keffVT — z hi]i> +Se+ Sraa
i

Electrolyte

The electrolyte plays the important role of separating the cathode and the anode while also
providing a path to the oxygen ions to go through, ideally, unhindered. Governing
equations for analysis of the electrolyte can be derived from Ohm’s law, conservation of

charge and it is also important to consider the energy balance:
Jio = _O-ieoffv(bio
V- (a/v0,) = S

d(Adee)A
dx efe g )

= (e—clea + e—cle,c + Qconv.ele,a + conv,ele,c + Qrad,e + qgen,e

+ qe,joule
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Interconnects

No ions pass through the interconnect. It is used only to allow current to pass through.
Therefore, in a similar manner to that of the electrolyte, analysis of the interconnect

depends primarily on the same governing equations and can be expressed as follows:
Jet = _O'eelffvwel
v (a7 ve,,) = S,

dTint
a (_Aintkint W) Ax = Qint—ele T qconv,chan + 4rad,chan + gen,int + Qint,joule

The electric current density of the interconnect is related to the ionic charge density of the

electrolyte be the following equation:
Vijio ==V ju

3.3.4 DIFFUSION MODELS

There are several diffusion models that can be utilized. Fick’s diffusion model [2] allows

for a simple analysis yielding reasonably practical results. It is defined as:
Ivi = —CDLJVXL
In the case of binary systems [3], it is redefined as:

n
N, = =CDimiseureXi + X; ) Ny

j=1
The other model and the one utilized in our study is the Stefan-Maxwell model [4]. It is
more practical for multicomponent systems and allows for a greater degree of accuracy and

is defined as follows:
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3.3.5 ANALYSIS

The sophisticated equations warrant a numerical analysis and while the inherent

approximations and assumptions may introduce a certain amount of error into our results.

It is nevertheless a necessity and a compromise between accuracy and the need to find a

practical result and the model can be used to predict the trend that exists between the

different parameters and the fuel cell performance.

3.3.6 PARAMETERS

For the sake of simplicity, the following factors were fixed:

Anode: Ni/YSZ — 26% porous

Cathode: Strontium doped Lanthanum Manganite

Temperature of the fuel cell: 800 C

Permeability of cathode: 1E-10 m?

Permeability of anode: 1E-10 m?

Fuel flow rate: 1 mL/s

Oxygen flow rate: 1 mL/s

The properties of the multiple gases involved in the fuel cell are as follows:

Table 14: Fuel Cell Gas Properties

Gas/Properties

Molecular Mass

Diffusion Volume

(10 m3/kg.atom)
Oxygen [4] 32 16.6
Nitrogen [5] 28 17.9
Carbon Dioxide [6] 44 26.9
Carbon Monoxide [7] 28 18.9
Water [8] 18 12.7

The properties of dry air [9] as a function of temperature have been included in the

appendix.

The diffusion constants [10] are calculated using the following equation:
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1 1
M, T

(PRvi + W))Z)

Here, v; is the diffusion volume of coponent ‘i’. This yields diffusivities of:

ij — T1'75(

e Do,_y,= 1.950E-4 m?s
o DCO—COZ: 1.518E-4 m2/S

The matrix for diffusivities in the cathode is therefore:

(o, 1)
Do,-n, 1

If the humidity of air is to be considered, the following matrix is obtained for the cathode:

Do,—n,0 1 Dy,o-n,

However, for our purposes, humidity is ignored and either dry air or completely pure
oxygen is supplied. Similarly, for the anode, we have the diffusivity matrix as:

( 1 Dcoz—co)
Dco,-co 1

3.3.7 COMSOL MODEL

A COMSOL Multiphysics model was used for the complete analysis of the fuel cell. The
geometry of the fuel cell was fixed according to typical values usually found in most fuel

cells. The geometry of the fuel cell was as follows:

e Length of fuel cell: 0.02 m

e Channel Width: 0.4 mm

e Rib Width: 0.4 mm

e Thickness of Electrodes: 0.1 mm
e Thickness of Electrolyte: 0.1 mm

So a 50% rib area coverage ratio was assumed. The geometry is as follows:
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Figure 14 Fuel Cell Performance Model Length

The gasifier was not modelled in comsol and instead the weight fractions of carbon dioxide
and carbon monoxide produced by the reverse boudouard reaction in the gasifier were
determined. The equation of the reaction is as follows:

48



CO, + C - 2C0

The reaction constant [11] for the forward reaction is as follows:

9141
loguikywd)==—7:—4—0000224T——9595

The reaction constant of the reverse reaction, therefore, will be:

1

Kpps = ——
TUS Kde

The weight fraction of carbon monoxide will the be calculated as:

Kyvs * 28
Ky * 28 + 44

Weight Fraciton =

The appendix contains the reaction constant for the reverse reaction tabulated against the
temperature. Our model was used to predict the performance of the fuel cell when the
gasifier was operated at a temperature of 600 C, 800 C and 1000 C with dry air at the
cathode. It was also analysed at a gasifier temperature of 1000 C with pure oxygen at the

cathode.
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CHAPTER 04 - FABRICATION AND PROCUREMENT

The system required the fabrication or procurement of several different components. The

main components have been listed below:

4.1 MUFFLE FURNACE FOR A FUEL CELL

Muffle Furnaces with a gate that allows gas inlet and outlet allowed us an easy and

relatively cheap option for providing the required temperature for our fuel cell. The small
chamber size meant that heating could be achieved quickly and efficiently. The gate was
left slightly open so that any leakage of gas would escape quickly rather than building up

and causing an accident.

