
CHAPTER IV 
MODEL DEVELOPMENT

As mentioned previously, to test the performance of a PSOFC operating with 
various compositions of synthesis gas, a one-cell stack PSOFC is fabricated. The ob
jective of this chapter is to develop a mathematical model for a PSOFC using syngas 
to simulate cell performance. The model geometry and parameters are based on the 
one-cell stack, as discussed in the experiment.

4.1 Modeling Approach
In SOFC operation, electrochemical reactions, chemical reactions, electrical 

conduction, ionic conduction and heat transfer all take place at the same time and are 
tightly coupled. Therefore, to develop a reliable and predictive SOFC model, all ef
fective heat, mass, species, charge and momentum transport equations, as well as ac
curate electrochemical and chemical reaction rates, are required. All the required 
model components to approach a mechanistic modeling and the expected output from 
such a model are summarized in Fig. 4.1.

Figure 4.1 Mechanistic modeling approach.



22

4.2 Mathematical Model
4.2.1 Model Geometry and Assumptions
A schematic of a half PSOFC, including one-cell stack plates, as carried out 

in the experiment, is shown in Fig. 4.2(a). It is composed of several repeating units. 
For simplicity, only a single unit in the one-cell stack is considered in the model. It is 
illustrated in Fig. 4.2(b). Within the single unit, fuel and air simultaneously flow over 
the anode and cathode. Moreover, to reduce the calculation, the model considers only 
two dimensions along the flow channel (x and z directions). The model geometry, 
therefore, consists of fuel and air channels, anode, electrolyte, and cathode, as shown 
in Fig. 4.3.

Figure 4.2 (a) Half PSOFC including one-cell stacks plates and (b) single unit.
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The assumptions used in this model development are as follows:
• The model is considered to be at the steady state.
• The transports through the anode and cathode are neglected because of their 

ultra thin thickness. It is expected that all transport phenomena in these two 
layers are uniform. Therefore, the anode and cathode are neglected by con
sidering as the electrolyte boundary.
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• Since the anode and cathode are neglected, the active triple-phase boundary 
layers are also neglected. Therefore, the electrochemical reactions take place 
only at the fuel channel/electrolyte and air channel/electrolyte interfaces.

• Since the anode is neglected, the WGS reaction takes place at the fuel chan
nel/electrolyte interface.

• It is assumed that the velocities of fuel and air in the flow direction (x direc
tion) are constant; consequently, the momentum transportation equation is 
neglected. This is valid because the flow channel is quite short (4 cm); hence 
the velocity does not change drastically.

• The surface of the plates along the flow path is considered to be adiabatic. 
Therefore, the heat generated in the cell is not transported through the sur
rounding atmosphere.

• The heat radiation between the cell and the plate is neglected.
• Syngas used in this model consists of แ2, CO, CO2, H2O and N2

Based on these assumptions, then, the model geometry, (i.e. only the fuel 
channel, air channel and electrolyte), including electrochemical, chemical reactions 
and flow configuration is shown in Fig. 4.4.

H2 + o 2' -» H20  + 2๙ 
CO + o 2' -> C 02 + 2๙

H2, CO, C 02,N 2jH20

Air (Co flow)
-►  X

1 /2 0 2  +  2 ๙  - »  o
2-

c o  + h 20  <-> c o 2 + h 2

ไr Fuel channel 1r
Electrolyte
Air channel

h 20 , CO, c o 2, n 2,h  2

Figure 4.4 Model geometry including electrochemical, chemical reactions and 
flow configurations.
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4.2.2 Flow Channel
Considering that the working fluid in the gas channels of an SOFC is a react

ing mixture of gases, the mass conservation can be described by the following gener
alized steady state transport equation (Bird et a l, 2002):

พ -{püy 1) = V -m.+ พ1 , (4-1)

where i denotes the generic zth species, พ1 is the rate of production or consumption 
of the species, y i is the mass fraction of the zth species, p  is the density of gas, นี is 
the gas velocity, and rhj is the mass diffusion flux which can be obtained from Equa
tion. 4-2,

m , = (P D ,-mVy<) » (4-2)

where Di m is the multicomponent diffusion coefficient of the zth species in the 
gaseous mixture which can be determined using the weighted average of binary dif
fusion coefficient ( D11 ). D11 is the binary diffusion coefficient of zth species with re
spect toyth species. The Dj_m is given by (Bird et al., 2002):

Di - m (4-3)

