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Abstract

Mathematical modelling of the unsteady-state of a unit molten carbonate fuel cell (MCFC) has been made. The behaviour of the fuel
cell at the beginning of the operation is observed. The effects of the molar flow rates of gases and the utilization of fuel gas are studied.
The current density decreases with time and reaches a steady-state value of 0-#4ah 8rB8 s for the chosen reference conditions. As
the inlet gas-flow rates or the hydrogen utilization are increased, the time required to reach a steady-state decreases. With increased flow
rates of the anode and cathode gases, the average current density is high and the total concentration is low. The current density increase
with increasing utilization of hydrogen.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction have defined the dynamic characteristics of temperature in
a unit cell.

The molten carbonate fuel cell (MCFC) is considered to  Many cell and stack models are based on macroscopic
be a second-generation fuel cell. It has high efficiency and balances of the electrochemical reactors. In other words, a
lower emissions of NQ and SQ. It also has applicabil-  simplified model of cell performance has been applied. On
ity to both small- and large-scale plaifg. At present, the  the other hand, Kobayashi et d6] and Fujimura et al.
technology of MCFCs is at the stage of scale up to com- [7] have calculated temperature distributions of single cells
mercialization. In this respect, the modelling of the system and stacks by applying mass-transfer to the chemical reac-
becomes important. tions that occur in the fuel cell and have applied a thin-film

In modelling and estimating the performance of MCFCs, cylindrical-pore model to study the relation between current
many operating parameters are related to each other. Paramdensity and cell voltage. Likewise, micromodels of the elec-
eters such as mass- and heat-transfer, chemical reactions anodekinetics[6-10] and the effects of the gas cross-over
electrical correlations are used to estimate performances ofphenomena through the electrolyte have been exanlrigd
MCFC. Many numerical analyses of MCFC have been un- In addition, Yoshiba et a[3] have used numerical analysis
dertaken. For example, Sampath and Sami#lsave de- to compare the stack performance of various gas-flow types.
veloped a numerical analysis model for an isothermal unit  Inthis research, mathematical modelling of a parallel-flow
fuel cell, Watanabe et d3] have analyzed the cooling char- unsteady-state MCFC has been performed. The behaviour
acteristics of the cathode, Wolf and Wilem$4] have stud- of the fuel cell in terms of changes in the electrochemical
ied temperature distributions, and Cao and Masub{&hi reactions with time, distribution of the current density and

cell temperature and mole fractions of gases at the initial
* Corresponding author. Tek:82 2 320 1681; fax:+82 2 320 1191. stage of the operation are observed. Such a study of the
E-mail address: gychung@hongik.ac.kr (G.-Y. Chung). intial behaviour of the system will help understand how the
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system will recover to the steady-state after sudden changegable 1
in Operating conditions. Dimensions and conditions of MCFC used in mathematical modelling

Length (, cm) 10
Width (W, cm) 10
2. Mathematical modelling Thickness (cm) Separatobd) 0.2
Gas channellg) 0.2
Anode electrodeby) 0.07

2.1. MCFC system

Electrolyte plate lfem): 0.1: 0.06

. . . . cathode electrodebgc)
The reactions in an MCFC are reduction of oxidant gas at

the cathode (positive) electrode and oxidation of fuel gas at
the anode (negative) electrode. The oxidant gas in the cath-
ode gas channel forms carbonate ions, as showbdoy1) Composition Anode gas
These ions are transported to the anode through the elec-
trolyte matrix, and water and carbon dioxide are formed in
the anode reaction, as shown By. (2) i.e.,

Cathode: CQ+ 10, +2e — COz%~ (1)

Flow rate (moll'l)  Anode gas 0.88
Cathode gas 1.05

H0.68; CQ 0.08;
CO 0.12; BO 0.12
Cathode gas £0.33, CQ 0.67

trolyte plate and cathode are considered to be one uniform
electrode—electrolyte plate. The conduction heat-transfer in
this electrode—electrolyte plate is examined. The thermal
conductivity of the electrode—electrolyte plate is calculated
as a combination of the thermal conductivities of the anode,
the electrolyte and the cathode. The properties of the anode
gas, the electrode—electrolyte plate and the cathode gas are
assumed to be constant along the thickness direction. Only
concentration of bl convectional heat transter is considered in the gas channels.

