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CHAPTER |

INTRODUCTION

Fuel cell is considered as an efficient electrical power generator compared to
conventional heat engines, steam and gas turbine, and combined cycles. Among the
various types of fuel cell, solid oxide fuel cell (SOFC) has attracted considerable
interest as it offers the widest range of applications, flexibility in the choice of fuel,

high system efficiency and possibility of operation with an internal reformer.

The major source of fuel for fuel cells is hydrogen which can be derived from
many hydrocarbon-based processes and electrolysis of water. Nevertheless, the other
fuels such as methane, methanol, ethanol, gasoline and oil derivatives are also
possible fuel for use in for SOFC. Douvartzide et al. (2003b) applied a
thermodynamic analysis to evaluate the flexibility of different fuels i.e., methane,
methanol, ethanol and gasoline, for SOFC. The results obtained in terms of
electromotive force output and efficiency show that ethanol and methanol are very
promising alternatives to hydrogen. Methanol is a preferable choice with respect to its
availability, high energy density and ready storage and distribution.

Although the steam reforming of methanol for hydrogen production is possible
from a thermodynamic point of view, a major consideration is carbon formation in the
system. Appropriate operating conditions must be carefully selected to avoid damage
from carbon formation such as catalyst deactivation in the reformer or anode
deactivation in a SOFC with internal reformer. The formation of carbon leads to low
of system performance and poor durability. There have many methods proposed for
controlling this problem, for example the addition of alkalis such as potassium can
accelerate the reaction of carbon with steam and also neutralize the acidity of the
catalyst support, hence reducing carbon deposition (Finnerty et al., 1998). For the
steam reforming, addition of extra steam to the feed is a conventional approach to
avoid carbon deposition. Selection of a suitable steam/hydrocarbon ratio becomes an
important issue. Carbon formation can occur when the SOFC is operated at low

steam/hydrocarbon ratio. However, use of high steam/hydrocarbon ratio is



unattractive as it lowers the electrical efficiency of the SOFC by steam dilution of fuel
and the system efficiency (Park, et al., 2000). Therefore the information on boundary

of carbon formation is useful for safe operation of reformer or SOFC.

In operation, the SOFC can use either an oxygen ion-conducting electrolyte
(SOFC-0%) or a proton-conducting electrolyte (SOFC-H*). Most current researches
have been focusing on SOFC-O% rather than the other. Thermodynamic analysis
reveals that the SOFC-H" shows higher theoretical efficiency for the conversion of
chemical energy to electrical power than the SOFC-O% for system fed by hydrogen
(Brown et al., 2001) and methane (Demin et al., 2002). However, their studies were
based on the same steam/fuel ratio. It was reported that the steam requirement for
SOFC-0O7 is less than that of the SOFC-H" (Assabumrungrat et al., 2004). Therefore,
it is interesting to compare theoretical performances of SOFCs with different
electrolyte when the difference in steam requirement is taken into account. Thus

information is important for focusing on the future of SOFC development.

In generally SOFCs system consists of preheater, reformer, SOFC and burner.
Most fuel cells need to convert a hydrogen primary fuel into a hydrogen-rich gas
required for the electrochemical reaction on the anode side. The methanol feed is
converted to hydrogen with endothermic steam reforming reactions in the reformer. In
the most common case of a reformer, heat needs to be available to drive the steam
reforming reaction. One method of achieving this is to feed the exhaust gases from the
anode and cathode into a burner where the excess fuel is combusted. The heat
generated in the burner can then be used to preheat both the steam and the fuel, and
provide the heat needed in the reformer (Aguiar et al.,2002; Aguiar et al., 2004). Such
operation is of concern for the system design which is expected to lead to an increase
in efficiency.

A number of works have been devoted on studying SOFC system design and
balance of plant (i.e. Monanteras and Frangopoulos, 1999; Koh et al., 2005). It has
been demonstrated that hydrogen concentration in feed influences SOFC performance
(Chan et al., 2005). In particular, stack power density should be higher at high
hydrogen partial pressure feed. A palladium membrane reactor has been applied to a

number of hydrogen-generating reactions (i.e. Jarosch et al., 2001). Removal of



hydrogen from the reaction zone can improve the extent of reaction and pure
hydrogen can be obtained. It is, therefore, an interesting topic to find out whether the
replacement of a conventional reformer by the membrane reactor in the SOFC system
could improve system performance. The stack power density is expected to be higher;
however, the system would require additional expensive palladium membranes and

operating cost in the operation.

Objective of this work

1. To find inlet steam per methanol ratios at the boundary of carbon
formation for SOFC with oxygen ion-conducting electrolyte (SOFC-0?)
and SOFC with proton-conducting electrolyte (SOFC-H™).

2. To compare theoretical performance of SOFC-O* and SOFC-H* when the
different steam requirement is taken into account.

3. To investigate the benefit from integration of a palladium membrane

reactor in the SOFC system.



CHAPTER Il

THEORY

2.1 Principle of fuel cell
A fuel cell is an electrochemical device that generates electrical power with
high efficiency. Fuel cell technology is based upon the simple combustion reaction

given by Eq. 2.1

2H,+0; — 2H,0 (2.1)

<,

& Electrical current &
Excess fuel Water out
e L e
> | HO
e >
il ) :
H+
O,
Fuel in Oxidant in

Anode Electrolyte Cathode

Fig 2.1 Simple Fuel cell

A fuel cell consists of an electrolyte and two electrodes (anode and cathode).
The early fuel cells are not attractive as they have very high resistance through the
electrolyte as a result of the long distance between the electrodes and very small
contact area between the electrolyte, the electrode and the gas fuel. Novel fuel cells
have been designed to avoid these problems. A design solution includes
manufacturing a flat plate for the electrodes with an electrolyte of very small

thickness between two electrodes. This design gives the maximum area of contact



between the electrodes, electrolyte and gas thus increasing the efficiency and current
of fuel cell.

Batteries and fuel cells are similar in the sense that both of them efficiently
convert chemical energy directly into electricity. The difference is that in batteries the
chemical energy has to be stored prior to being consumed and, upon being used up,
the battery must be recharged, while a fuel cell does not require. In theory, a fuel cell
can produce electricity as long as fuel is constantly supplied. The hydrogen feed can
be supplied from a variety of substances if a “fuel reformer” is added to the fuels cell
system. Therefore, hydrogen can be obtained from hydrocarbon fuel such as natural

gas or alcohols such as methanol or ethanol

Fuel cells can be classified by type of electrolyte used in the cell. The
following fuel cells are listed in the order of operating temperature (Larinie et al.,
2000; Hirschenhofe et al., 1998):

Alkaline Fuel Cell (AFC)

Proton Exchange Membrane (PEM)
Phosphoric Acid Fuel Cell (PAFC)
Molten Carbonate Fuel Cell (MCFC)
Solid Oxide Fuel Cell (SOFC)

o M P

Table 2.1 summarizes general characteristics of the different fuel cells and

following paragraphs provide thus brief descriptions.

Alkaline Fuel Cell (AFC)

This type of fuel cell was employed as the on-board power system for the
Apollo lunar program. Its success has simulated the restart of the interest in the fuel
cell technology. In this type, a concentrated solution of potassium hydroxide acts as
electrolyte and coolant. It conducts hydroxyl ions (OH") from the cathode to the
anode. The disadvantage of this fuel cell type is that it is easily poisoned by carbon
dioxide (CO,) because it reacts with hydroxyl ions (OH") to form carbonate ions

(COs%), destroying the electrolyte. It is necessary to purify both hydrogen and oxygen



used in the cell, this purification process is costly. Susceptibility to poisoning also
affects the cell’s lifetime, further adding to cost.

Proton Exchange Membrane (PEM) Fuel Cells or Polymer Electrolyte

Membrane Fuel Cell

Their advantages are low weight and volume, compared with others. The
electrolyte is solid polymer and porous carbon electrodes containing a platinum
catalyst. To work, the electrolyte membrane must be saturated with water to conduct
protons from the anode side to the cathode side. This limits the available span of
operation temperatures; typical temperature is 353 K. Low temperature operation
allows them to start quickly (less warm-up time). However, a highly active noble-
metal catalyst (typically platinum) must be used to separate the hydrogen’s electron
and proton, adding the system’s cost. The platinum catalyst is also extremely sensitive
to carbon monoxide (CO) poisoning, making it necessary to employ an additional
reactor to reduce CO in the fuel gas if hydrogen is derived from an alcohol or
hydrocarbon fuel. Developers are currently exploring platinum/ruthenium (Pt/Ru)
catalysts that are more resistive to CO.
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Fig.2.2 Alkaline Fuel Cell (AFC) Fig.2.3 Proton Exchange Membrane

(PEM)



Phosphoric Acid Fuel Cell (PAFC)

PAFC was the first commercial fuel cell found its application on widespread
terrestrial use. PAFC uses ortho-phosphoric acid, H3PO,, for its electrolyte. Anode
and cathode are mode of graphite with a platinum catalyst, and operating temperature
IS 423-493 K. PAFC is more tolerant of impurities in the fuel than PEM, which is
easily “poisoned” by carbon monoxide — carbon monoxide binds to the platinum
catalyst at the anode, thus decreasing the fuel cell’s efficiency. PAFC is less powerful
than other fuel cells, given the same weight and volume. As the result, these fuel cells
are typically large and heavy.

Molten Carbonate Fuel Cell (MCFC)

MCFC has an electrolyte made of a molten carbonate salt such as KLiCO:s.
The anode is porous nickel while the cathode consists of nickel oxide (NiO) and
lithium oxide (Li>O) because they operate at extremely high temperatures of 923 K or
above, non-precious metals can be used as catalysts, thus reducing costs. Unlike other
fuel cells, MCFC does not require an external reformer to convert more energy-dense
fuels to hydrogen. Due to the high temperatures at which they operate, these fuels are
converted to hydrogen within the fuel cell itself by a process called “internal
reforming”, which also reduce cost. In MCFC it is necessary to supply both oxygen
and carbon dioxide to the cathode to produce carbonate ions (COs*) which are
transported through the electrolyte. If natural gas is used, carbon dioxide is also
produced but at the anode side. It can be separated from the anode exhaust and fed to
the cathode, which is shown in the diagram at below. The salt melt, saturated with

oxygen and carbon dioxide, is extremely corrosive. This limits lifespan of the cell.
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Solid Oxide Fuel Cell (SOEC)

SOFC is operated in the region of high temperature. This means that high
reaction rates can be achieved without expensive catalyst. Moreover fuel can be used
directly or “internally reformed” within the fuel cell, without the need for the separate
unit. SOFC is described in more detail in next section.
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Fig.2.6 Solid Oxide Fuel Cell (SOFC)



Table 2.1 Summary characteristics of different types of fuel cells (Larinie et al., 2000; Aguiar, 2002)