Figure 15: Fuel Cell Furnace
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Figure 16: Muffle Furnace Gate

4.2 TUBE FURNACE FOR A GASIFIER

A tube furnace on the other hand provided the best option for our gasifier. The muffle
furnaces available had very small chamber sizes not suitable for our gasifier.
Alternatively, tube furnaces allowed us to use the entire tube as our gasifier. This greatly
increased the reaction site of our gasifier and allowed efficient conversion of carbon

dioxide to carbon monoxide via carbon capturing.

Figure 17: Tube Furnace and Muffle Furnace
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Figure 18: Gasifier

4.3 MASS FLOW CONTROLLER

A Mass Flow Controller accurately controls the mass flow rate and accounts for changes
in pressure and temperature accurately. These are however relatively expensive. We
instead opted for a rotameter that can fairly accurately control the volume flow rate. As
the total mass flowing through is a function of both the temperature and the pressure of
the fluid, the mass flow rate may change as the volume flow rate stays constant.
However, as our pressure and temperature were
constant throughout testing, the rotameter proved to
be a very cheap and accurate alternative for mass

flow controllers in our scenario.

Figure 19: Mass Flow Controller
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4.4 INCONEL 625 WIRE MESH

The Inconel 625 is a nickel-chromium-molybdenum-niobium alloy with excellent
resistance to inorganic acid, pitting, crevice corrosion and good processing performance.
It allowed us to prevent solid particles from entering the gasifier and another filter at the

exit of the gasifier allowed us to protect the fuel cell from impurities and extend its
lifespan.

Figure 20: Inconel 625 Wire Mesh
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Figure 21: Wire Mesh Closeup
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4.5 FUEL CELL FABRICATION

The Fuel Cell was fabricated using LNCZ (Lithium Nickel Copper Zinc) composite for
both the anode and the cathode. The fuel cell was then sintered and nickel foam was then
coated on the anode. The cathode, anode and the electrolyte were first separately
deposited. Each layer was made 2 mm thick and the diameter of the fuel cell was 13 mm.
A larger fuel cell would have yielded greater power but also significantly increased the
complexity of manufacturing. Button fuel cells provide reasonable mechanical strength
and despite their low power, their current and power density can still be used as metrics

to measure the performance.

4.6 FUEL CELL HOLDER

The Fuel Cell holder was designed
to allow easy inlet and escape of the
reactant and product gases. It was
also imperative that the fuel cell
was securely clamped. The fuel cell
was clamped between two dies that
each had an inlet tube and an exit
tube welded to them. The dies also
functioned as a current collector
and allowed us to perform our
conductivity and power tests with &
negligible resistance and therefore

negligible power loss.

Figure 22: Fuel Cell Holder
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CHAPTER 05— TESTING

5.1 CONDUCTIVITY TESTING

Applying the conventional four-point-probe method to measure the in-plane conductivity
of various membranes and/or conductivity performance in various environment. We were
successfully able to measure voltage drop and the resistance of the fuel cell in order to
optimize the running of the fuel cell. The muffle furnace was used in the conductivity
test.

Figure 23: Four Probe Conductivity Test

5.2 LOAD CELL TESTING

Load Cell Testing of the Fuel provided a parametric with which to compare our fuel cell

performance to a typical fuel cell performance. It provided us with a measurement of the
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power density and the voltage correlated with the current density or the current that we

needed to extract from the fuel cell.

Figure 24: Load Cell Testing Equipment
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CHAPTER 06— RESULTS AND DISCUSSIONS

6.1 THERMODYNAMICS OF A FUEL CELL
6.1.1 IDEAL VOLTAGE

Using equation (26) and (22), AH® (as previously calculated), using equation (24) and

thermodynamic tables given in Ref [44], E° is calculated for three different fuels.

Table 15: Ideal Voltage (V) for three different fuels i.e. Hydrogen, Carbon Monoxide and
Methane

Overall Cell AH° AS° AG° E°

Fuel Reaction kj/kmol | kJ/kmol.K k] /kmol W)

Hydrogen | #,+30,——mo | —241,824 | —44.365 | 2 | —228606.6 | 1.1847

M%?{(E’;’ige co+1o,——co, | —282,995 | 86267 | 2 | —257274.4 | 1.3332
Methane | 27— | 802317 | —4973 | 8 | —800834.4 | 1.0375

+2H,0

The ideal voltage of different fuels is different. As seen in the methodology section, the
ideal voltage depends on the Gibbs free energy of a reaction. Methane has the highest
amount of Gibbs free energy available. But its reaction involves eight electrons which

decreases the voltage.
The maximum voltage is obtained when Carbon Monoxide is used as a fuel.