Heat is generated in the electrode—electrolyte plate by theHeat loss from the S'de_ of fuel CE’T" is ignored. The same
electrochemical reaction and the water—gas shift reaction, Parameter values L_Jsed_m our previous stea_dy-sta_te analyses
The generated heat is transferred to the other parts of fuel[13_16.] are usgd S modellm_g. The q|men5|ons and
cell by conduction, convection and radiation. Unsteady-state operating conditions of the modelling are giveriTable 1
energy balance equations can be formulated to include these
heat-transfer processes and time-change terms. Similar equa2.2. Governing equations
tions can also be developed for the convectional and the
diffusional transfers, the electrochemical reaction and the The equation of the mass and energy balances are es-
time-change terms. tablished by adding time-change terms to the steady-state

A schematic diagram of a parallel-flow unit MCFC equations.
with a cross-sectional area of 10cm10cm is shown
in Fig. L Most assumptions used in this modelling are 2.2.1. Mass-balance equations and the current
the same as those used in steady-state moddlliBg16] density—voltage relationship
Rectangular gas channels are assumed, and the anode, elec- The mass-balance equation for the cathode gas includes
the convection mass-transfer, the electrochemical reaction
and the time-change term. The anode mass-balance equation
includes a term for the water gas shift reaction.

For cathode gas:

Anode : H + CO3%~ — CO, + Ho0 + 26~ (2)

The anode reactions also include the water—gas shift reac
tion, whereby the carbon dioxide formed \Ea. (2) reacts
with hydrogen and produces carbon monoxide and water.
This shift reaction provides the additional fuel, i.ez 1
the anode gafl 2]. Because of this, the utilization of fuel in
MCFC can exceed the utilization ofHbased on the inlet

Separate plate

1 8(nexw) i d(Cex)

: — + VEck=— = 3
Ay Ox EckoF dr @)
Fuel gas Electrode and
electolyte where: vgek is the stoichiometric coefficient of the
k-component concentration in the anode gss;is the
WWXX Y molar flow rate (gmol/s cR), Cek is the k-component con-
— centration in the cathode gas (gmolR)rF is the Faraday
Oxidant gas Separate plate constant.

For anode gas:
The amount of mass change due to the water—gas shift
reaction is added to the mass-balance equation of anode gas,

Fig. 1. Schematic diagram of co-flow type MCFC.
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ie., For cathode gas:
1 9(naxy) T ] + ns d(Cak) (4) 9
Ay ax VEakop 2F KAaxAy T dr — 5, MeCpcTye) + hegdTe — Tge) + hsgdTs — Tge)
where: Cy is the k-component concentration in the anode dTgc
§ S . L. . + GcCpckbgTgc+ —— = b 10
gas; vs is the stoichiometric coefficient in the water—gas 2, GeCperbyTge W y 9PgcCpgcg,~ (10)

; ) : k
shift reaction. The molar flow rate of hydrogen in the anode

gas (axH,) at an arbitrary position is calculated using the b.c.atx=0, ally; Tgc =T )
total conversion of hydrogen at the exit of gas channel. The The heat of electrochemical reactiag, (J cnm<), is ob-
conversion of hydrogenxf,) in each element ¢J of the tained as followg12].

gas channel is deduced for the number of eleme¥t20 [ AHg
in this research) and the total conversion of hydrodén,} qe =i (-7 V) (11)
as given by:
41 N where,AHg (J/mol) is the enthalpy change caused by the
x=1-01-Un) ®) electrochemical reactiofi7].
The molar flow rates of C& CO, H,O and G in the For anode gas:

cathode gas and GOn the anode gas are calculated from  The energy balance equation for the anode gas includes
a combination of the electrochemical reaction and the con- the heat of the shift reaction as the mass-balance equation.