Fuel cell  Temperature Electrolyte Cathode Anode Mobile Reformer  Application Advantage Disadvantage
(K) catalyst catalyst ion
AFC 323-363 e Potassium Pt/Au o Pt/Au OH’ e ER e Military e Cathode reaction faster in o Expensive removal of CO,
hydroxide Pt o Pt e Space alkaline electrolyte so high from fuel and air streams
Ag e Ag performance required
PEM 323-398 ¢ Solid proton- Pt e Pt H* e ER e Electric utility o Solid electrolyte reduces o Low temperature requires
conducting e Pt/Ru e Portable power  corrosion & management expensive catalysts
polymer e Transportation problems ¢ High sensitivity to fuel
o Quick start-up impurities
PAFC 463-483 o Ortho- Pt/Cr/Co e Pt H* e ER e Electric utility e Up to 85% efficiency in » Requires platinum catalyst
phosphoric acid Pt/Ni e Transportation cogeneration of electricity e Low current and power
and heat e Large size/weight
e Can use impure H, as fuel
MCFC 873-973 o Lithium Li/NiO e Ni COs® e ER e Electric utility * High efficiency e High temperature enhances
e Potassium e Ni/Cs * IR e Can use a variety of fuels corrosion and breakdown of
carbonate mixture and catalysts cell components
SOFC 773-1373 o stabilised LaSrMnO; e Ni/ZrO, 0% ¢ ER o Electric utility e High efficiency e High temperature enhances
zirconia oxide H” * IR e Can use a variety of fuels ~ corrosion and breakdown of

and catalysts
e Solid electrolyte reduces
corrosion

e Quick start

cell components
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2.2 Solid Oxide fuel cell (SOFC)

SOFC consists of two porous ceramic electrodes, the anode and the cathode,
separated by a solid ceramic electrolyte. Typical SOFC materials are stabilized
zirconia (Y03 stabilized ZrO,) for electrolyte, nickel/zirconia (Ni-ZrO,) cerment for
anode, and doped lanthanum manganite (Sr-doped LaMnQ3) for cathode (Yamamoto,
2000; Badwal and Foger., 1996). It operates at high temperature (773-1373 K) and
atmospheric or elevated pressure. High temperature operation removes the need for
precious-metal catalyst, thereby reducing cost. It also allows SOFC to reform fuels
internally, which enables the use of a variety of fuels and reduces the cost and size
associated with addition of a reformer to the system. SOFC is also the most sulfur
resistant fuel cell type; they can tolerate several orders of magnitude of sulfur higher
than other fuel cell types. In addition, they are not poisoned by carbon monoxide.
Their efficiency could be up to 80-85 %

Advantages of Solid Oxide Fuel Cell (SOFC)

e SOFC is the most efficient fuel cell for electricity generation among the fuel
cells currently being developed world wide.

e The solid electrolyte eliminates problems of electrolyte containment and
migration and allows for design, that utilizes the electrolyte as a part of the
structural members of the cells

e SOFC can be operated at high temperature. That allows for internal reforming
of gases fuel within. the cells, promotes rapid.Kkinetics with non-precious
materials and produces high quality heat for energy conversion or other uses.

e The SOFC can appear in small-scale stationary applications.

e The SOFC is flexible to use many types of fuel, such as methane, methanol,

ethanol, or gasoline.

Two types of solid electrolytes can be employed in the SOFC, i.e. oxygen ion-
conducting and proton-conducting electrolytes. The difference between both
electrolyte types is the location of the water produced. With the oxygen ion-

conducting electrolyte (see Fig.2.7), water is produced in the reaction mixture in the
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anode chamber. In the case of the proton-conducting electrolyte (see Fig. 2.8), water
appears on the cathode side. The reactions taking place in the anode and the cathode
can be summarized as follows:

« Oxygen ion-conducting electrolyte (SOFC-O%):

Anode: H, + 0° — H,0 + 2e (2.2)
Cathode: 0, +4e — 20% (2.3)

« Proton-conducting electrolyte (SOFC-H™):

Anode: H, — 2H" + 2e” (2.4)
Cathode: 2H" + 1/20, + 2e — H,0 (2.5)
e e
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I H,O
H,0 —:>
Water out Oxidant in Fuel in Water out

Anode Electrolyte Cathode Anode Electrolyte Cathode

Fig. 2.7 Oxygen ion-conducting electrolyte  Fig. 2.8 Proton-conducting electrolyte

When SOFCs are operated with a fuel, suchas hydrocarbon and alcohol, three
modes of operation, i.e. external reforming SOFC (ER-SOFC), indirect internal
reforming SOFC (IIR-SOFC) and direct internal reforming SOFC (DIR-SOFC) as
shown in Fig. 2.9, are possible. For ER-SOFC operation, the endothermic steam
reforming and the electrochemical reactions are operated separately in different units,
and there is no direct heat transfer between both units. High energy supply to the
outside reformer is required due to the high endothermic over this part. In contrast, for
both 1IR-SOFC and DIR-SOFC, the endothermic reaction from the steam reforming
reaction and the exothermic reaction from the oxidation reaction are operated together
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in a single unit. Therefore, the requirement of a separate fuel reformer and energy
supply to this unit can be eliminated. This configuration is expected to simplify the
overall system design, making SOFC more attractive and efficient means of
producing electrical power. For IIR-SOFC, the reforming reaction occurs in the
vicinity of the cell stack. This enables heat transfer from the fuel cell chamber to the
reformer, which leads to energetic economy. However, part of heat may not be
efficiently utilized due to its limited heat transfer rate. For DIR operation, the
reforming reaction takes place at the anode of the fuel cell. Heat and steam released
from the electrochemical reaction upon power generation is effectively used for the
endothermic reforming reaction since both processes take place simultaneously at the
anode. Therefore, in term of energy aspect, DIR-SOFC is more attractive than the
others. It should be noted that state of-the-art SOFC nickel cermet anodes can provide
sufficient activity for the steam reforming and shift reactions without the need for
additional catalysts (Clarke et al., 1997; Dick 1998).

MeOH
(a) External anode
H,O Reformer —
> cathode
Air
MeOH
—_— Reformer 1
(b) H,0 anode
—
|_> cathode
Air
MeOH
d
©) H,0 anode
—]
|_> cathode
Air

Fig. 2.9 Configurations of various SOFC modes (a) ER-SOFC, (b) IIR-SOFC and (c)
DIR-SOFC
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The electromotive force (Eo) of a cell is the difference in the potential of the

two electrodes. Thus, the electromotive force can be represented as follows:

(2.6)

E =22 2.7)

where @, and ¢, are the potentials of the cathode and the anode respectively. The

electrode potential can be calculated from Nernst equation.

The theoretical open-circuit voltage is the maximum voltage that can be
achieved by a fuel cell under specific operating conditions. The operating voltage is
less than the electromotive force because of overpotential. The losses are common to
all types of fuel cells and cannot be eliminated, although temperature, pressure, gas
flow rate and composition, electrode and electrolyte materials, and cell design, all
influence their magnitude. The difference or the voltage drop was resulted from three

major irreversibilities or losses.

V = Eo -(nohm =5 nAct,a =t ’7Act,c + nconc,a + 17C0nc,c ) (28)

where Eq IS open circuit voltage determined by Eq. 2.7 and #; is type of
overpotential in each electrodes

Ohmic Overpotential (Ohm)

Ohmic overpotentials are caused by resistance to conduction-of ions, (through
the electrolyte) electrons, (through the electrode) current, and from contact resistance
between cell components. This voltage drop is important in all types of cells and is

essentially linear and proportional to current density.

Activation Overpotential (Act)

Activation overpotential is controlled by the electrode kinetics at the electrode
surface. This polarization is directly related to the activation barrier that must be
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overcome by the reacting species in order for the electrochemical reaction to occur.
The electrode reaction rate at high temperatures is fast, leading to low activation

polarization as commonly deserved in SOFC.

Concentration Overpotential (Conc)

Concentration overpotential occurs when the fuel is consumed at the
electrode—electrolyte interface, and the gas concentration decreases at the reaction
sites. Concentration polarization becomes an important loss at high current densities

and small fuel concentrations.
2.3 Solid Oxide Fuel Cell System
The simulation program is developed for SOFC system operated with

methanol feed. This system as shown in Fig. 2.9 consists of pre-heaters, a SOFC

stack, a reformer and an after burner. The reformer used is a steam reforming type.

Exhaust gas

at 110°C
Electrical Power
—
Cooling
AIR I
¥ Preheat I » Fuel Cell
L;J KA
&
MeOH
After Burner ¢

Fig.2.9 Solid Oxide Fuel Cell system



15

The assumptions and conditions of model used in the simulation program are
listed as follows:

Steady flow with negligible frictional losses.

Negligible changes of potential and kinetic energies in any process.
The environment is at STP condition, i.e. 298K and 1 atm.
Isothermal processes in the fuel cell

Adiabatic process in afterburner

Default fuel supplying rate is 1 mol s*.

*+ &+ & & & %

Well diffusion at electrode so negligible concentration overpotential.
2.4 Palladium Membrane

Palladium was first identified as a highly hydrogen permeable material in the
19™ century. Palladium purifiers provide <1 ppb purity with any inlet gas quality.
Impurities removed include O, H,O, CO, CO,, N, and all hydrocarbons including
methane (CH,). Normal life expectancy of a palladium membrane purifier is 5 years
and no routine maintenance required. Palladium has better than other material because
of its catalysis surface.

Advantages of using palladium:

e Infinite hydrogen selectivity
e Temperature stability

e Corrosion resistance
The Mechanism of Hydrogen Diffusion

The mechanism of hydrogen diffusion involves a series of steps: (1)
adsorption, (2) dissociation, (3) ionization, (4) diffusion, (5) recombination and (6)
desorption. Several molecules of hydrogen and nitrogen atoms are on the metal
surface. Within the metal, hydrogen loses its electron to the palladium structure and
diffuses through the membrane as an ion (or proton). At the exit surface the reverse
process occurs. Only hydrogen appears to possess the ability to diffuse through

palladium or palladium alloys. Assuming no pinholes or micro-cracks, the hydrogen
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issuing from the low-pressure side of a membrane may be looked upon as a standard

of absolute purity. Attempts to detect the presence of impurities show only traces in
the parts-per-billion range.
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Fig. 2.10 Mechanism of Hydrogen diffusion in palladium membrane (From
http://www.matthey.com)



CHAPTER I

LITERATURE REVIEWS

3.1 Fuel cell

Fuel cells continue to be the subject of extensive research and development.
To provide the resources for R&D work, both public and private funds are being
employed. Currently, the U.S. Department of Energy’s Solid State Energy
Convergence Alliance program (SECA) is funding the development of solid oxide
fuel cell technology for both stationary power and auxiliary power applications
(Williams et al., 2005). The program is divided into three phases, and following each
phase, testing is performed to ensure that progress is being made toward the goal of a
viable commercial unit having power in the range of 3-10 kW and a cost less than
$400 kW™,

The fuel source can also affect cell lifetime. Sulfur compounds are contained
in most commercial fuels. Matsuzaki and Yasuda (2000) showed that nickel anodes
for SOFC’s can be poisoned by such sulfur-gas to different amounts depending on
time, temperature and impurity concentration. However, Aguilar et al. (2004) showed
that degradation of SOFC’s operated on sulfur containing fuels can be potentially

improved with advances in new anode material.
3.2 Methanol steam reforming

The reactions._ involved in the production of hydrogen from the steam
reforming of methanol can be‘represented by the widely accepted decomposition-shift

mechanisms (Amphlett et al., 1981).