6.1.2 TEMPERATURE DEPENDENCE OF IDEAL VOLTAGE

AH and AG values can be obtained at different temperatures by making use of equations
(17), (18), (19), (21), (24), (25) and (26).

AH® = [mh2(M) + nh?(N)] — [ah?(A) + bh{(B)] (17)
T
AHf(T) = AHfO + f Cp (T) dT (18)
298.15
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C, =A+B(T)+C(T?) +D(T?) (19)

AG = AH — TAS (21)
AS® = [mS°(M) + nS°(N)] — [aS°(A) + bS°(B)] (24)
T
ASiry = AS° + f 210 dT (25)
298.15
—AG
=— (26)

Values of AH, AG, E,y and E for three different fuels (Hydrogen, Carbon Monoxide and
Methane) are calculated and tabulated in APPENDIX I. The following figure shows a
plot of Fuel Cell Voltage against the Temperature of the fuel Cell.
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Figure 25 Ideal Voltage (V) as a function of Temperature (K) for three different fuels i.e
Hydrogen, Carbon Monoxide and Methane.

We see that the Ideal VVoltage is a function of Temperature for Hydrogen and Carbon
Monoxide. The voltage decreases in a direct proportion with temperature. Ref [40]

describes this relation as:
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E —E°+AST T°
r= B4+ — (T =T°)

Where E is the ideal voltage at the Temperature T.

Ideal VVoltage in case of Methane does not change significantly, this is because the reaction
of combustion of methane results in a very low change in entropy as tabulated in
APPENDIX |

6.1.3 PRESSURE DEPENDENCE OF IDEAL VOLTAGE

If p, is1latm, R = 8.314 kJ/kmol.K, F = 96485.33 As/mol and
T = 298.15K,800 K and 1073 K

RT &] 31)

~4F p,
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0.04 | -
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Figure 26 Increase in voltage (V) as a funcion of P2 (atm) when P1 = 1 atm for three
different temperatures (K)
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We see that increasing the temperature up to 6 atm at 1073 K, only increases the voltage
only by 40 mV. So, therefore, pressure is only usually increased in the fuel cell to increase
the voltage. Pressure can have effect on the reaction kinetics and, therefore, is increased
sometimes in a fuel cell. [76]

Efficiency for three different fuels at STP is calculated in the table
Table 16 Ideal Efficiency for three different fuels at STP

Fuel Overall Cell Reaction n
Hydrogen H, + %02—>H20 0.9453
Carbon Monoxide | co+ z0,——co, | 0.9091
Methane CHy +20, — €0, +2H,0 | (0,9982

6.2 THERMAL ANALYSIS OF A SOLID OXIDE FUEL CELL
6.2.1 RESULTS

There are regions of high stress concentration where the interconnect is attached to the air
and fuel inlets. These areas need to be further strengthened. Furthermore, we analysed the
fuel cell deformation and the primarily the shear stress arising in the layers. The results

have been tabulated.

Table 17: Thermal Stresses induced in XZ plane in the electrodes

Cathode Anode (MPa) Electrolyte (MPa) Cathode (MPa)

40% Porous Ni — YSZ Anode

Porous Platinum 61.07 48.44 36.75
Zirconium Dioxide 63.80 54.04 25.33
Strontium Doped
Lanthanum 25.28 21.83 13.37
Manganite
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26% Porous Ni — YSZ Anode
Porous Platinum 12.59 13.55 23.19
Zirconium Dioxide 12.49 8.09 15.64
Strontium Doped
Lanthanum 491 13.90 18.88
Manganite
Table 18: Calculated Safety factors
Cathode Anode Safety Electrolyte Safety Cathode Safety
Factor Factor Factor
40% Porous Ni — YSZ Anode
Porous Platinum 1.15 3.41 2.72
Zirconium Dioxide 1.10 3.05 15.79
Strontium Doped
Lanthanum 2.77 7.56 6.96
Manganite
26% Porous Ni — YSZ Anode
Porous Platinum 5.56 12.18 431
Zirconium Dioxide 5.60 20.40 25.58
Strontium Doped
Lanthanum 14.26 11.87 4.93
Manganite

6.2.2 ANALYSIS

Our primary aim was to analyse the shear stress that develops between the different layers
of the fuel cell. Although similar thermal stresses arise in the interconnect, they are
concentrated primarily near the fuel and air inlet tubes that can be easily strengthened.