D11 can be determined as (Bird el al., 2002)

D„ = 0.001858J T 3 ( - Î -  + ̂ —) 1

M 1 M 1 per 1Q. 011 (4-4)
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where T is the temperature, M 1 and M  J are the molecular weights of the ith and jth  
species, respectively, <71j is the characteristic length, and Q 00 is the collision inte
gral. Q 00 is given by (Yakabe et al., 2000)

n “ '  =  I f +  e x p ( D r „  )  +  e x p ( F T „  )  +  e x p ( H 7 ;  )  ’  ( 4 ' 5 )

where the constants A to H are A = 1.06036, B = 0.15610, c= 0.19300, D = 0.47635, 
E = 1.03587, F = 1.52996, G = 1.76474, H = 3.89411 and T 11 is defined as

T
1  N

(4-6)

where k is the Boltzmann constant and ร0 is the characteristic Lennard-Jones energy. 
From the usually employed simple rules, <70 and ร0 are given by the following:

(7, + < 7 ,
a ,j = (4-7)

and

e9 = (ร,ร,),' 2 (4-8)

where a  1 and <7J are the diameters of the molecular collision of ith and jth, respec
tively. The parameters used for the calculation of D1_m in the model are listed in Ap
pendix A.

The temperature profile inside the cell can be obtained through the energy 
equation. In this model, only conduction and convection mechanisms are considered 
for heat transport which heat conduction mainly occurs in solid components because
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of their greater conductivities, while heat convection is the heat transport due to bulk 
transport. Therefore, its direction is the same as the flow direction. The generalized 
energy steady state transport equation inside the flow channel is as follows (Bove et 
al, 2005):

V -(pcpTÜ) = V-Q  + Sq, (4-9)

where 1ร' is the heat consumption or production due to electrochemical and chemical 
reactions, cp is the heat capacity, and Q is the heat flux only from conduction. 
According to Fourier’s law, Q is determined as

Q = -A V T , (4-10)

where A is the thermal conductivity coefficient.

4.2.2.1 Fuel Channel
In the fuel channel, แ 2 and CO oxidation (Equations 2-1 and 2-2) 

takes place at the fuel channel/electrolyte interface. The rate expression for H2 oxida
tion used in this work is given by (Nagata et a l, 2001)

J  TJ J 10 พ, exp 2 F V h

RT
\

-  exp
V

~ f V h  1 

RT (4-11)

where J0 H2 and ฦ 111 are the exchange current density and activation over-potential 
(V) for แ 2 oxidation, respectively. J 0 H1 is expressed as

Fo ,H 2
_ o 1 RT 
(2 + a)F  ’ (4-12)
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w here a  is the apparent transfer coefficient and cr0 is the interface conductiv ity

( f r 'm '2) and expressed as

= /?exp
V

- A G oc,

RT o2,H 2 (4-13)

where p  is a constant, Y  is the reaction order, AGac1 is the activation energy and 
PQ2 H2 is the oxygen partial pressure which is given as

! o2,H2
h 2o , b

\ K eq,H 2PH 2,B J
(4-14)

Where PH20 8 and PH2 8 are the partial pressure of water and hydrogen at electro- 
lyte/fuel channel interface, respectively. Keq H2 is the equilibrium constant of oxida
tion of hydrogen. The coefficients for rate expression of hydrogen oxidation are 
given in Table 3. ฦน2 is defined as

ๆ H2 = K - t ' - E ° H  1. (4-15)

where <t>ar1 and <f)e represent the anode and electrolyte potentials at the fuel chan- 
nel/electrolyte interface, respectively. £’"2 is the reversible potential for H2 oxidation;

E °H2 =
(  R T  ̂

2F In J h20

y  K e q , H 2 P H 2 y

(4-16)
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Table 4.1 C o e ff ic ie n ts  fo r  rate e x p r e s s io n  o f  แ 2 o x id a t io n  an d  O 2 red u ctio n .