CH30OH — 2H,+ CO (3.1)
CO+H,O—H,+ CO, (32)
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Early studies (Amphlett et al., 1988) showed that when in thermodynamic
equilibrium the system contains only five species with noticeable concentration,
namely: methanol, carbon monoxide, carbon dioxide, hydrogen and water. Recent
work by Lwin et al. (2000) also confirmed that the equilibrium composition of other
higher molecular weight compounds such as formaldehyde, methyl formate and
formic acid are negligible. It was revealed, however, that methane formation

according to Eg. (3.3) needed to be included in the calculation

CO + 3H; — CH; + H0 (3.3)

Hydrogen for use in fuel cells in typically generated in a fuel processor from
available fuels (C,HmOp) by means of the reforming reaction. The reforming
efficiency is correlated with the fuel properties to show that it depends on the values
of “m” and “n”, and on the heat of formation of the feed. Ahmed et al. (2001) found
that the steam reforming process yields the highest hydrogen concentration in the

product.

Rostrup-Nielsen (2001) found that methanol reforming over Cu/Zn/Al catalyst
mainly used for small hydrogen plants. The amount of heat required per mole of
hydrogen is far less than steam reforming of natural gas and equipment becomes

much cheaper.

3.3 Coke Formation

Although the steam reforming of methanol for hydrogen production is feasible
from a thermodynamic point of view, a major consideration is carbon formation in the
system. Appropriate operating conditions must be employed to avoid damage from
carbon deposition such as catalyst deactivation in the reformer or anode deactivation
in a SOFC with an internal reformer. The formation of carbon leads to loss of system

performance and poor durability (Clarke et al., 1997).

Coke formation is the major problem of steam reforming reaction. There have

many methods to control this problem, for example: ensemble size control reduced by
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adsorbing controlled amounts of sulfur on the nickel surface has been found to be
very effective of controlling coking. Small amounts of tin reduce coking very
significantly and the use of rare earth oxides as supports can also reduce coking
(Trimm, 1999).

Addition of molybdenum and cerium metal oxides to the Ni-based anode was
reported to reduce carbon deposition, and in some cases, to increase fuel conversion
(Finnerty and Ormerod, 2000). The addition of alkalis such as potassium can
accelerate the reaction of carbon with steam and also neutralize the acidity of the
catalyst support, hence reducing carbon deposition (Finnerty et al., 1998).

To avoid carbon formation, work at University of Pennsylvania, has focused
on replacing Ni with catalytically inert Cu. Furthermore, the fabrication of Cu-based
anodes has required the development of new synthetic methods, different from those
used to produce Ni ceramic-metallic (cermet) composites, because CuO and Cu,O

melt at the temperatures required for processing YSZ (Gorte et al., 2000) .

Lwin et al. (2000) re-examined the steam reforming of methanol by the
method of direct minimization of Gibbs free energy at temperatures in the range of
360 to 573 K and a H,O: MeOH feed ratio of 0 to 1.5. It was found that the formation
of carbon and methane was thermodynamically favoured and reduced both the
quantity and the quality of the hydrogen produced. Undesired products such as
dimethy! ether occurred at low temperatures and low H,O: MeOH feed ratios.

For the steam reforming, addition of extra steam to the feed is a conventional
approach to avoid carbon deposition. Selection of a suitable steam/hydrocarbon ratio
becomes an important issue. Carbon formation can occur when the SOFC is operated
at low steam/hydrocarbon ratio. However, use of high steam/hydrocarbon ratio is
unattractive as it lowers the electrical efficiency of the SOFC by steam dilution of fuel

and the system efficiency (Park, et al., 2000).

In selection of suitable steam to fuel ratio can be an alternative for avoid in the
coke formation problem. Methanol has the least steam to fuel ratio compared with

ethanol, methane and gasoline (Douvartzides et al., 2003(b)). For all cases, the
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required steam per fuel ratio for avoiding coke formation is decreased when
temperature operating is increased and the effect of hydrogen consumption depends

on the types of electrolytes (Lwin et al., 2000).
3.4 Fuel cell system analysis

The efficiency of SOFC system and electromotive force (EMF) are function of
the amount of carbon atoms of the fuel as well as of the operating temperature. The
steam to fuel ratio has been adjusted to be low enough so as to ensure optimal
conditions in the SOFC operation but high enough to avoid carbon formation
(Coutelieris et al., 2003).

Mathematic modeling is an essential tool for the design of SOFC system. For
intermediate temperature direct internal reforming (IT DIR-SOFC); cathode activation
overpotentials represent the major sources of voltage loss for co-flow operated at
steady state condition (Aguiar et al., 2004). Comparison of steady state and dynamic
models at same condition showed good agreement between both models in terms of
the overall performance. However the discrepancies between the two models increase,
especially in the fuel channel when higher current density values are assigned to the
cell (lora et al., 2005). Considering a steady state model of I1IR-SOFC (indirect
internal solid oxide fuel cell), the results have shown that a local cooling of heat,
undesirable for ceramic fuel cells, appears close to the reformer entrance. Increasing
the operating pressure is shown to be an effective way of reducing both the local
cooling (Aguiar et al., 2002). For internal reformer, the operating conditions such as
fuel recirculation, fuel inlet temperature, air circulation and air inlet temperature have
considerable effects on the exhaust temperature but a slight effect on the efficiency
(Nagata et al., 2000). A simulation model for the Intergrated Planar Solid Oxide Fuel
Cell (IT-SOFC) showed that activation overpotential is the major source of voltage
drops and vary with current density and anode thickness but inverse to hydrogen

molar fraction (Costamagna et al., 2004)

Demin and Tsiakaras (2001) showed that efficiency of SOFC with hydrogen
conducting (SOFC-H") is higher than SOFC with oxygen conducting (SOFC-0?). It
was also estimated that SOFC-H" efficiency at 1000 K is about 70% when it runs at
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60% of its maximum power, whereas the practically reachable SOFC-O? efficiency
under the above mentioned conditions is less than 55%. Then they used ethanol as
fuel and found that efficiency of SOFC is about 20% less than the maximum SOFC
system efficiency in the previous case. When temperature is increased, SOFC system
efficiency is decreased (Tsiakaras and Demin, 2001). In some cases, ethanol can be
operated at low temperature (933-1073 K) with complete oxidation (Galvia et al.,
2002). The products from that process at higher temperature (1073 K) facilitated
synthesis gas production. Thermodynamic analysis of methane fed SOFC-H" system
is preformed. It was stated that the fuel utilization depends on H,O/CH4 mole ratio in
the feeding fuel mixture and has a mixture at the ratio about 2.6 and maximum
efficiency of SOFC-H" system is about 15% higher than of SOFC system based on
SOFC-0O% (Demin et al., 2002).

The special case of ion transport in the co-ionic electrolyte was analyzed. It
was shown that partial ion current does not correspond to ion transfer numbers. It was
established that the maximum achievable efficiency of a hydrogen-fed SOFC based
on the co-ionic electrolyte with proton transfer number of 0.5, is 0.78 at 1173 whereas
the efficiency is 0.62 when the SOFC works at 70% of its maximum power (Demin et
al., 2004).

System efficiencies can be considered into 2 types; i.e. energetic method (1%
laws efficiency) and exergetic method (2" laws efficiency). Both of them are
considered for performance analysis. The results obtained from natural gas reforming
thermodynamics simulation indicates that SOFC is more efficient than MCFC
(Molten Carbonate Fuel Cell) and the carbon dioxide emission of SOFC is lower than
MCFC one ( Matelli and Bazzo, 2004). Energy conversion efficiency of ethanol into
electricity was maximized considering. a SOFC power plant with ethanol steam
reforming, an after burner, a vaporizer and two heat exchangers based on
mathematical model. The exergy analysis was applied to provide design criteria in
terms of the temperature of the reforming and preheating (Douvartzides et al.,
2003(a)). In the same system, methane-fed SOFC presents higher 1% law efficiency
and 2" law efficiency than ethanol-fed SOFC (Douvartzides et al., 2004; Bedringas et
al., 1997).
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Braun, et al. (2005) considered combined heat and power (CHP) solid oxide
fuel cell. The results indicated that maximum efficiency is achieved when cathode and
anode gas recirculation is used along with internal reforming of methane. System
electric efficiencies of 40% HHV (45% LHV) and combined heat and power
efficiencies of 79% (88% LHYV) are described. The amount of heat loss from small-
scale SOFC systems is included in the analyses and can have an adverse impact on
CHP efficiency. Performance comparisons of hydrogen-fueled versus methane-fueled
SOFC systems are also given. The comparisons indicated that hydrogen-based SOFC
systems do not offer efficiency performance advantages over methane-fueled SOFC
systems.

3.5 Pd membrane

The hydrogen permeability of palladium increases with temperature because
the endothermic activation energy for diffusion dominates the exothermic adsorption
of hydrogen on palladium. Buxbaum, et al. (2002) found that conversion of methanol
steam reforming in palladium membrane reactor decreased with increasing reforming
pressure but percentage of hydrogen recovery was increased. If oxygen is added to the
hydrogen supply upstream side, hydrogen permeation decreases due to the efficient
catalytic formation of water on the surface of the palladium membrane. When adding
oxygen on the other side, permeated hydrogen will react with oxygen to form water,
lowering the hydrogen partial pressure on the downstream side close to zero and
consequently the effective hydrogen permeation rate increases. (Amanduson et al.,
1999)

Latter et al. 2004 studied the benefit of Pd membrane in polymer exchange
membrane (PEM)- fuel cell system. They found that the main advantages of a
palladium membrane reactor are (i) a reduction in the fuel processor volume, (ii) a
small improvement in the overall system efficiency due to elimination of hydrogen
losses in the PrOx step and (iii) the use of a steam sweep for the permeate provides a

pre-humidified anode feed gas.



CHAPTER IV

DETERMINATION OF BOUNDARY OF CARBON FORMATION
FOR SOFC WITH DIFFERENT ELECTROLYTE TYPE

Summary

A detailed thermodynamic analysis is undertaken for carbon formation in a
solid oxide fuel cell (SOFC) with a direct internal reformer (DIR) fuelled by methanol.
Two types of fuel cell electrolyte, i.e. oxygen ion and proton-conducting, are
considered. Equilibrium calculations are performed to find the range of inlet steam:
methanol (H,O: MeOH) ratio where carbon formation is thermodynamically
unfavourable in the temperature range of 500 to 1200 K. The key parameters that
determine the boundary of carbon formation are temperature, type of solid electrolyte,
and the extent of the electrochemical reaction of hydrogen. The minimum H,O:
MeOH ratio for which carbon formation is thermodynamically unfavoured decreases
with increasing temperature. Comparison between the two types of electrolyte reveals
that the proton-conducting electrolyte is not attractive for use in term of the tendency

of carbon formation.
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4.1 Calculation of the converted mole of methanol steam reforming

The methanol steam reforming to produce hydrogen can be represented by

widely accepted decomposition-shift mechanisms (Amphlett et al., 1981):

CHOH — 2H,+CO (3.1)
CO+H,0 ——= H,+CO; (3.2)

The methanol steam reforming reaction produces gas mixture in
thermodynamic equilibrium. It contains only five components which are carbon
monoxide, carbon dioxide, hydrogen, water and methane. Lwin et al. (2000)
confirmed that the equilibrium compositions of other higher molecular weight
compounds such as formaldehyde, methyl formate and formic acid are negligible. It
was revealed, however, that methane formation according to Eg. (3.3) needed to be

included in the calculation.