Significant shear stresses arise in the cathode, anode and electrolyte as can be clearly seen
and unless we optimize our design, it is possible that our fuel cell’s life is significantly

reduced. The results are summarized as follows:
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Figure 28: Shear stress with 26% porous Ni-YSZ Anode
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The use of Platinum and Zirconium Dioxide results in high shear stresses. However, the
use of Strontium Doped Lanthanum Manganite results in a comparatively lower shear
stress between the layers of the electrode.

6.3 PERFORMANCE OF A SOLID OXIDE FUEL CELL

6.3.1 RESULTS

For the gasifier at 600C and dry air, the following results are obtained:

Table 19: Polarisation Voltage, Current Density and Power Density for 600 C Gasifier
and Dry Air

Polarization Voltage (V) | Current Density (A/m?) | Power Density (W/m?)

0.05 458.77 435.8

0.1 838.1 754.3

0.2 1436.3 1149.5

0.3 1999.6 1399.7

0.4 2634.5 1580.7

0.5 3346.5 1674.9

0.6 4135.6 1654.3

0.7 4981.1 1494.3

0.8 5877.2 117505

For the gasifier at 800°C and dry air, the following results are obtained:

Table 20: Polarisation Voltage, Current Density and Power Density for 800 C Gasifier
and Dry Air

Polarization Voltage (V) | Current Density (A/m?) | Power Density (W/m?)
0.05 586.0 556.7
0.1 1123.3 1010.9
0.2 2096.2 1677.0
0.3 3005.2 2103.7
0.4 3905.3 2343.2
0.5 4820.9 2410.5
0.6 5759.7 2303.9
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For the gasifier at 1000C and dry air, the following results are obtained:

Table 21: Polarisation Voltage, Current Density and Power Density for 1000 C Gasifier

and Dry Air
Polarization Voltage (V) | Current Density (A/m?) | Power Density (W/m?)
0.05 612.5 581.9
0.1 1177.5 1059.8
0.2 2206.0 1764.8
0.3 3167.7 2217.4
0.4 4117.3 2470.4
0.5 5079.9 2539.9
0.6 6064.2 2425.7
0.7 7067.1 2120.1
0.8 8083.3 1616.7

For the gasifier at 1000C and pure oxygen, the following results are obtained:

Table 22: Polarisation Voltage, Current Density and Power Density for 1000 C Gasifier

and Pure Oxygen

Polarization Voltage (V) | Current Density (A/m?) | Power Density (W/m?)
0.05 675.4 641.6
0.1 1333.0 1199.7
0.2 2595.6 2076.5
0.3 3796.3 2657.4
0.4 4945.3 2967.2
0.5 6050.8 3025.4
0.6 7114.4 2845.8
0.7 8131.1 2439.3
0.8 9092.6 1818.5

The results have been graphed as follows:
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Current density against Cell %oltage for Gasifier at B00C
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Figure 30: Voltage and Current Density for 600 C Gasifier Temperature

Current density agaisnt Power density for Gasifier at S00C
2600 T T T T T T T

P

2000 | A

1500 A

Power Density (Mm2)

1000 A

EDI:I 1 1 1 1 1 1 1
1] 1000 2000 3000 4000 5000 6000 OO0 G000

Current Density (A/m2)

Figure 31: Current and Power Density for 800 C Gasifier Temperature
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Increase in Current density because of Pure Oxugen instead of Dry Air
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Figure 34: Effect of Oxygen Concentration on Power Density of Fuel Cell

The molar concentration of fuel changes along the length of the channel and varies as
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Figure 35: Carbon Monoxide molar concentration variation
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Detailed results for the molar concentration are as follows:

Table 23: Inlet and Outlet CO Molar Concetration at different Gasifier Temperatures

e ) ) Inlet molar Outlet molar
Gasifier Inlet weight fraction . .
Temperature (C) | of Carbon Monoxide concentration concentration
(mol/m?) (mol/m?®)
600 0.0512 0.89 0.40
800 0.8133 9.90 8.23
1000 0.9855 11.25 9.45

The pressure drops across the fuel channel and is essentially constant (negligible variation)

as the inlet weight fraction of the carbon monoxide changes. The pressure drop for the fuel

channel is as follows:

Volume: Pressure (Pa)
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Figure 36: Pressure drop in anode channel

Similarly, the pressure drop for the oxygen channel is as follows:
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Figure 37: Pressure drop in Cathode Channel

6.3.2 DISCUSSION

As expected, more power can be extracted from our fuel cell if a higher weight fraction of

carbon monoxide is provided to the anode fuel channel or if pure oxygen is supplied to the

cathode fuel channel instead of dry air.

Table 24: Maximum Power obtained with Dry Air at Different Gasifier Temperatures

Gasifier Temperature (C)

Maximum Power (W/m?)

