CHAPTER 11
THEORY

2.1 Fuel Cell

2.1.1 General Characteristics | ’y/

A fuel cell is
energy of an electrock
fact, the fuel cell is_a ‘
from a gaseous fuel. U v SEom pow " - fuel cell bypasses the step

1s able to convert the free-
ergy from a variety of fuels. In

that produces electricity

of the conversion o eigall énergy to mechanical energy. Consequently, its

5 found in a Carnot engine.

The fuel cell possesses highe iencythan that of the conventional power
generation; i.e. the effic | 25 4 % can be achieved. In addition to the
high conversion efficiency; the f i cel -.-‘ veral advantages (Mogensen, 2001):

L \ ‘emission 4 i _l els, which allows location
-pepuiated-areas—Fhe=> "'"""'_': /df gas turbines and diesel
s higher, respectively, than that

e
ﬁhe fuel cells. Generally, this mak€s combustion systems less
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requirements ang cheap mass ;Egductlon
q W r]ﬂli@lﬂlﬁ w@%’}@nﬁ ﬁqlMC) and solid
oxide fuel cell (SOFC) produce high temperature waste heat which
is suitable for cogeneration in both buildings and industry;
* Low maintenance costs due to low number of moving parts and to

autonomous operation.
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Especially for high temperature fuel cells, besides the attributes above,
hydrocarbon fuels can be internally reformed without the need of prereformer, and,
through the solid electrolyte of the high temperature fuel cell, the material corrosion

and liquid electrolyte management problems are eliminated.

2.1.2 Type of Fuel Cell

Fuel cell can be categorized into several types according to a selected variable

such as type of electrolyte, |, operating temperature, primary and

regenerative systems, and dire

electrolyte is used for class

stems. Traditionally, the type of
(normally KOH), acid (mainly
phosphoric acid), molte {Li1CQO3), solid oxide (generally yttria-stabilized
znrcoma) and solid protg ,,-conductor) They are called
cell (AFC), phosphoric acid

. d oxide fuel cell (SOFC),

corresponding to their elg
fuel cell (PAFC),
and solid polymer prgto

Nevertheless, th ntly used as criteria for the

classification of the : Mz& oells. -\4 .\‘ ped into low-temperature and
high-temperature fuel €ell Thg,* ature fue cells are AFC, PAFC and
SPFC, whereas the high-témpéfature fuel ¢ e MCFC and SOFC. Some essential
data for the five main types W et cells ar

basic structure of thése major t; : gure 2
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isted in Table 2.1 and the principle
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Figure 2.1 Agllllgstiation of ic Structure of a Fuel Cell
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Table 2.1 Some Typical porta ell Types (Mogensen, 2001)
.ﬁﬁq’ oric Molten
Fuel Cell Type Alkaline ="~ _.«—;.-)3“—.4 Solid oxide
"y | con . ﬁbonate
Abbreviation 'Y Mcrc SOFC
y
Electrol AU(OH H;PO. KLiCO Zr(Y
yte Pr— 3POy 3 1(Y)O,
& )
Anode materi mﬂﬁ—ﬂ:me th ﬁmﬁ Ni | Ni+Zr(Y)0O,
] i 1 L 119 ] La(Sr)MnO;
Cathode materiél| Grafite+Pt | Grafite+Pt | Porous NiO
Ag 1 = as| TZr(Y)O,
t YT AT O R Y O
| ] H ] CO,
mAR IR AR I bR
q I i ) atural gas Natural gas
App. Operation
e 373K 373K 473 K 923 K 1273 K
temperature
App. Efficiency* 40% 40% 40% 60% 60%

* % of HHV of natural gas.




2.1.3 Solid Oxide Fuel Cell (SOFC)

SOFC is a solid state energy conversion device that produces electric power
by an electrochemical reaction. Its mechanism is based on the electrochemical
combustion of the fuel. In fact, the overall reaction is the same as that of the
combustion but the reaction is separated into two electrochemical reactions, that is, an
oxidation reaction on the anode side and a reduction reaction on the cathode side.