COff 3H———>==-6H, #1H,0 (3.3)

When the SOFC is operated with an internal reformer, part of the proton
produced is consumed by the electrochemical reaction with oxygen producing water
and electricity. Two types of solid electrolyte can be employed in SOFC operation,
via, oxygen ion and proton-conducting electrolytes. An oxygen ion-conducting
electrolyte is common for the use in SOFCs, while a proton-conducting electrolyte is
normally used in low-temperature fuel cells (e.g., PEM and PAFC). It should be noted
that some types of proton-conducting electrolyte are not classified as solid oxides and
the term ‘ceramic fuel cell’ is-more preferable in these cases. The difference between
both types of electrolyte is the location at which the water is produced. With an
oxygen ion-conducting electrolyte, water is produced in the reaction mixture in the
anode chamber. By contrast, with a proton-conducting electrolyte, water appears on
the cathode side. In this work, a SOFC with a proton-conducting electrolyte is studied
as an alternative approach and is used for comparison purposes. The number of moles

of each component is given by the following expressions:



Hence

where

Myon =&~ X,

Ny, =X,

N =X —X, =X,

Neo, =X,

n,, =2X +X, =3%X;,-C

n,, =2X +X, =3%X;,-C
N0 =b+C—X, +X,

Nyo =0—X, +X,

n

tot

n; is mol of substance i
a is inlet mole of methanol

b is inlet mole of water

=a+b+2x -2X,

=a+b—-Cc+2X —-2X,
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(for SOFC-0?)
(for SOFC-H")
(for SOFC-0%)

(for SOFC-H")

(for SOFC-0%)
(for SOFC-H")

c is extent of the electrochemical reaction of hydrogen

X; Is the converted moles associated to the reactions (3.1) to (3.3),

respectively

The equilibrium constants (K) whose values can be determined from the

change in Gibb’s free energy of the reaction can be expressed as follows (more details

are given in App. B):

_ P, Peo

1
p MtOH

K

(4.1)
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2X, + X, =3X, —C i X, — X, — X,
K _{a+b+2x,—2x3j (a+b+2x1—2xj
b a—X
[a+b+2x1—2x3j
2X, + X, —=3X,—C ’ X, =X, =X,
_(a+b+2xl—2x3—cj (a+b+2x1—2x3—cj (4.2ii)

b a—x
a+b+2x -2x,-c

(4.2i)

KZ — sz pCOZ (43)
pco szo
(2x+x2—3x3—c][ X, )

K. 4 a+b+2x —2x, \ a+b+2x, —2Xx, (4.4i)

’ X, = X, =X, b+c—x, =X,
a+b+2x —2x, la+b+2x —2x,
( 2X+ X, =3X, —C j[ X, j
K - a+b+2x,—-2x,—c fa+b+2x -2x,-¢C (4.4ii)

¢ X, — X, — X, b+c—x,=Xx,
a+b+2x,—2x,—c fa+b+2x, —2x,-¢C

K, = Pers P (45)
pCO pHZ
X, b+c—X, =X,
a+b+2x -2x,\ a+b+2x —2x, )
K, = (4.61)

’ X, — X, = X, 2X, + X, =3X, —¢C 3
a+b+2x -2x, \ a+b+2x —2x,
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X, b+c—-x, —X,
a+b+2x,-2x,-c la+b+2x -2x,-¢C .
K, = - (4.6i1)
X, — X, — X, 2X, + X, —3X, —C
a+b+2x -2x,-c la+b+2x, -2x,—-¢C

where i and ii represented oxygen ion-conducting electrolyte and proton-

conducting respectively.

System of non-linear equations was solved by developing a Matlab program

using the Newton’s method as a solving algorithm (See Appendix C).

4.2 Determining of boundary of carbon formation

The following four reactions are the most probable reactions that lead to

carbon formation in reaction systems.

2C0 — CO,+C (4.7)

CH, — 2H,+C (4.8)
CO+H; —= H0+C (4.9)
CO,+2H, —> 2H,0+C (4.10)

At low temperature, the reactions (Egs. 4.9 and 4.10) are favourable while the
reaction (4.8) is thermodynamically unfavoured. The Boudard reaction (Eq. 4.7) and
the decomposition of methane (Eqg. 4.8) are the major pathways for carbon formation
at high temperature as they show: the largest change in Gibbs energy. It should be
noted that due to the exothermic ‘nature of the water—gas shift reaction and the
methanation reaction amount of CO becomes significant at high temperature (Brown
et.al., 2001 ). The reactions give by Egs. (4.7) and (4.8) are employed to examine the
thermodynamic possibility of carbon formation. The carbon activities, defined in Egs.

(4.11) to (4.14), are used to determine the possibility of carbon formation.

2
o, =K, Peo 4.11)
1 1 pC02
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pCH4

aCz = |<C2 p2 (412)
Ha
o.. =K, Peo Py (4.13)
3 3 szo
Peo, Py
a., =K, —°;22 b (4.14)
H,0

Where K; is the equilibrium constant of the reaction (4.7) to (4.10)
respectively

pi is the partial pressure of component i

When ac > 1, the system is not in equilibrium and carbon formation is
observed. The system is at equilibrium when ac = 1. Finally when ac < 1 carbon
formation is thermodynamically impossible. It is noted that the amount of carbon in
the system cannot be directly interpreted from the carbon activities. The latter are
employed only as indicators of carbon formation. To find the range of SOFC
operation that does not suffer from the formation of carbon, the operating temperature
and the extent of the electrochemical reaction of hydrogen are specified. Then, the
initial value of the water per methanol ratio is varied and the corresponding value of
ac is calculated. “The boundary of carbon formation” is defined as the water per
methanol ratio that has a value of (1—ac) close to zero. This value represents the
minimum water per methanol ratio in the initial system at which carbon formation in
the equilibrium mixture is thermodynamically impossible. It should be noted that
other factors such as mass and heat transfer or the rate of reactions may also affect the
prediction of the carbon formation boundary. Local compositions that allow carbon
formation may. exist, although such formation -is unfavourable according to the
calculation based on the equilibrium bulk compositions. In addition, it should be
noted that although recent investigators estimated the carbon concentration in steam
reforming reactions by the method of Gibbs energy minimization, the simple principle
of equilibrated gas to predict carbon formation used in this study is still meaningful.
This is because the calculation is carried out to find the boundary of carbon formation

where the carbon just begins to form
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4.3 Results and Discussion

4.3.1 Effect of the extent of hydrogen consumption on anode components

In the DIR operation, hydrogen produced from the reforming reactions
electrochemically reacts with oxygen ion from supplied air, resulting in steam. This
reaction is an important element in electricity production from fuel cell. In this
section, the effects of the extent of hydrogen consumption via this electrochemical
reaction, ¢, on each component at the anode are discussed. Figs. 4.1 and 4.2 show the
results for the fuel cell with the oxygen ion- and proton-conducting electrolytes,

respectively.

For all operating conditions investigated, number of mole of methanol is close
to zero. This is the result from the strong endothermic decomposition reaction (Eq. 3.1)
which is favored at high operating temperature of the SOFCs. For other species, it can
be seen from Figs. 4.1 and 4.2 that the consumption of hydrogen by the
electrochemical reaction affects their equilibrium concentrations. Constant removal of
H, from the system via the electrochemical reaction shifts the equilibrium reactions of
Egs. 3.1 and Eqg. 3.2 in forward direction while Eq. 3.3 in backward direction.
Therefore, the carbon dioxide concentration increases whereas the carbon monoxide
and methane concentrations decrease with an increase in the amount of hydrogen
consumed. It should be noted that the changes in concentrations of those species with
the amount of hydrogen consumed for the proton-conducting electrolyte system are
less pronounced than those for the oxygen ion-conducting electrolyte system. The
main difference between the uses of the oxygen ion- ‘and proton-conducting
electrolytes in SOFCs is the location where the electrochemical reaction mentioned
above takes place. For the oxygen ion-conducting electrolyte system, that reaction
occurs at the anode side. Therefore, the partial pressure of steam, which is the main
product from the reaction, at the anode increases with higher extent of hydrogen
consumption, as shown in Fig. 4.1. On the other hand, by using the proton-conducting
electrolyte, steam is generated at the cathode side. The amount of steam in the anode
slightly decreases with the higher extent of hydrogen consumption, as shown in Fig.
4.2, because the disappearance of hydrogen in the anode shifts the reactions that

consume steam forward.
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4.3.2 Effect of hydrogen consumption on carbon formation

Theoretically, the excess inlet steam reacts with carbon monoxide to form
carbon dioxide according to the water-gas shift reaction (Eq. 3.2) and, in addition,
helps preventing the formation of methane (Eq. 3.3). The increase in carbon dioxide
concentration and the decrease in methane concentration subsequently prevent the
possible carbon formation by the Boudard reaction (Eq. 4.7) and by the
decomposition of methane (Eq. 4.8), respectively. Therefore, the formation of carbon
is less likely in the oxygen ion-conducting electrolyte system because of the extra
steam generated from the electrochemical reaction between hydrogen and oxygen ions
at the anode side. Figs. 4.3(a) and 4.3(b) show the amount of each species in the
anode side when the oxygen ion-conducting electrolyte is employed with ¢ = 0 and
1.5 mol, respectively. It is evident, especially for the case of ¢ = 0, that more carbon
monoxide is converted to carbon dioxide when greater amount of steam is supplied to
the system. Moreover, higher concentration of carbon dioxide is observed when the
extent of the hydrogen consumption (c) is increased. The extra steam produced from
the electrochemical reaction between hydrogen and oxygen ions enhances the water-
gas shift reaction and retards the methanation reaction. Therefore, increasing the inlet
H,0: MeOH ratio in such system (i.e. when ¢ = 1.5) decreases the amount of carbon

monoxide and methane in the system.

The boundary of carbon formation, the minimum inlet H,O: MeOH ratio at
which the formation of carbon is thermodynamically unfavored, is represented in Figs.
4.4 and 4.5. The lines in :the plots -indicate the systemin which carbon is in
equilibrium with other species. In the region above the equilibrium line, carbon
formation s thermodynamically-impossible. Generally, the, higher. the temperature,
the lower the boundary ‘of carbon formation has found. This is the result from the

decreasing ofacl, at high operating temperature, as the Boudard reaction (Eq. 4.7) is

exothermic, and, in addition, the methane concentration at high temperature is small
because of the strong exothermic methanation reaction. Therefore, increasing the
SOFC operating temperature is one possibility to prevent carbon formation at the
anode; however, the cost of high temperature materials and the problem of cell sealing

must also be considered.
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For the oxygen ion-conducting electrolyte system, the higher extent of
hydrogen consumption (increasing of c) results in a decrease of the carbon formation
boundary, as shown in Fig. 4.4. This is the result from the presence of extra steam
from the electrochemical reaction as discussed earlier. It can be seen that the extent of
this electrochemical reaction significantly affects the boundary of carbon formation.
By using the same inlet H,O: MeOH ratio, the system can be operated, without carbon
formation, at remarkably lower temperature when the extent of hydrogen
consumption is slightly increased. In the other words, the possibility of carbon
formation on the anode of the SOFCs with the oxygen ion-conducting electrolyte is
dramatically decreased if the electrochemical reaction between the generated

hydrogen and supplied oxygen is maintained.