Percentage Increase (%)

600 1674.9 0
800 2410.5 30.5
1000 2539.9 34.1

Fuel utilization, however, drops off as we increase the gasifier temperature:

70




Table 25: Fuel Utilisation variation with change in Gasifier Temperature

Gasifier Temperature Inlet molgr Outlet mo!ar Fuel Utilisation
©) concentration concentration (%)
(mol/m?) (mol/m?)
600 0.89 0.40 55.1
800 9.90 8.23 16.9
1000 11.25 9.45 16

6.4 EXPERIMENTAL RESULTS
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Solid Oxide Fuel Cells have the highest current and power densities of any other energy

production technology. Even more so than Internal Combustion Engines and represent a
revolution in the energy sector if utilized properly.

While our theoretical results demonstrated power densities ranging from 1.7 W/cm? to 5

W/cm?, we were only able to extract around 2 W/cm? from our final fuel cell. While
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nothing to be scoffed at, our fuel cell did show a slightly inferior performance than what

our theoretical results had predicted. This can be due to a variety of reasons such as:

Leakage. The surface of our dies was not completely plain and gold was not used as a
sealant. The clamping force of our holder instead was relied upon as a cheaper
alternative. There was slightly leakage and any such leakage does result in a drop in
performance.

Resistance of current collectors. The higher the resistance of the current collectors, the
more will be the voltage drop across them and the performance of the fuel cell will
degrade. Power will be dissipated across the current collectors and will therefore not be
extracted as useful power.

Primitive load cell testing equipment. The expensive nature of these load cells meant that

a primitive one had to be used and accuracy had to be sacrificed.
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CHAPTER 07— CONCLUSIONS AND RECOMMENDATIONS

7.1 THERMODYNAMICS OF A FUEL CELL

7.1.1 SELECTION OF FUEL

We make use of Pugh Chart to decide which fuel is best suited to be used in a Fuel Cell

Table 26: Pugh Chart for Fuel Selection

Criteria Weight | Baseline | CO H CH4
Ideal Voltage 5 0 + 0 -
Availability 3 0 - - +
Amount of heat given out to sustain 5 0 N N i
the temperature of a Fuel Cell

Storage 2 0 + - +
TOTAL 10 6 -3 -2

Hydrogen is not readily available. It is always produced by the electrolysis of Water.

Secondly, its atoms are so small that make its storage difficult.

Carbon monoxide, like hydrogen, is not easily available but can be produced by
gasification using the Reverse Boudouard Reaction. It gives the highest Ideal Voltage and

is easy to store because of its large molecules.

Methane gives the lowest ideal voltage but it easily available. Most of the energy produced

is utilized as electrical work and it generates no heat so the reaction cannot sustain the high

temperature of an SOFC.

Therefore, Carbon Monoxide is the most ideal fuel to be used in an SOFC.

7.1.2 EFFICIENCY COMPARISON OF A FUEL CELL AND A CARNOT

ENGINE

The reversible thermal efficiency of a fuel cell is given by:

_AG
 AH

n

The efficiency of a Carnot Engine is given by:




If we assume the Low Temperature reservoir to be at 298.15 K, the efficiency of a Fuel

Cell and Carnot Engine can be compared in the following graph.
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Figure 38 A comparison of Carbon Monoxide fueled Fuel Cell efficiency and Carnot
Engine Efficiency

7.2 THERMAL ANALYSIS OF A SOLID OXIDE FUEL CELL

In order to decide the most effective cathode material for our fuel cell, we utilize a Pugh

chart as follows:

Strontium
— . . Porous Zirconium Doped
Criteria Weight Baseline Platinum Dioxide | Lanthanum
Manganite
Therm_al 5 0 0 i +
Properties
Resistance to
Shear Failure 3 0 0 ¥ )
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Cost 3 0 - - +
Availability 3 0 - - -
Ease of
Manufacture 2 0 ) + 0
Total 0 -8 -6 2

Table 27: Pugh Chart for Material Selection

Strontium Doped Lanthanum Manganite therefore provides the best mix of properties
despite its inferior resistance to shear failure.

7.3 PERFORMANCE OF A SOLID OXIDE FUEL CELL

While the higher gasifier temperatures do offer significantly higher power, the fuel
utilization drops off sharply. Despite the fact that the actual fuel utilization will be higher
because of the several closely spaced paths that the gas will be routed through, the added
cost of maintaining the gasifier at a higher temperature is another issue that needs to be

addressed.

There is a 30.5% increase in the maximum power that we are obtaining if we increase the
gasifier temperature from 600 to 800 Celsius. There is only a very marginal increase in
maximum power, however, if we increase the gasifier temperature further beyond the point.
That, coupled with the lower fuel utilization and the added energy costs means that
maintaining the gasifier at a temperature higher than 800 Celsius is impractical.

7.4 FUTURE RECOMMENDATIONS

Fuel cells suffer from two main drawbacks that are rendering them unviable for everyday
electricity generation. One of the problems is to be able to stack fuel cells while
preventing leakage. While it is relatively simple and straightforward to seal fuel cells if a
single cell is used, it becomes progressively difficult to seal them if multiple cells are
stacked on top of each other. Gold is often used which is expensive and is therefore not a
feasible or viable method of sealing fuel cells.
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The other problem is the difficulty of manufacturing large fuel cells. Button fuel cells
with a diameter of 10 to 13 mm are easy to make but they produce little power and are
not viable for mass scale energy production. Larger fuel cells are difficult to handle in the
production stage are may break down because of their brittle nature. Future work must be
done to be able to produce large fuel cells in a cheap and efficient manner in order to

make them viable.