R e a c tio n a p r A G act (k J /m o l)

แ 2 o x id a t io n 1 ÏÔ ™ 0 .1 3 3 1 2 0

O 2 red u ctio n 2 1 0 6 02 0 .5 1 3 0

It is  b e lie v e d  that th e  rate o f  C O  o x id a t io n  is  2 -3  t im e s  le s s  th an  H 2 o x id a t io n ,  
w h ile  th e  in ter fa ce  c o n d u c tiv ity  is  th e  sa m e  as H 2 o x id a t io n  (S u w a n w a r a n g k u l et a l, 
2 0 0 6 ) .  B a se d  o n  th is  sta tem en t, th e  rate o f  C O  o x id a t io n  is  a s su m e d  to  b e  2 .5  t im e s  
le s s  than  แ 2 o x id a t io n . T h erefore , th e  rate e x p r e s s io n  o f  C O  o x id a t io n  is  as f o l lo w s :

7 =  0  4 7๙ CO ^ Jo,co e x p '2F n, 'ICO
RT - e x p ^ co ll

\ RT ( 4 -1 7 )

w h e r e  J 0 c0 is  g iv e n  as

flexp
Jo,CO ~  '

V RT
p r
r o2,CO

(2 + a)F (4 -1 8 )

w h e r e  PQ2 c0 is  th e  p artia l p ressu re  o f  o x y g e n  and is  g iv e n  as

o, ,co
Pr;co2,b

\K eqC0PCQB J ( 4 -1 9 )

w h ere  Pc02 8 and  Pc0 g are the p artia l p ressu re  o f  ca rb o n  d io x id e  an d  carb o n  m o n o x 

id e  at e le c tr o ly te /fu e l ch a n n e l in ter fa ce , r e sp e c t iv e ly . K c0 is  th e  eq u ilib r iu m  c o n 

stant o f  carb o n  m o n o x id e  o x id a tio n . T h e  c o e f f ic ie n t s  fo r  rate e x p r e s s io n  o f  carb on  
m o n o x id e  o x id a t io n  are th e  sa m e  as H 2 o x id a t io n . 7 C0 is  d e f in e d  a s
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7 c O  =  f i a n  ~  f i e  ~  E C O  ’
( 4 -2 0 )

w h e r e  E°co is  th e  r e v e r s ib le  p o te n tia l o f  C O  o x id a t io n , a s  g iv e n  b y

ECO =
' R T '

â F j ๒ (

p  A
r C O  2, B

K eq,c o  P(:o,B J
( 4 -2 1 )

D u e  to  it s  h ig h  o p e r a tin g  tem p era tu re , n ic k e l o n  th e  a n o d e  su r fa c e  c a n  a c t  a s  a 
c a ta ly s t  for th e  W G S  r e a c tio n  (E q u a tio n  2 - 4 )  w h e n  s y n g a s  is  u se d  a s  fu e l. T h e  rate  
e x p r e s s io n  o f  th e  W G S  r e a c tio n  is  g iv e n  b y  (H a b erm a n n  et a l,  2 0 0 4 )

R  W G S =  k W G S ^ h2o,b^ co,b
7, B^C02,B 

K eq,WGS 11
( 4 -2 2 )

w h e r e  kWGS is  th e  rate c o n sta n t and  KeqWCS is  th e  e q u ilib r iu m  c o n s ta n t  fo r  th e  W G S  

rea c tio n . F rom  th e  e x p e r im e n ta l d ata , th e  klvGS and  K WGS are g iv e n  as

kfVGS =  1 .7 1 x 1  o 8 x e x p 10 31 91 "  
RT ,

( 4 -2 3 )

and

Kwgs =  e x p ( - 0 .2 9 3 5 Z 3 + 0 .6 3 5 1 Z 2 + 4 .1 7 8 8 Z  + 0 .3 1 6 9 ) ,  (4 -2 4 )

w h e r e  z  = 1 0 0 0

T

Since electrochem ical and chem ical reactions take p lace at the fuel chan-
nel/electroly te interface, heat generated from  these reactions is incorporated  into the
energy transportation  equation  as a boundary  condition . F or the heat generated from
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th e  e l e c t r o c h e m ic a l  r e a c t i o n s {Qelectr0chem) ,  th e  h e a t  g e n e ra te d  f ro m  แ 2 a n d  C O  o x id a 

t io n s ,  a n d  e le c t r ic a l  p o w e r  p r o d u c t io n  is  c o n s id e r e d .  {Qeieclrochem )  is  e x p r e s s e d  a s

w h e r e  AH 11 a n d  AH c0  a re  th e  e n th a lp ie s  o f  th e  แ 2 a n d  C O  o x id a t io n s ,  r e s p e c t iv e ly .