On the other hand, for the proton-conducting electrolyte system, a higher inlet
H,0: MeOH ratio is required to prevent possible carbon formation, as shown in Fig.
4.5. Higher amount of carbon monoxide and methane resides in the system while less
carbon dioxide is produced from the water-gas shift reaction when the proton-
conducting electrolyte is used, as shown earlier in Fig. 4.2. For the proton-conducting
electrolyte, an increase in the extent of the electrochemical reaction of hydrogen (c)
significantly demands higher inlet H,O: MeOH ratio required to prevent carbon
formation, especially at low operating temperature. This effect diminishes when the
operating temperature is higher than 1173 K. Nevertheless, it is obvious that the
oxygen ion-conducting electrolyte is more preferable due to the lesser tendency for

carbon formation.
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The great benefit of the internal reforming operation is the coupling of the
endothermic reforming reaction and the exothermic electrochemical reaction in a
single unit. This coupling process is called an autothermal operation, which provides a
thermal efficient approach for heat integration in SOFC. Another advantage of the
DIR operation is reduction of the inlet steam requirement, as extra steam is supplied
from the anode electrochemical reaction. The DIR operation must be carefully
controlled during the start-up period, since the steam generated from the
electrochemical reaction is expected to be less. Another advantage of using methanol
as the fuel is reduction of the high-operating temperature requirement, because this
component is easily reformed at low temperature. As described above, although direct
internal reforming is expected to simplify the overall system design, this operation is
not easy to achieve due to local mismatch between the rates of the endothermic and
the exothermic reactions. This can lead to a significant reduction in the local
temperature close to the entrance of the anode, which can result in possible carbon
formation and also in mechanical failure due to thermally induced stresses. Therefore,
this difficulty must also be considered as well as the mass transfer and heat transfer
problems when using DIR in a SOFC. The impact of a SOFC-DIR with a proton-
conducting electrolyte is comparable with membrane reactor operation in which
hydrogen is removed from the system. Consequently, without careful control, carbon
formation can be easily formed and result in possible catalyst or system damage. A
higher inlet steam: carbon ratio could reduce this problem, but the additional energy

requirement for water evaporation must then be considered.

4.4 Conclusions

A theoretical thermodynamic analysis has been performed to predict the
boundary of carbon formation for a SOFC with direct internal reforming when
methanol was used as fuel. The results indicate that carbon formation can be
prevented by either increasing the inlet H,O: MeOH ratio or by increasing the
operating temperature. A comparison between the proton- and the oxygen ion-
conducting electrolyte system shows that carbon formation in the latter system is less
likely due to the extra steam that is produced from the electrochemical reaction of

hydrogen at the anode.



CHAPTER V

THEORETICAL PERFORMANCE ANALYSIS OF SOFC WITH
DIFFERENT ELECTROLYTE TYPE

Summary

Performances of methanol-fuelled solid oxide fuel cells (SOFCs) with
different types of electrolyte (i.e., oxygen ion- and proton-conducting electrolytes)
and flow patterns (i.e., plug flow (PF) and mixed flow (MF)) were investigated.
Although it was demonstrated earlier that, under the same inlet steam: methane ratio,
an SOFC with a proton-conducting electrolyte (SOFC-H") thermodynamically offers
higher efficiency than one with an oxygen ion-conducting electrolyte (SOFC-0%), the
benefit of a lower steam requirement for the SOFC-O?" was not taken into account.
Therefore, this study attempts to consider the benefit of differences in the steam
requirement on the performance of SOFCs operated with different electrolytes and
flow patterns. The efficiencies under the best conditions are compared in the
temperature range of 900-1300 K. It is found that the maximum efficiencies decrease
with increasing temperature and follow the sequence: SOFC-H" (PF) > SOFC-0O*"
(PF) > SOFC-H* (MF) > SOFC-0* (MF). The corresponding inlet H,O: MeOH ratios
are at the carbon formation boundary for the SOFC-O” electrolyte, but are about 1.3—
1.5 times the stoichiometric ratio for the SOFC-H". It is clearly demonstrated that the
PF mode is superior to the ' MF mode and that, although the benefit from the lower
steam requirement is realized for the SOFC-O?", the use of the proton-conducting
electrolyte in the SOFCs is more promising.
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5.1 Electrochemical reaction

In simple concept of fuel cell, electrochemical reaction is based on the simple

combustion of hydrogen given by Eqg. 5.1.

2H,+0, — 2H,0 (51)

An electrochemical reaction is a reaction involving the transfer of charge as a
part of a chemical reaction. The mechanism of this reaction is depended on
electrolyte types. Two types of solid electrolytes can be employed in the SOFC, i.e.
oxygen ion- and proton-conducting electrolytes. The reactions taking place in the
anode and the cathode can be summarized as given earlier in Chapter 2. The
difference between both electrolyte types is the location of the water produced. With
the oxygen ion-conducting electrolyte, water is produced in the reaction mixture in
the anode chamber. In the case of the proton-conducting electrolyte, water appears on

the cathode side.

5.2 Theoretical performance

The electromotive force (Eo) of a cell is the difference in the potential of the

two electrodes. Thus, the electromotive force can be represented as follows:

E, = |o.—9. (5.2)
AG

E = 5.3

- (5.3)

Where @, and ¢, are the potentials of the cathode and the anode respectively,

the electrode potential can be calculated from Nernst equation (Eqg.5.3). Because the
electrochemical reactions at the electrodes are different, depending on the electrolyte
type, the potential can be expressed as follows:
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» Oxygen ion-conducting electrolyte:

§0=E|n Pro, (5.4)
* Proton-conducting electrolyte:
RT
(/’=E|n v (5.5)
Where pri is the relative partial pressure of component i (&)

R is the universal gas constant
T is absolute temperature

F is Faraday constant

For SOFC-O?", the partial pressure of oxygen in the cathode chamber is
calculated from its mole fraction, while the following equation is used to determine

the partial pressure of oxygen in the anode chamber.

Puo
=—2 5.6
pOz "<p2H2 ( )

For the SOFC-H", the partial pressure of hydrogen in the anode chamber is
calculated from its mole fraction, while the partial pressure of hydrogen in the cathode

is given by:

sz
sz = 1/02 (5'7)
Kp02

In Egs. (5.6) and (5.7), K is the equilibrium constant of the hydrogen oxidation
reaction. Regarding the possible SOFC configurations, gas flow within the flow
channels of the SOFC stack can be classified broadly into two ideal flow patterns, i.e.,
plug flow (PF) and mixed flow (MF). The former is characterized by the fact that the

gas mixture moves orderly through the channel with no element of the gas mixing
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with any other element ahead or behind, whereas with mixed flow the contents are
well-mixed and uniform throughout. Although most typical SOFC are operated under
a condition close to the PF mode, the MF mode can be realized by using a high
recycle rate. In the PF mode, the electromotive force (Eo) changes along the SOFC
stack due to the distribution of gas compositions along the flow channels in both the
anode and the cathode sections.

The average electromotive force ( E ) can be obtained from numerical
integration of the gas distribution along the stack. To simplify the calculation, the gas
compositions at the anode are assumed to reach their equilibrium compositions along
the stack. The calculation procedures of the equilibrium compositions in SOFC have

been described in previous chapter.

When current is drawn from the SOFC cell, the maximum electrical work (W)
produced by the SOFC and the SOFC efficiency (Eff) defined as the ratio of the
maximum conversion of the chemical energy of the fuel fed in the SOFC system to
electrical work, are calculated from Eqgs.(5.8) and (5.9), respectively.

W =gE (5.8)

qE

0

% 100% (5.9)

Where q is the electrical charge passing through the electrolyte and-AH? is the
lower heating value (LHV) of methanol at the standard condition.

It should be noted that the assumption of the equilibrium state of gas
compositions along the flow channel may be reasonable because the rates of methanol
steam-reforming and the water gas shift reaction are fast, particularly at high
temperature and the conversion of methanol from the methanol steam-reforming
always close to 100 % when the operating temperature above 573K is applied (Wild
and Verhaak, 2000).
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Moreover, at 1173 K, methanol steam-reforming has been reported to occur
homogenously and reach equilibrium. Deviation from this equilibrium condition
would result in lower values of the electromotive force and the efficiency of SOFCs
as less hydrogen would be generated in the anode chamber to compensate for the

hydrogen consumed by the electrochemical reaction.

5.3 Results and Discussion

5.3.1 Effect of fuel utilization on theoretical performance

The efficiency and electromotive force at different fuel utilizations for
methanol-fuelled SOFCs with different electrolyte types and flow patterns are shown
in Fig. 5.1. The inlet steam: methanol (H,O: MeOH) ratio is at the stoichiometric
value of 1 for all SOFCs. The fuel utilization, Uy, is defined as the moles of hydrogen
consumed by the electrochemical reaction divided by the maximum moles of
hydrogen produced from the methanol steam-reforming (3 mol of hydrogen per 1 mol
of methanol). As can be seen from Fig. 5.1(a), efficiencies increase with increasing
fuel utilization for all SOFCs because more hydrogen is utilized for electrical power
production. At high fuel utilization, however, the efficiencies of the SOFCs with the
MF mode decrease, which corresponds to a sharp drop in the electromotive force
observed in the MF mode (Fig. 5.1(b)). Although it is typical that the electromotive
force decreases with increasing fuel utilization as the hydrogen partial pressure
becomes smaller at higher fuel utilization, the flow characteristics of the PF mode
allow the electromotive force to decrease gradually along the flow channel.
Consequently, the PF mode provides a higher average electromotive force than the
MF mode in which the electromotive force is at its minimum value over the entire cell
area. It should be noted that although both ideal flow modes are not achieved in real
operations, experimental SOFC using tubular and planar cells show behavior close to

the PF and MF modes, respectively.

The results in Fig. 5.1 also show that the SOFC-H" offers higher efficiency
than the SOFC-O* for both flow pattern modes. This is in good agreement with
previous results obtained for SOFCs fuelled by hydrogen (Demin, et al., 2001) and
methane (Demin, et al., 2002). The electrolyte type plays an important role on the
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value of the hydrogen partial pressure in the anode side and, therefore, on the
electromotive force and efficiency of the SOFC. The partial pressure of hydrogen for
the SOFC-H" is relatively higher than that for the SOFC-O? because the water
generated from the electrochemical reaction is present and acts as an inert gas at the
anode side for the SOFC-O?", whereas it appears at the cathode side for the SOFC-H".
It is noted that when pure hydrogen is fed to the anode, the mole fraction of hydrogen
in the anode chamber is always unity along the cell length for the SOFC-H".