Similarly, for gasification, future work can be done on how the gasification process can
be used for carbon capture from organic waste. By doing so, we can not only help reduce

the waste in landfills, but also help bridge the gap between energy demand and energy
supply.
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APPENDIX I: PROPERTIES OF REACTIONS OF HYDROGEN,

CARBON MONOXIDE AND METHANE

HYDROGEN
H, + %02 — H,0
Number of electrons participating = 2
T AH AS AG Enn E
(K) | lg/kmot | kjskmolk | kjjkmol | (V) W) :
298.15 | -241834 -44.365 -228607 | 1.2532 | 1.1847 | 0.9453
500 -243834 -49.495 -219086 | 1.2636 | 1.1353 | 0.8985
550 -244306 -50.396 -216588 | 1.2660 | 1.1224 | 0.8865
600 -244766 -51.196 -214048 | 1.2684 | 1.1092 | 0.8745
650 -245210 -51.908 -211470 | 1.2707 | 1.0959 | 0.8624
700 -245640 -52.544 | -208859 | 1.2729 | 1.0823 | 0.8503
750 -246053 -53.115 -206217 | 1.2751 | 1.0686 | 0.8381
800 -246450 -53.627 -203548 | 1.2771 | 1.0548 | 0.8259
850 -246830 -54.088 -200855 | 1.2791 | 1.0409 | 0.8137
900 -247193 -54.503 -198140 | 1.2810 | 1.0268 | 0.8016
950 -247538 -54.877 -195405 | 1.2828 | 1.0126 | 0.7894
1000 -247866 -55.213 -192653 | 1.2845 | 0.9984 | 0.7772
1050 -248176 -55.516 -189885 | 1.2861 | 0.9840 | 0.7651
1100 -248469 -55.788 -187102 | 1.2876 | 0.9696 | 0.7530
1150 -248746 -56.035 -184306 | 1.2890 | 0.9551 | 0.7409
1200 -249008 -56.257 -181499 | 1.2904 | 0.9406 | 0.7289
1250 -249254 -56.458 -178681 | 1.2917 | 0.9259 | 0.7169
1300 -249485 -56.639 -175853 | 1.2929 | 0.9113 | 0.7049
1350 -249701 -56.803 -173017 | 1.2940 | 0.8966 | 0.6929
1400 -249904 -56.951 -170173 | 1.2950 | 0.8819 | 0.6810
1450 -250095 -57.084 | -167323 | 1.2960 | 0.8671 | 0.6690
1500 -250274 -57.206 -164465 | 1.2970 | 0.8523 | 0.6571
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CARBON MONOXIDE

1
Co + E 02 — COZ
Number of electrons participating = 2

T AH AS AG Ern E
(K) kj/kmol | kj/kmol.K | kj/kmol W) W) 1
298.15 | -282995 -86.267 | -257274 | 1.4665 | 1.3332 | 0.9091
500 -283663 -88.113 | -239607 | 1.4700 | 1.2417 | 0.8447
550 -283677 -88.139 | -235200 | 1.4701 | 1.2188 | 0.8291
600 -283651 -88.095 | -230794 | 1.4699 | 1.1960 | 0.8137
650 -283594 | -88.004 | -226392 | 1.4696 | 1.1732 | 0.7983
700 -283510 -87.879 | -221994 | 1.4692 | 1.1504 | 0.7830
750 -283404 | -87.733 | -217604 | 1.4686 | 1.1277 | 0.7678
800 -283278 -87.571 | -213221 | 1.4680 | 1.1049 | 0.7527
850 -283137 -87.4 -208847 | 1.4673 | 1.0823 | 0.7376
900 -282982 -87.223 | -204482 | 1.4664 | 1.0597 | 0.7226
950 -282814 | -87.041 | -200125 | 1.4656 | 1.0371 | 0.7076
1000 -282635 -86.857 | -195777 | 1.4647 | 1.0145 | 0.6927
1050 -282446 -86.673 | -191439 | 1.4637 | 0.9921 | 0.6778
1100 -282249 -86.49 -187110 | 1.4627 | 0.9696 | 0.6629
1150 -282044 | -86.308 | -182790 | 1.4616 | 0.9472 | 0.6481
1200 -281832 -86.127 | -178479 | 1.4605 | 0.9249 | 0.6333
1250 -281613 -85.948 | -174177 | 1.4594 | 0.9026 | 0.6185
1300 -281388 -85.772 | -169884 | 1.4582 | 0.8804 | 0.6037
1350 -281158 -85.599 | -165600 | 1.4570 | 0.8582 | 0.5890
1400 -280923 -85.428 | -161325 | 1.4558 | 0.8360 | 0.5743
1450 -280684 -85.26 -157057 | 1.4545 | 0.8139 | 0.5596
1500 -280440 -85.095 | -152799 | 1.4533 | 0.7918 | 0.5449
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METHANE