For the oxidative coupling of methane (OCM) reaction, the electrochemical
reaction consists of the oxidation o
at the cathode. The overall
carbon dioxide, carbon mo )
of a SOFC, methane

at the anode and the reduction of oxygen

i "M reaction, yields C,+ hydrocarbons,
watel gction products. In the operation

to the cathode) g extgrnal cireuit prod eet-current (DC) electricity.

The electrochemical lormatio cthane and oxygen in the SOFC is almost
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Figure 2.2 Fundamental Operation of a SOFC



2.2 Principle of Operation of Fuel Cell

2.2.1 Thermodynamic Principles

SOFC generates the electric power through an electrochemical reaction, which
is separated to two reactions, that is, the reduction of the oxidant at cathode and the
oxidation of the fuel at anode. For the OCM reaction, the electrolyte is an oxygen ion
conductor, so that the reaction at the cathode is the reduction of oxygen and that at the

by following reactions:

anode is the oxidation of oxygen i

2.1)
2.2)
where the subscri e, anode and electrolyte,
respectively. The onsidered as an oxygen
concentration cell, an sible (thermodynamic) voltage,

E,, is expressed by the

@2.3) hY 0 .

€, F the‘Braday constant, Poy() and
Pors the partial pressure of oxygen at the cathode and the anode, respectively.

e 358 4 AN i) o s

electrical enétgy, the electromotlve force can be calculated from the balance of the

T T neia g

po__AG' __AH'-TAS 5
4nF 4nF

where R is the gasgnstant, the tempera

where AG ’ is the standard Gibbs free energy change of the combustion reaction of
the fuel, AH ° the standard enthalpy change, AS ’ the standard entropy change, and n
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the number of oxygen required to oxidize one mole of fuel. Table 2.2 lists AG ?, AH o’v
E ” and €7 for the combustion of several fuels (when the fuel cell reaction products are

in gaseous state).

2.2.2 Thermodynamic Efficiency

In a fuel cell, the Gibbs free energy change of the reaction may be totally

converted to electrical energy. Consequently, a maximum thermodynamic

2.5)

For hydrogen, carbo, values of AH and AS are
is less than 1. The value

‘:\ egative. The thermodynamic

negative and, conseq

Table 2.2 Thermodynami Efficiencies for Several
Reactions modified from (Mi nh, |
' E°(V) &7
0.997 0.78
Hz + 1/202 = Hzo
| 0.924 0.71
1000 802.5 1.039 1.00
CH,+20; 200 + B 14 1039 | 1.00
2 . - o 11250 “ 2802.9 i d
a 3 j : ‘ il F‘ "B
pr— T 1000 603. 1.042 1.16
. . 1250 | -6258n {2-6 9 | 120
ol A -"' \' 000 1] | -60. Eégi 0.69
CH4 1/4 O, : 2816 - E‘
9 1250 -53.6 -87.8 0.555 0.61
1000 | -152.5 -139.7 | 0.790 1.09
CH, + 120, = 1/2C,H, + H,0
1250 | -155.6 -140.7 | 0.806 1.11
1000 | -150.4 -202.0 | 0.779 0.74
CH, + 1/20, = 1/3C;H; + H,0
1250 | -149.3 -202.5 0.774 0.74
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1000 -195.4 -283.3 1.013 0.69
1250 -173.2 -283.3 0.898 0.61
1000 -396.6 -396.2 1.027 1.00
1250 -396.6 -396.6 1.027 1.00

CO +1/20, = CO;

C+02 - C02

2.2.3 Voltage Efficiency

During the SOFC ope
on the anode electrode ds the electr is then forced via the voltage

difference through thw S to t%collector and after that, to the
cathode electrode, on whi Ik ugh the cathode electrode to

ical oxidation reaction takes place

activate the oxygen mgieculé ™ oXxygen ccordingly, the measured
voltage during ope ; \a ble voltage. In addition, due to the
electrical current is produged fror > e,"l‘ reacl X e diffusion of the reactants
and products is also an imports w ecti g the cell voltage. The reduction in the
cell voltage under curre : ﬂgg@' 15 0l , den ity and several factors‘ such as

temperature, pressure, ga e and f aposition, and cell material. The voltage

FF

efficiency, &y, is defined as thie ed voltage under load, E, to the

(2.6)