According to the above analysis for SOFCs with different electrolyte types
and flow patterns under the same inlet H,O: MeOH ratio, is demonstrated that the
SOFC with the proton-conducting electrolyte operated under the PF mode (SOFC-H*

(PF)) is the most favorable choice.
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Fig.5.1 Performance of SOFC-O% and SOFC-H" operated under plug flow (PF) and
mixed flow (MF): (a) efficiency; (b) electromotive force (inlet H,O: MeOH =

1, T=1173 K, P =1 atm)
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5.3.2 Effect of inlet mole ratio on theoretical performance

In previous chapter it was shown that the steam requirement to operate the
SOFC without carbon formation for the SOFCO”"is lower than that of the SOFC-H".
Thus, it is important to take into account this benefit in efficiency comparisons
between different SOFCs. The effect of the inlet H,O: MeOH ratio on the efficiency
and electromotive force of the SOFC at the fuel utilizations of 90 % (solid lines) and
99 % (dashed lines) is presented in Fig. 5.2. The minimum inlet H,O: MeOH ratios
represent values at the carbon formation boundary. Details of the calculations for the
carbon formation boundary in each operating mode have been described in the
previous chapter. It was found that the SOFC-O can be operated at the carbon-free
condition without a requirement for extra steam in the methanol feed, and both the
efficiency and electromotive force decrease with an increase in the inlet H,O: MeOH
ratio. Therefore, an addition of steam in the feed lowers the performance of the
SOFC-O%". For the SOFC-H", the inlet H,O: MeOH ratios at the carbon formation
boundary are higher than those for the SOFC-O%", particularly at high fuel utilization,
and the effect of the inlet H,O: MeOH ratio on the SOFC performance is less
pronounced. As the water from the electrochemical reaction is generated at the
cathode side, additional steam is required in the methanol feed at the anode side to
promote hydrogen production. On the other hand, excessive steam will reduce the

hydrogen concentration of the gas mixture at the anode side.
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5.3.3 Maximum efficiency

As it has been found that the SOFC performance is dependent on fuel
utilization and inlet H,O: MeOH ratio, it is possible to determine the maximum
efficiency and the corresponding conditions for all SOFC cases at a specified
temperature by performing calculations at various values of the inlet H,O: MeOH
ratio and the fuel utilization. The results for a temperature range of 900-1300 K are

shown in Figs. 5.3 and 5.4.

The maximum efficiency for all cases decreases with increasing temperature.
This is in good agreement with the decrease in electromotive force due to the

thermodynamic Gibb’s free energy.

The maximum efficiencies follow the sequence: SOFC-H* (PF) > SOFC-0*
(PF) > SOFC-H* (MF) > SOFC-O* (MF). The corresponding inlet H,O: MeOH
ratios are at the carbon formation boundary for both the SOFC-O* (PF) and SOFC-
0% (MF), but are about 1.3 and 1.5 times the stoichiometric ratio for the SOFC-H*
(MF) and the SOFC-H™ (PF), respectively. The values of fuel utilization at the
maximum efficiency are mainly governed by the flow pattern. For SOFCs operated
under the PF mode, the utilization is constant at approximately 99 %, but decreases
slightly from 96.1 to 92.3 % and from 95.5 to 92.0 % for the SOFC-H" (MF) and the
SOFC-0% (MF), respectively, when the temperature is increased from 900 to 1300 K.
From these results, it is obvious that the proton-conducting electrolyte is more
preferable for use in SOFC. In addition, the PF mode is better than the MF mode. The
SOFC-H" provides approximately 7.7-10.6 % higher efficiency than the SOFC-O*
with the same flow pattern mode in the range of temperature studied.

From the above studies, it is found that although the benefit of lower steam
requirement is taken into account in the calculations for the SOFC-O%", the SOFC-H*
still shows higher efficiency than the SOFC-O? for both the PF and the MF modes.
This implies that the development of SOFCs should be directed towards the use of the
proton-conducting electrolyte. It should also be noted, however, that this study has not
taken into account all the losses presented in real SOFC operation and, therefore, it

should be further investigated by taking into account these losses.



46

10 ' | ' | ) | '
90- SOFC-O%(PF) N
- SOFC-H"(W =

900 1000 1100 1200 1300
Temperature (K)

Efficiency (%)
o
o

Fig.5.3. Maximum efficiency of different SOFCs at different operating temperatures

(P =1atm)
10— 2

i ?CLFC oz'ﬁ; LS H'(PF) =
= - )
98- 4 — | I
.96 4 — 2
=t SOFC-H'(WM) {1 3
94 SOFC-0%(WM) 2
92- =
1\9 NS OLLEP) N O

0 1000 1100 1200 1300

Temperature (K)

Fig.5.4. Operating conditions corresponding to those in Fig. 5.5, at maximum
efficiency (P = 1 atm)



47

5.4 Conclusions

The performance of methanol-fuelled SOFCs using proton- and oxygen ion-
conducting electrolytes and operating under plug flow and mixed flow modes is
investigated. The electromotive force and efficiency are dependent on fuel utilization,
inlet H,O: MeOH ratio, operating temperature, mode of operation and electrolyte type.
The benefit of less steam requirement for the SOFC-O* s taken into account in
comparisons of SOFC performance. It is demonstrated that the plug flow is superior
to the mixed flow and that the use of the proton-conducting electrolyte is more

preferable.



CHAPTER VI

BENEFIT OF INCORPORATING PALLADIUM MEMBRANE
REACTOR IN SOLID OXIDE FUEL CELL SYSTEM

Summary

In this chapter, the benefit of palladium membrane reactor on SOFC system is
concerned. The investigation is divided into two parts: 1) the characteristics of SOFC
system and their influences of operating parameter on the performance of SOFC
system 2) the preliminary study of SOFC system when operated with a palladium
membrane reactor. The performance of the former SOFC system and the latter one

was also compared in the study.

The results indicate that SOFC performance depends on fuel utilization and
operating temperature. Applying palladium membrane reactor to an SOFC system
gains the benefit over the conventional SOFC system due to a smaller SOFC stack at
the same electrical power. It was found that the performance of SOFC system
integrated with a membrane reactor is significantly dependent on the operating
hydrogen recovery of the membrane reactor. The more hydrogen recovery, the higher

SOFC performance is gained.
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6.1 SOFC model

An SOFC consists of two porous ceramic electrodes (e.g. an anode and a
cathode), a solid ceramic electrolyte and an interconnect. Typical SOFC materials are
stabilized zirconia (Y,Oj3 stabilized ZrO,. YSZ) for electrolyte, nickel/zirconia (Ni-
ZrO,) cerment for anode, and doped lanthanum manganite (LaSrMnOs; LSM) for
cathode. The theoretical open-circuit voltage is the maximum voltage under specific
operating conditions. Several losses are common to all types of fuel cell. The voltage
drop was caused by three major irreversibilities, i.e., ohmic overpotential, activation
overpotential and concentration overpotential. The actual voltage can be express as

follows:

V 7 E{} -(nohm +;7Act,a +’1Act,c +’7C0nc,a +’1C0nc,c ) (28)

where Ep is open circuit voltage determined by Eq. 2.7 and #; is type of
overpotential in the SOFC cell.

Ohmic Overpotential (Ohm)

The ohmic loss is the major loss mechanism in an electrolyte-supported fuel
cell (Hernandez-Pacheco, et al., 2004). Ohmic polarization obeys Ohm’s law and is
given by

Nopm =R, (6.1)

The resistance of material can be calculated from respective resistivity which

is the function of temperature (Bessette, et al., 1995).

R P 6.2)

where p=a.e™'" ; a, and b, are the constant values depending on type of

material and their values are given in Table D1 (in App. D).



50

Activation Overpotential (Act)

Activation overpotential represents the kinetic of reactions taking place on the
electrode surface (e.g. anode and cathode). The activation overpotential can be
calculated by Eq 6.3 and 6.4 (Achenbach, 1994). It should be noted that these

resistances are assumed not to be dependent on current density.

. 4F 4 B\ |

Riacteo. :[R_T Ko, (Pose )™ exp(—%)} (6.3)
- 2F my EA, ol ,H» B

RAct,a,Hg = {—ﬁkHz( sz,a ) < exp(—Rp—_ll_)i| (64)

where the constants are shown in Table D2 (in App. D)

Concentration Overpotential (Conc)

The main factors that contribute to concentration polarization are diffusion of
gases through the porous media. In this work, it is assumed that the concentration
overpotential is negligible. This assumption is valid as long as the current density is
not very high (Pfafferodt et al., 2005).

6.2 Solid oxide fuel cell system

A conventional SOFC system consists of a SOFC unit, a reformer, a
afterburner, and pre-heaters (as illustrated in Fig. 6.1). Fuel (methanol) and water are
mixed and heated in Pre-heater 1 before entering the reformer. The gas mixture from
the reformer enters in the anode compartment of the SOFC where hydrogen reacts
with oxygen ions passing through the solid electrolyte. Hydrogen is not completely
consumed within the SOFC cell in order to avoid dramatic losses in the electric
potential of the SOFC. The exhaust gases from SOFC unit are fed to the afterburner.
The combustion heat from the afterburner is then supplied to the endothermic sections
by using two unit exchangers (Pre-heat | and Il). Table 6.1 summarized a standard

operating condition of the conventional SOFC system.
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at 110°C
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Fig. 6.1 A conventional solid oxide fuel cell systems

For the second SOFC system, a palladium membrane reactor is employed to
SOFC system. Fig. 6.2 shows the schematic diagram of this system. Inside a
membrane reactor, two sections are divided, e.g., the reaction zone and the
purification zone. In the reaction zone, the reforming reactions take place. The
produced hydrogen in the reaction zone is extracted in the purification zone and then
fed to the SOFC unit. It is expected that the performance of SOFC unit fed with high
purity of hydrogen will be superior to that of the conventional one. The effluent gases
from the membrane reactor and SOFC unit are combusted in the burner. The
combustion heat is provided to the equipments in the system. Table 6.1 presents the
standard operating condition of the SOFC system with palladium membrane reactor.
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Fig. 6.2 A solid oxide fuel cell system integrated with a membrane separation unit

6.2.1 Reformer

The reformer is the unit for converting methanol to hydrogen by steam
reforming reaction. It should be noted that the assumption of the equilibrium state of
gas compositions along the flow channel may be reasonable because the rates of
methanol steam-reforming and the water gas shift reaction are fast, particularly at
high temperature (Pakornphant et al., 2004). Several researchers reported that the
conversion of methanol from the methanol steam-reforming always close to 100 %
when the operating temperature above 623 K is applied (Amandusson and Ekedahl,
1999). The chemical reactions in the reformer are presented as follows:

CH30H — 2H;+CO (3.1)
CO + H,O — H, + CO, (32)
CO + 3H; — CHy + H,0 (3.3)

From Fig. 6.1, the fuel mixed gases (methanol and steam) were entered in the
reformer. The reforming temperature is operated at 973 K. The heat involving
reactions in the reformer (Qs) can be calculated from heat of reaction (3.1) to (3.3). It
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is assumed that the reformer is operated under isothermal condition. The temperature

of leaving gases is equal to the operating temperature of the reformer.

6.2.2 Solid oxide fuel cell

For an SOFC unit, it is common to assume that only H; is oxidized via
electrochemical reaction. All reactions in the SOFC unit are assumed to be in
equilibrium. The net heat of this unit (Qs) is defined as the summation of electrical
power and the heat released by enthalpy change of hydrogen oxidation. The electrical

power can be calculated by Eg. 6.5.