CH4 + 202 — COZ + 2H20

Number of electrons participating = 8

T AH AS AG Enn E
(K) kj/kmol | kj/kmol.K | kj/kmol W) W) 1

298.15 | -802317 -4.973 -800834 | 1.0394 | 1.0375 | 0.9982
500 -800534 -0.328 -800370 | 1.0371 | 1.0369 | 0.9998
550 -800242 0.229 -800368 | 1.0367 | 1.0369 | 1.0002
600 -800024 0.609 -800390 | 1.0365 | 1.0369 | 1.0005
650 -799880 0.841 -800427 | 1.0363 | 1.0370 | 1.0007
700 -799805 0.952 -800472 | 1.0362 | 1.0370 | 1.0008
750 -799796 0.966 -800520 | 1.0362 | 1.0371 | 1.0009
800 -799845 0.903 -800567 | 1.0362 | 1.0372 | 1.0009
850 -799948 0.779 -800610 | 1.0364 | 1.0372 | 1.0008
900 -800097 0.608 -800644 | 1.0366 | 1.0373 | 1.0007
950 -800285 0.405 -800670 | 1.0368 | 1.0373 | 1.0005
1000 -800507 0.178 -800684 | 1.0371 | 1.0373 | 1.0002
1050 -800756 -0.066 -800687 | 1.0374 | 1.0373 | 0.9999
1100 -801030 -0.32 -800678 | 1.0378 | 1.0373 | 0.9996
1150 -801324 -0.582 -800655 | 1.0381 | 1.0373 | 0.9992
1200 -801634 -0.846 -800619 | 1.0385 | 1.0372 | 0.9987
1250 -801957 -1.109 -800571 | 1.0390 | 1.0372 | 0.9983
1300 -802290 -1.37 -800509 | 1.0394 | 1.0371 | 0.9978
1350 -802630 -1.627 -800434 | 1.0398 | 1.0370 | 0.9973
1400 -802975 -1.878 -800346 | 1.0403 | 1.0369 | 0.9967
1450 -803324 -2.123 -800246 | 1.0407 | 1.0367 | 0.9962
1500 -803675 -2.361 -800134 | 1.0412 | 1.0366 | 0.9956
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APPENDIX Il1: PROPERTIES OF AIR AS A FUNCTION OF

TEMPERATURE AT 1 ATMOSPHERE PRESSURE

Specific Heat "
5 > £ . 2z
S E 2 =| §¢ 5 |8 _
2= - | a- | 878 2T | SE T | £ |87
2 (kIkgK) | (koK) | S g 2 ES g E =
3 & 2 o £
4 ==
175 10023 | 07152 | 1401 1.182 1.593 0.744 0.586 2.017
200 10025 | 07154 | 1401 1.329 1.809 0.736 0.753 1.765
225 10027 | 07156 | 1401 1.467 2.020 0.728 0.935 1.569
250 10031 | 07160 | 1401 1.599 2.227 0.720 1.132 1.412
275 1.0038 | 0.7167 | 1401 1.725 2.428 0.713 1.343 1.284
300 1.0049 | 07178 | 1.400 1.846 2.624 0.707 1.568 1177
325 10063 | 07192 | 1.400 1.962 2.816 0.701 1.807 1.086
350 10082 | 07211 | 1.398 2.075 3.003 0.697 2.056 1.009
375 10106 | 07235 | 1.397 2.181 3.186 0.692 2.317 0.9413
400 10135 | 0.7264 | 1.395 2.286 3.365 0.688 2,591 0.8824
450 10206 | 07335 | 1.391 2.485 3.710 0.684 3.168 0.7844
500 10295 | 0.7424 | 1387 2.670 4.041 0.680 3.782 0.7060
550 10398 | 07527 | 1.381 2.849 4.357 0.680 4.439 0.6418
600 10511 | 07640 | 1.376 3.017 4.661 0.680 5.128 0.5883
650 1.0629 | 0.7758 | 1.370 3.178 4.954 0.682 5.853 0.5430
700 10750 | 0.7879 | 1.364 3.332 5.236 0.684 6.607 0.5043
750 10870 | 07999 | 1.359 3.482 5.500 0.687 7.399 0.4706
800 1.0987 | 08116 | 1.354 3.624 5.774 0.690 8.214 0.4412
850 11101 | 0.8230 | 1.349 3.763 6.030 0.693 9.061 0.4153
900 11209 | 08338 | 1.344 3.897 6.276 0.696 9.936 0.3922
950 11313 | 08442 | 1340 | 4.026 6.520 0.699 10.83 0.3716
1000 11411 | 08540 | 1336 | 4.153 6.754 0.702 11.76 0.3530
1050 11502 | 0.863L | 1333 | 4276 6.985 0.704 12.72 0.3362
1100 11589 | 08718 | 1329 | 4.39% 7.209 0.707 13.70 0.3209
1150 11670 | 08799 | 1326 | 4511 7.427 0.709 14.70 0.3069
1200 11746 | 08875 | 1323 | 4.626 7.640 0.711 15.73 0.2941
1250 11817 | 08946 | 1321 | 4.736 7.849 0.713 16.77 0.2824
1300 11884 | 09013 | 1319 | 4.846 8.054 0.715 17.85 0.2715
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APPENDIX I11: REACTION CONSTANTS AND WEIGHT