F o r  th e  c h e m ic a l  r e a c t io n ,  o n ly  h e a t  g e n e ra te d  f ro m  th e  W G S  r e a c t io n  a lo n g  th e  fu e l  
c h a n n e l /e le c t r o ly te  in te r f a c e  is  c o n s id e re d .  H e n c e ,  h e a t  d u e  to  c h e m ic a l  r e a c t io n

(Qchemical) is  given by

Q c h e m i c a l  =  F ] V G S  F H  w a s  » ( 4 -2 6 )

w h e r e  R wcs a n d  AH lVGS a re  th e  r a te  a n d  th e  e n th a lp y  o f  th e  W G S  r e a c t io n ,  r e s p e c 

t iv e ly .

4.2.2.2 Air Channel
In  th e  a i r  c h a n n e l ,  o x y g e n  r e d u c t io n  t a k e s  p la c e  a t  th e  a i r  c h a n 

n e l /e le c t r o ly te  in te r f a c e .  T h e  ra te  o f  O 2 r e d u c t io n  is  d e te r m in e d  b y  th e  ra te  o f  O 2 a d 
s o r p t io n  a s  th e  r a te - d e te r m in in g  s te p  a n d  is  g iv e n  b y  ( S u w a n w a r a n g k u l  e t a l,  2 0 0 6  
a n d  N a g a ta  e t a l.,  2 0 0 1 )

J 0 1 ~  J 0 ,๐2 I e x P
2 F , 02 \  f - F , 6

R T  r e x p  R TV J
( 4 -2 7 )

V i V i

w h e re  J 0 02 is  th e  e x c h a n g e  c u r r e n t  d e n s i ty  o f  o x y g e n  r e d u c t io n  a n d  g iv e n  a s

/3 e x p ^ -  A G  ^

•A>a  = (2 +Ra ) F

Pyr o,
( 4 -2 8 )
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w h e r e  PQ 1 is  th e  p a r t ia l  p r e s s u r e  o f  o x y g e n  a t  th e  e l e c t r o ly te /a i r  c h a n n e l  in te r f a c e  

a n d  c o e f f ic ie n t s  fo r  r e d u c t io n  o f  o x y g e n  a re  g iv e n  a s  T a b le  3 . ฤ02 is  th e  a c t iv a t io n  

o v e r - p o te n t ia l  fo r  O 2 r e d u c t io n  d e f in e d  a s

Vo, = - E ’o , ,  ( 4 - 2 9 )

w h e r e  (j)cat a n d  (j)e r e p r e s e n t  th e  c a th o d e  a n d  e le c t r o ly te  p o te n t ia ls ,  r e s p e c t iv e ly .  E q  ̂

is  th e  r e v e r s ib le  p o te n t ia l  fo r  O 2 r e d u c t io n :

' R T ' ( 4 -3 0 )

4.2.3 Electrolyte
I n  e le c t r o ly te ,  o n ly  o x y g e n  io n  ( O 2')  f lo w  th r o u g h ,  t h u s  r e q u i r in g  o n ly  th e  

e q u a t io n s  n e e d e d  fo r  m o d e l in g  th e  e le c t r ic a l  p r o b le m  a n d  t e m p e r a tu r e  d is t r ib u t io n .  
C o n s id e r in g  th a t  th e  e le c t r o ly te  is  v e r y  th in  a n d  is  u s u a l ly  m a d e  o f  v e r y  h ig h  c o n d u c 
t iv e  m a te r ia l s ,  th e  o h m ic  r e s is ta n c e  is  u s u a l ly  ig n o re d ;  c o n s e q u e n t ly ,  h e a t  g e n e r a t io n  
c a n  b e  ig n o r e d .  T h e  g e n e ra l iz e d  s te a d y  s ta te  c h a rg e  t r a n s p o r ta t io n  e q u a t io n  is  g iv e n  
b y  ( B o v e  e t a l., 2 0 0 5 )

V  • J  =  V  • ( - ๙ V ̂ ) =  0 , ( 4 - 3 1 )

w h e r e  CF a n d  (j) a re  io n ic  c o n d u c t iv i ty  a n d  c e ll  p o te n t ia l ,  r e s p e c t iv e ly .

In  th e  e le c t ro ly te ,  h e a t  is  t r a n s p o r te d  b y  c o n d u c t io n  o n ly  a n d  h e a t  g e n e r a t io n  
d u e  to  o h m ic  r e s i s ta n c e  c a n  b e  ig n o re d ,  a s  m e n t io n e d  e a r l ie r .  T h e r e f o r e ,  E q u a t io n  4 -  
9  c a n  b e  r e d u c e d  to

V 0  =  0 ( 4 - 3 2 )
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