Electrical power = Current x Operating Voltage (6.5)

Generally, the SOFC is not operated at the maximum power due to low
efficiency. The SOFC was suggested to operate at the relative power of 0.7 (Demin et
al., 2004). It should be noted that the relative power is defined as the ratio of power to
the maximum achievable power at the specific condition. The fuel cell operation at
lower power is attractive from the point of view that the higher efficiency is obtained.
However, too low power is not pleasant due to high cost of SOFC cell.

6.2.3 Afterburner

The depleted fuel gases from the anode and the depleted air from the cathode
was fed to an afterburner. The remaining H,, CO, CH,4 and methanol in the anode
effluent will react with oxygen in the depleted air of SOFC. The oxidation reaction in
the afterburner is assumed as reaching completion (100% conversion) (Zhang et al.,
2005). The combustion heat (Q¢) is then provided to other equipments (i.e. preheating

unit for methanol, steam and air) in the SOFC system.
6.2.4 Compression unit
This unit is used for increasing driving force in palladium membrane reactor.

Increasing the operating pressure can significantly improve the hydrogen permeation

flux across the palladium membrane (Lin et al., (2003)). Peppley et al. (1999)
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considered in methanol steam reforming reaction system over a wide range of
temperature (up to 533 K) and total pressure (39 bar). It was found that methanol
conversion will be extended with increasing reaction. Required power in this unit

(Pcom) is determined from following Eq:

Pcom = fX( p2 - p/ ) (66)

where f is volumetric flow rate, 2 and 1 are represented retentate and permeate

side of palladium membrane respectively.

Table 6.1 Operating condition

Case | Case Il
Inlet H20: MeOH ratio 1 1
Fuel Utilization 80 % 80%
Unit of operation
reformer 973 Kand 1 atm -
Palladium membrane reactor - 973 K and 20 atm
SOFC 1173 K and 1 atm 1173 Kand 1 atm
Afterburner 1173 K 1173 K

This value. is the total heat of system which is one of performance indicators

used in this work. The total heat of system (Qne) can be defined as a following

equation:

Qnet = Q1+ Q2+ Q3+ Qs+ Qs+ Qp (6.7)

where Q; is power consumption/generation in each unit (KW).
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6.3 Palladium membrane reactor

Membrane reactor was developed to combine the reaction and purification in
one system. The reaction product can be removed directly from the reaction zone by
selective membrane. Therefore, the reaction can be carried out even at low reaction
temperature while still achieving high conversion. In lots of hydrogen-containing
systems, supported palladium membranes were commonly used as the hydrogen-
permeable membrane (Kikuchi, 2000).

In this work, palladium membrane thickness was chosen at 10 pm. due to their
minimum in the palladium material cost, defects and manufacturing difficulties of a

thinner membrane (Dittmeyer et al., 2001).

The hydrogen flux through a palladium membrane is typically limited by the
diffusion of hydrogen atoms through the membrane film, in which the flux can be

represented by Eq.6.8

Qe o5 _ oo
Ny, == exp(= )P, - PES,) (68)

where ¢ Is the membrane thickness and driving force is proportional to the
difference in the square roots of the hydrogen partial pressure on the retentate and
permeate sides of the membrane reactor. The resistance of the porous support is
negligible. The parameters of Eq. 6.8 are presented in Table E1 (see in APP. E). Area
of palladium membrane reactor can be calculated from average hydrogen flux through

membrane by a following equation:

_ molar flowrate of H, recovery
Mem _

N

H2

Area (6.9)

where N_HZ is the average hydrogen flux through palladium membrane
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6.4 Results and discussion

6.4.1 Performance of SOFC unit

In operation, hydrogen in the fuel is consumed along the fuel channel by the
electrochemical reaction. Fig. 6.3 illustrates typical characteristic curves of SOFC
unit. When the cell is operated at higher current density the cell voltage decreases due
to the increased irreversible losses whereas the power density increases initially and
the decreases. Therefore, the current density should be carefully selected to achieve a
maximum power density. The results also reveal that the fuel utilization influences the
characteristic curves. At high value of fuel utilization, the hydrogen concentration in
the anode fuel channel becomes more depleted and therefore lower cell voltage and
power density can be obtained. The effect of operating temperature on the cell
performance is illustrated in Fig. 6.4. Higher cell performance can be achieved at
higher operating temperature due to significant reduction of cell resistances. The
maximum power density and its corresponding electrical efficiency at different fuel
utilization and temperature are provided in Fig.6.5. It is obvious that the operation at
higher fuel utilization results in higher electrical efficiency but higher cell area is
required due to the lower power density. In addition, high operating temperature is
always favorable operating condition; however, the presence of some technical
constrains, such as limits the use of the availability of seal cell at high temperature.
The operating temperature of 1173 K will be used in the following studies of this

thesis.
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Fig.6.3 Performance characteristics for comparison effect of fuel utilization at inlet
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Fig.6.4 Performance characteristics for comparison effect of fuel cell temperature at
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Fig.6.5 Performance of SOFC at maximum power density for comparison effect of
fuel utilization and operating temperature at inlet H,O: MeOH = 1 (Solid

lines represent efficiency, Dash lines represent power density)

6.4.2 Performance comparison between with and without membrane reactor

6.4.2.1 Effect of operating pressure of membrane reactor on hydrogen

recovery

Operating pressure of the reaction chamber in the membrane reactor is an
important parameter determining the hydrogen recovery obtained in the permeate
side. Hydrogen partial pressure in the reaction .chamber higher than that of the
permeate side (1 atm) is required to allow hydrogen to transport through the
membrane. Fig. 6.6 shows that at low hydrogen recovery (< 70 %) a slight increase of
pressure can significantly improve the hydrogen recovery. However, much higher
pressure is essential to achieve high hydrogen recovery. On the other words,
compression cost dramatically increases hydrogen recovery. The hydrogen recovery

of 80, 85 and 90% required the pressure at least 8, 11, 19 atm, respectively.
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Fig.6.6 Effect of pressure on hydrogen recovery by Pd membrane at inlet H,O:
MeOH=1,U;=80%and T = 1173 K

6.4.2.2 Effect of hydrogen recovery on performance of SOFC unit

In Section 6.4.1, the performance of SOFC unit with the hydrogen rich feed
from conventional reformer was determined. When the membrane reactor is
integrated to the SOFC system, the SOFC unit is operated with pure hydrogen. Fig.
6.7 shows the characteristic curves of the SOFC unit fed with different feeds. The cell
operating at T = 1173 K and fuel utilization (Ur) of 80 %. Dashed line shows the
power density for the case with the feed from the conventional reformer. It is obvious
that the level of hydrogen recavery significantly influences the performance of the
cell. The hydrogen recovery must be sufficiently high to offer superior performance to
the case with conventional reformer. The maximum power density increases from
0.240 Wem™ for the conventional to 0.247 and 0.268 Wem™, for the SOFC system
with hydrogen recovery of 85 and 90 %, respectively, due to the increase of hydrogen
concentration in feed. When the system is operated at constant fuel utilization, the
hydrogen concentration along the fuel channel is governed by the hydrogen recovery.
At low hydrogen recovery, the fuel depletion near the exit of the SOFC unit
deteriorates the SOFC performance as observed by the reduction of power density.

From this study, it is obvious that the hydrogen recovery is an important factor which
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determines whether the inclusion of the membrane reactor in the SOFC system is the
benefit to the SOFC performance.
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Fig.6.7 Performance characteristics for comparison effect of hydrogen recovery at
inlet H,O: MeOH = 1, U; =80 %, T = 1173 K (Dashed line represents
conventional SOFC system and solid lines represent SOFC system plus

separation unit)

6.4.2.3 Benefit from the use of membrane reactor in the SOFC system

In order to determine the benefit from the use of palladium membrane reactor
in the SOFC system, the calculations base on two cases; i.e. conventional SOFC
system (case 1) and SOFC system with palladium membrane reactor (case Il) were
carried out. For both cases the SOFC unit is operated at T = 1173 K and Us= 80 %.
Table 6.2 summarizes the results of both cases. For the conventional SOFC system
(case 1), the SOFC unit is operated at 0.63 V which provides the power density of 0.7
time of the maximum power density recommended in the literature (Demin et al.,
2004).The system offers the electrical efficiency of 34.47 % and the power density of
0.203 Wem'™. For the system with membrane reactor (case I1), the membrane reactor
is operated at 90 % hydrogen recovery and the operating voltage was carefully
selected so that the net electrical efficiency is equal to that of case I. Note that an
additional electrical power of 17.25 kW is generated in the SOFC unit to operate the
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compressor for operating the membrane reactor at elevated pressure (20 atm). In
addition, for both systems, the exothermic heat (Qs and Qs) can sufficiently provide to
the endothermic heat (Q1, Q2, Q3 and Q). From the results, it is obvious that the use
of the membrane reactor allows the SOFC unit to operate at higher power density and
therefore smaller SOFC cell area is required. Preliminary economic analysis for these
cases indicates that when the membrane reactor is used in the system, the SOFC cell
area of 3.55 m? can be reduced which is equal to 5,325 US$; however, the membrane
area of 67.79 m? is required for the membrane reactor which is equal to 50,571 US$.
According to the present approximate cost of the SOFC cell (1500 US$/m? from
Riensche et al., 1998) and palladium membrane (746 US$/m? from New York
Mercantile Exchange market and Criscuoli et al., 2001), the use of the palladium
membrane reactor is still not economical. The reduction of palladium membrane cost
to 78.77 US$/m? is important to make the SOFC system with membrane reactor
become economical. It should be noted that the previous calculations neglect the cost
and efficiency of the compressor. Therefore, they must be taken into account in the

detailed analysis.

Fig.6.8 shows the effect of the hydrogen recovery on the reduction of SOFC
cell area and the required membrane area. As expected, the higher the hydrogen
recovery, the higher reduction of SOFC cell area and the higher the required

membrane area.
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Power consumption in each unit

Case | Case Il
Stack data
Fuel utilization (Uy) % 80.00 80.00
Cell Voltage \Y 0.63 0.655
Current density Alcm? 0.322 0.346
Power density W/cm? 0.203 0.227
Cell Area m? 108.27 104.72
Palladium membrane
% recovery % - 90.00
Membrane area m? - 67.89
Power production
Electrical power kw 220.00 237.25
Afterburner (Qg) kw 986.70 977.00
Power consumption
Preheat | (Q1) kw 598.50 598.50
Preheat 11 (Q,) kW 227.25 227.25
Reformer or Membrane reactor (Qs) kwW 81.95 77.57
Preheat 111 (Q,) kW 27.79 28.84
Compression process (Pcom) kw - 17.25
Net heat kW 469.53 426.65
Net Electrical efficiency % 34.47 34.47
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Fig.6.8 Effect of hydrogen recovery on reduction of fuel cell area (solid line) and
membrane area (dashed line) at inlet H,O: MeOH =1, Uf =80 % and T =
1173 K

6.5 Conclusions

The profit of a purified hydrogen unit in SOFC system for the production of
electricity from methanol steam reforming reaction is described. First analysis is
concerned on conventional SOFC system. It shows that fuel utilization can improve

fuel cell efficiency but reduce performance characteristics.