FRACTIONS

Gasifier Reac_ti_on Carbo_n Reac_tif)n Cgrb_on
Temperat Coefficient Monc_mde Coefficient D|o>_<|de
ure Reverse Welght Forward Welght
Boudouard Fraction Boudouard Fraction
500 0.003949 0.002507 253.2257 0.997494
510 0.005563 0.003527 179.7718 0.996473
520 0.007767 0.004918 128.7491 0.995082
530 0.010754 0.006797 92.98944 0.993203
540 0.014769 0.009311 67.71025 0.990689
550 0.020124 0.012644 49.69102 0.987356
560 0.027216 0.017024 36.74358 0.982976
570 0.036539 0.022723 27.36833 0.977277
580 0.048712 0.030066 20.52898 0.969934
590 0.064501 0.039428 15.5036 0.960572
600 0.084851 0.05123 11.78535 0.94877
610 0.110917 0.06593 9.015719 0.93407
620 0.144107 0.084001 6.939277 0.915999

630 0.186125 0.1059 5.372737 0.8941
640 0.239023 0.132024 4.183697 0.867976
650 0.305262 0.16266 3.275875 0.83734
660 0.387775 0.197925 2.578812 0.802075
670 0.490046 0.237716 2.040625 0.762284
680 0.616187 0.281671 1.622883 0.718329
690 0.771039 0.329157 1.296952 0.670843
700 0.960268 0.379298 1.041376 0.620702
710 1.190484 0.431036 0.839994 0.568964
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720 1.469366 0.483218 0.680566 0.516782
730 1.805797 0.534698 0.553772 0.465302
740 2.210019 0.584437 0.452485 0.415563
750 2.693792 0.631572 0.371224 0.368428
760 3.270578 0.675459 0.305756 0.324541
770 3.955725 0.715689 0.252798 0.284311
780 4.766684 0.752067 0.209789 0.247933
790 5.723222 0.784578 0.174727 0.215422
800 6.847668 0.813349 0.146035 0.186651
810 8.165162 0.838606 0.122472 0.161394
820 9.703927 0.860632 0.103051 0.139368
830 11.49556 0.879741 0.08699 0.120259
840 13.57532 0.896253 0.073663 0.103747
850 15.98247 0.91048 0.062569 0.08952
860 18.7606 0.922712 0.053303 0.077288
870 21.95799 0.933214 0.045541 0.066786
880 25.62797 0.942226 0.03902 0.057774
890 29.82928 0.949956 0.033524 0.050044
900 34.62654 0.956588 0.02888 0.043412
910 40.09061 0.962282 0.024943 0.037718
920 46.29903 0.967173 0.021599 0.032827
930 53.33647 0.971381 0.018749 0.028619
940 61.2952 0.975004 0.016314 0.024996
950 70.27556 0.978128 0.01423 0.021872
960 80.38642 0.980826 0.01244 0.019174
970 91.7457 0.98316 0.0109 0.01684
980 104.4809 0.985183 0.009571 0.014817
990 118.7294 0.986938 0.008423 0.013062
1000 134.6395 0.988463 0.007427 0.011537
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1010 152.3703 0.989792 0.006563 0.010208
1020 172.0927 0.990951 0.005811 0.009049
1030 193.9898 0.991965 0.005155 0.008035
1040 218.2573 0.992852 0.004582 0.007148
1050 245.1043 0.99363 0.00408 0.00637
1060 274.7538 0.994313 0.00364 0.005687
1070 307.4429 0.994915 0.003253 0.005085
1080 343.4238 0.995445 0.002912 0.004555
1090 382.9643 0.995913 0.002611 0.004087
1100 426.3479 0.996328 0.002346 0.003672
1110 473.8747 0.996695 0.00211 0.003305
1120 525.862 0.997021 0.001902 0.002979
1130 582.6446 0.99731 0.001716 0.00269
1140 644.5752 0.997568 0.001551 0.002432
1150 712.0252 0.997798 0.001404 0.002202
1160 785.3851 0.998003 0.001273 0.001997
1170 865.0648 0.998187 0.001156 0.001813
1180 951.4943 0.998351 0.001051 0.001649
1190 1045.124 0.998499 0.000957 0.001501
1200 1146.424 0.998631 0.000872 0.001369
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