Commonly, the' reversible voltage ds/referred to as the open-circuit voltage,

oy ) TN DT LR I13 me se res

crossover leaﬂge, etc.
¢ o,

o/
B NTne 0
volt’i ermed pol ion, ge, or overpotential presented as 7. The total

polarization, 7, is the sum of the charge transfer or activation polarization (7,), the
diffusion or concentration polarization (7p), and the resistance or ohmic polarization

(n0):
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n=1nut nmp+ no (2.8)
Thus, it can be written as
E=E-n=E-n-nn-na 2.9

(a) Charge Transfer or Activation Polarization (74): The activation

energy is an energy barrier of the electrochemical reactions, which must be overcome

before the electrode reaction can ke . Therefore, during the fuel cell operation,
the voltage difference (equilibriv n' vollahefa uced because the electrostatic
energy indicating by the diffe — évercome the barrier energy of
the reaction. This loss.ofvol alled charge™t er or activation polarization,
n4. Activation polarization i N et \‘Jﬂ by the following equation:

\ N
] 2.10)

where o is the trans ient, and' j -‘ exchange current density. The

exchange current density s the el¢ on rate at the equilibrium potential.

relation of log j a 1d 77 P

The exchange current densiiy‘ €3 experimentally by extrapolation the

&

y ey

‘o Q/
where a an m Tﬂl:ﬂ ﬁ a type of electrode
reaction. mﬂmmm equation.
Generally, th. ceﬁe r_or‘actjvati | ion is resulted
ﬁo‘ﬂ“ﬁ afﬁﬁdm m’iﬁ)ﬁﬂﬁm step could

be ads%rption of reactant, electron transfer, desorption of product, or other steps in the

2.11)

reaction. In a SOFC, the reaction rate is rapid due to high temperature, and as a result,

the charge transfer or activation polarization is usually small.
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(b) Diffusion or Concentration Polarization (7p): The electrical
energy is gernerated from a chemical reaction, so that the current density, which
corresponds to the reaction, is limited by the diffusion effect of the reactancts or
products. When the reaction at the electrode is governed completely by diffusion, the
current density is reached a limiting value, which is called as the limiting current, and
at the limiting current, the voltage is decreased rapidly. This effect is the diffusion or
concentration polarization. The limiting current can be calculated from the diffusion

coefficient of the reacting ions, D, the activity of the reacting ions, ay, and the

2.12)

polarization, the diffusion

(2.13)

n issdependent on the mass transport
properties of the ) ¢ Tunction of temperature,
e system. In a SOFC, the

de anﬂcathode so that electrode

pressure, concen
reactants must di
structure is lmportant

ﬂ uﬂt;l Yll ﬁmﬂiﬂtﬂ (’r]ﬁflhjohmnc polarization is
caused b resnstance to conductioh of i 1ons electrol and electrons
) G 3 bl Db, HE P o

companents. The ohmic polarization is given as

Na = jii (2.14)



13

where R; represents the total cell resistance, including both ionic and electronic
resistances. The resistance polarization is commonly separated from other type of

polarization and referred to as the ohmic loss.

2.2.4 Power Generation

Operation of a SOFC is typically displayed by a relationship between voltage

and current as shown in Figure 2.2. three regions, in which the different

polarization predominates. ic loss and the corversion are
small, consequently, tage losses is the activation
polarization, as indicateé ith increasing current. After
this region, as the cugs
therefore, the ohmic g

the current or the co

eases correspondingly and,
declining straight line. When
o, o concentration polarization
becomes important-due sulting in a rapid decrease

in cell voltage.

U
fAug Inuuinng
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Higure 2.3 Typical Voltage/Current Relationship for a Fuel Cell Operation

The power output Py of a fuel cell is expressed by the following equation.

Py = EI (2.15)
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The power and current relationship can be predicted from the I-E curve. Because at
low and high current, the voltage and the current approach to zero, respectively, the
power also approaches to zero. Accordingly, there is a maximum power between two
ends. The power curve tends to be parabolic as shown in Figure 2.4. In most typical
fuel cell, due to the advance in construction of the porous electrodes, the current does
not reach the limiting current point even at high current, resulting in the

approximately linear relation.

Power
2
2
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