Second analysis is considered on the benefit from palladium membrane reactor
on SOFC unit. It.is found that the fuel cell area can be reduced 3.56 m* by using
palladium membrane reactor which has the area is 67.79 m> for 90 % recovery. Thus
the use of the palladium membrane reactor is still not economical. The palladium

membrane cost should be reduced to 78.77 US$/m? is for economical propose.

In the basic concept, palladium membrane has more interesting for improving

the fuel cell performance but it does not make any benefit in term of economic.



CHAPTER VII

CONCLUSIONS AND RECOMMENDATIONS

7.1 Conclusions

This thesis involves in performance analysis of SOFC system fed by methanol.
It consists of three parts, that is, determination of boundary of carbon formation with
different types, theatrical performance analysis with different electrolyte and
investigation on benefit of incorporating palladium membrane reactor in SOFC

system. The following conclusions can be drawn:

1. A theoretical thermodynamic analysis has been performed to predict the
boundary of carbon formation for a SOFC with direct internal reforming. The results
indicate that carbon formation can be protected by increasing inlet H,O: MeOH ratio
or increasing the operating temperature. SOFC-O* is more preferable than SOFC-H*

in term of lower steam requirement in the feed.

2. The theoretical performance of methanol-fuelled SOFC using proton- and
oxygen ion- conducting electrolytes and operated under plug flow and mixed flow
modes is investigated. The results indicate that the electromotive force and theoretical
efficiency are depended on fuel utilization, inlet H,O: MeOH ratio, operating
temperature, operating mode and electrolyte type. Although SOFC-O? can gain
benefit from the lower steam requirement, its theoretical efficiency is still lower than
SOFC-H".

3. The results indicate that the use of palladium membrane reactor allows the
SOFC system to operate with smaller SOFC stack to achieve the equivalent electrical
power of the conventional system. However, it is significantly depend on the

operating hydrogen recovery.
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7.2 Recommendations

1. It should be realized that carbon may be formed by the other mechanisms
besides the Boudard reaction and the decomposition of methane. Moreover, other
forms of carbonaceous species such as polymeric coke (CyHy), which can also result
in comparable damage, can exist in the system. Therefore, the results obtained here
should be considered only as crude guideline for the operating conditions of a SOFC.
Experimental work, including a kinetic study of the rate of carbon formation, should

be carried out to determine the most suitable inlet H,O: MeOH ratio.

2. SOFC-O% has more benefit than SOFC-H" in case of inlet steam: fuel
requirement for prevention carbon formation but SOFC-H" has higher theoretical
efficient. Because in the theoretical calculation, the actual losses for both electrolytes
have not been taken into account, further study is required to compare the actual

performance among both systems.

3. Palladium membrane reactor can improve performance of SOFC but it
increases cost of operation and cost of palladium membrane. The results show that the
cost of palladium membrane area reduces approximately ten times for economical.

For advantage, other information is necessary for that calculation.
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SELECTED THERMODYNAMIC DATA

Table Al Heat capacities (Cp)

APPENDI

XA

Components Co=a+hT+cT+dT+eT* [J/mol]
a bx10° cx10° dx10° ex10"
Methanol 40.046  -38.287 24.529 -21.679 599.09
Methane 34942  -39.957 19.184 35.103 393.21
Carbon monoxide 29.556  -6.5807 2.0130 -1.2227 22.617
Carbon dioxide 27.437  42.315 -1.9555 0.3997 -2.9872
Water 33.933  -8.4186 2.9906 -1.7825 36.934
Hydrogen 25.399 20.178 -3.8549 3.1880 -87.585
Carbon (s) -0.8320  34.846 -1.3233 0 0
Carbon (g) 21.069 -0.7920 0.0571 -0.0069 0.0270
Table A2 Heat of formation( H; ) ,and entropy (S°)
Components Hi=a+bT +cT° [kd/mol] S°[d/mol.K]
a bx10° cx10°
Methanol -188.19 -49.823 2.0791 239.7
Methane -63.425 -43.355 1.7220 186.27
Carbon -112.19 8.1182 -8.0425 197.54
monoxide -393.42 0.1591 -0.1395 213.69
Carbon dioxide -241.80 0 0 188.72
Water 0 0 0 130.57
Hydrogen 0 0 0 5.74
Carbon (s) 716.68 0 0 158.1

Carbon (g)




APPENDIX B

DETERMINING GIBBS ENERGY

B1. Determining Gibbs energy (G) at any temperatures by equations below:

G=H-TS (B1)
dG =dH —-d(TS) (B2)

Take integration to the equation above:
[dG =[dH —[d(TS) (B3)
G, =Gy = JdH = Jd(TS) (B4)
Where H=H(T)=a+bT +cT~ (B5)
S=S(T)=S"+ JC.dT (B6)

Where T = The temperature range of 500 - 1,500 K
S°= The entropy at standard state (298 K, 1 atm)

B2. Determining the equilibrium constant (K)

G, =—-RTInK (B7)

Rearrange the above equation; K= exp[— (Fffl_j (B8)

And from thermodynamic concept K=T11a" (B9)
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For gas phase is considered, we can substitute activity with partial pressure term
PY"
K= H[qﬁi y, —J (B10)

Since it was studied at the pressure of 1 atm, the equation (B10) became the

following equation:

K'= H(Yi )Vi (B11)

From equation (B11), The converted moles associated to the reactions
involved in the production of hydrogen from steam reforming(X;, Xz, X3) can be

calculated.



APPENDIX C

NEWTON'SMETHOD

Newton’s method is used to solve several unknown answers from equations.
This method was applied from Taylor’s series expansion to estimate the answers of
non-linear equations. The first-order differentiated equations are considered. Then the
equation can be applied as follow:

JetAx) = flx) + J(x) Ax (C1)
When J(x) = Jacobian matrix
onex) L)
ox , ox
M M
Jx) = (C2)
M M
o) )
Ox ox;

To solve the answersisto find Ax which providing:

0= fix) +J(x) Ax (C3)

Ax is calculated by the linear equation below:

J(x) Ax = - f{x) (C4)
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The procedure of the calculation:

1
2.

Setthevalueof k=1

If £ <N (Thelargest amount of loops in the operation)

2.1 Finef{x) and J(x)

2.2 Solve the equation: J(x) Ax = - f{x) to get Ax
23Setx=x+ A

2.4 ‘f(Ax)| <TOLX or ‘f(x)| < TOLF , end the calculation

2.5 Set k = k+1 and repeat item 2.1
If i > N, and the answer hasn’'t been solved, it would be presumed that the amount

of N istoo small or the starting value is not appropriate.



APPENDIX D

THE CALCULATION OF SOLID OXIDE FUEL CELL SYSTEM

Ohmic overpotentials, which are the specific value of material, are proportion of
current density and can be determined by Ohm’s Law (Eq.D1)

nOhm 7 IR (Dl)

The resistance of material can calculated from respective resistivity which are
the function of temperature. (Bessette 1l el al., 1995)

R :pf (D2)

Where p=ae®" :aand b are the constant values depend on type of material

and show in Table D1

Table D1 Resistivity and thinkness of cell component

Material Used Ni-YSZ /YSZ | LSM - YSZ
Anode thickness (zm) 150

Anode Ohmic resistance contant a=0.0000298, b = -1392
Cathode thickness (  m) 2e-3

Cathode Ohmic resistance contant a = 0.0000811, b= 600
Electrolyte thickness ( z m) 40

Electrolyte Ohmic resistance contant 1500'0000294’ b8y

Interconnect thickness (« m)

. a=0.001256, b = 4690
Interconnect Ohmic resistance contant

Ref. Chan et al., 2002
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Activation Overpotentials are consist of 2 parts which are anode and cathode
and assume these resistances are not depended on the position of current density.
These values can be calculated by Eq D3 and D4. (Achenbach, 1994)

1

iy 4F Mo E ,pol,0,

Repol co, = {ﬁ ko2 (on,c) 2 eXp(—ARLTIO)} (D3)
- 2F E h

R polah, = {ﬁkm SN ¥ exp(—’]‘qp—"T”“)} (D4)

Where each constant values are shown in Table D2.

Table D2 Constant used for the cathode and anode polarization resistance

k (A/m°) Ea pol (3/mol K) m
R pol c.0, 14.9 % 10° 160 x 10° 0.25
R pol.a,H, 0.213 % 10° 110 x 10° 0.25

o
S

—
i)

Activation Loss(V)

1100 1200 1300 1400 1500
Temperature (K)

Fig. D1. Total activation overpotential using Achenbach at current density 3000 A/m?
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Table D3 Total activation overpotential using Achenbach at 3000A/m? from
literature (Pacheco et al., 2004).

Activation Polarization (V)

Temperature (K) Achenbach
1073 0.62
1173 0.18
1273 0.05
1373 0.02
1473 0.01

A comparison between these correlations and the Butler—\Volmer equation
reveals that the empirical correlations were reasonably accurate between 1073 and
1473 K. At higher temperatures, the empirical expressions gave polarization values
much smaller than the Butler—\VVolmer equation, which was expected based on the
assumptions used for these correlations. However, at lower and higher temperatures
(T<1173Kand T > 1473 K), the numerical values reported unrealistic results and
cannot be used for any practical purpose. Thus Achenbach correlation has accurate
data at 1173 K (Pacheco et al., 2004).



APPENDIX E

PALLADIUM MEMBRANE REACTOR

The ability of hydrogen transfer through palladium membrane is typically
quantified in term of permeability, performance of flux. The flux of hydrogen through
palladium membrane is the product of the diffusion coefficient and concentration

gradient, with the flux of hydrogen atoms being twice that of hydrogen molecular:

- (E1)

In assumption, the surface reaction is considered to be very fast and dissolved
hydrogen atoms at the surface of the palladium are in equilibrium with the hydrogen
gas on either side of membrane. The concentration of hydrogen atoms in the
palladium can be related to the hydrogen partial pressure via the Sievert’s equation.
The exponent of 0.5 reflects the dissociation of the gaseous hydrogen molecule into
two hydrogen atoms that diffuse into the metal, where an ideal solution of hydrogen

atoms in palladium is formed:

The hydrogen permeability of palladium corresponds to the constant in Eq. E1

and E2. It is one half of product of the diffusion coefficient and the Sieverts constant.
K (E3)

The temperature dependence of permeability values was calculated with an

Arrhenius —type relation Eq. E3

=Q,exp(-—>) (E9



82

Therefore, the hydrogen flux is inversely proportional to the membrane
thickness and directly proportional to the product of the hydrogen permeability and
hydrogen partial pressure gradient across the membrane. Combining these

expressions:

Q -E 0.5 0.5
N, == —0 - E5
Ho 5 exp( RT )( sz,r szp ) ( )

Where N, is molar flux of hydrogen

Qo is pre-exponential constant for membrane permeability
Ep is activation energy for diffusion through membrane

d is thickness of membrane

Table E1 Regressed parameter for the diffusion of hydrogen through Pd membrane

Qo(mol m™*s* Ep(kdmol™  Thickness Source
Pa %) (hm)

Palladium 4.40x10” 15.7 10 Holleck (1970)
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