version of hydrogen. For the water—gas shift reaction, the

equation of equilibrium-state is us¢ti7,18] ——(maCpalya) + hegd(Te — Tga) + hsgaTs — Tga)
The current density and the cell voltage have the following 0« dr
. . ga
relationship: + Z GaCpakbgTya+ WhAr = bgpgaCpga ar (12)
V= (Voy — Vay) — iZ (6) g
I . Boundary conditions: at = 0, ally; Tga = T;.
The equilibrium potentials of the anode and the cathode .
) . ' For the upper and the lower separators:
Vanv andVey, are derived from the Nernst equatiidr2]. The PP P
effective cell resistanc&, in Eq. (6) is the sum of the ohmic 92T 82Ts hres hrsg
resistance Ronm) and the polarization resistance%, (@nd 2 T a2 T bsks( - Ty + bsks(Tg Ts)
Z:). The latter, which has been suggested by Selfi&h hrsh dT:
to be a function of the partial pressures of each component -+ ﬁ(ﬂ, —Ts) = pSCpsd—S (23)
and temperature, are used in this research, i.e., s's !
- 1801 Boundary condition: at= 0 andx= L, all y; dTs/ox= 0
Za=2x0.4567x 107" (pn,) "™ atallx, y = 0 andy = W: 9Tg/dy = 0.
_ 13140 For the electrode—electrolyte plate:
x (pco)***¥(pco,) MSOGXD(T) (7 yiep
PTe  3Te  h h
_ Ze 2e res ( Ts) 4 & res ( o — Ts)
9361 0x 3 bek beke
Ze = 7.504% 107° —043 0-0%x < > h
c X (POZ) (PCOZ) p T hres (Te— Tga) 4 ega(Te Tga)
beke
® h dTe
- . 89 (Te — Tyo) + — = peC (14)
SubstitutingVey, Vay, Ronm and Z into the Eq. (6), the beke( e fge b k e-Pe g
following equation is obtained:
ged 12 atx=0andx =L, ally; 9Te/ox =0
RT XecXg "X . atx,y=0andy =W, y=W, all y; 0Te/dy = 0.
V=(VJ - VO)—I—— 2cCl0 AHY) 47 9) y y y y; 9Teldy
XwXac i )
2.3. Analytical methods of calculations
Then, the local current density can be calculated with the
cell voltage and the gas compositions. All mass- and energy-balance equations are changed into
dimensionless equations and then into finite difference equa-
2.2.2. Energy-balance equations tions. The current density, temperature, power and conver-

The equations of energy balance for the upper and sion of gases are obtained as a function of time. The time
the lower separators, anode and cathode gases and theequired to reach a steady-state is also obtained. The calcu-
electrode—electrolyte plate are developed. In the same waylations are performed with a fixed value for the cell voltage
as the mass-balance equations, the energy-balance equatiorj$3—-16]
are built by adding time-change items to the steady-state The initial concentrations of the gases are obtained with
equationg20,21]. the equation of state, and all the initial temperatures in the
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interiors and the boundaries of the MCFC are assumed to 7
be 923K (650C).

The degree of freedom in the system is one. Equations for e LB P ]
a unit MCFC are solved after fixing one parameter, i.e., the o6fF ——— — — — —
cell voltage. The current density at time-At) is obtained ]
using Eg. (9) For calculations of the time changes of the @ |—— "~ TT Tt

concentrations of the anode and cathode gases, the molar 05 p— — —— 77— 77— 1

flow rates of gases are estimated using the utilization of > . 4.98 T

hydrogen as irEq. (5) The reference total utilization of e — —

hydrogen is assumed to have an experimental value of 0.4. 04 576 1

In case of the anode gas conversion by the water—gas shift

reaction is calculated using the equilibrium-state equation.

Then, the concentration and compositions of the anode gas

can be calculated. Similar calculations are undertaken for

the cathode gas. Using the obtained values, current density

distributions are calculated by a trial-and-error method. Fig. 2. Distribution of mole fraction of hydrogenty,) in anode gas
Temperature distributions can be calculated by means ofalong directi(ljn. of gas f|C‘)W at different times. Anode gas-flow rate

Egs. (10)—(14)All these calculation steps are repeated for — 0.44molfr* (i.e., 0.5120); cell voltage= 0.93V, Uy, = 0.4.

increasing time. When the changes in the molar flow rates of

both gases become negligible, the calculations are stoppedeaction in the electrode—electrolyte plate. Thus, the amount

and it is assumed that a steady-state is reached. Dimensiongf hydrogen decreases and the current density becomes low

flow rates and gas compositions of the unit MCFC used in along the direction of gas flow.

the modelling are ifmable 1

0.2 0.4 0.6 0.8 1.0
Dimensionless distance, x/L

3.2. Effects of gas velocity

3. Results and discussion As the velocities of the anode and the cathode gases be-
come fast, the time to reach a steady-state become short.
Equations for the 10cnx 10cm MCFC unit cell were  The effects of the inlet molar flow rates of anode gas on the
solved after fixing one parameter, i.e., the cell voltage, gas fractions along the direction of gas flow after reaching a
0.93 V. Cell performances, the time reaching a steady-state, steady-state are shownfig. 4. Here,n, o refers to the ref-
gas compositions and conversions were calculated and comerence molar flow rate of anode gas, i.e., 0.88 mélThe
pared at different utilizations of hydrogen and molar flow cathode gas-flow rat@c o is fixed. The sum of the fractions

rates of the fuel gas. of gases, such asaHCO, CQ and HO in Fig. 4(a)—(d)
should be almost one.
3.1. Time changes of current density and gas compositions When the anode flow rate is high, the fraction of hydrogen

is large and the difference from the inlet fraction of 0.68

Distributions of hydrogen composition along the direction becomes small. Hence, the curvengt, is above the curves
of gas flow at different times are given kig. 2 Calcula- at 0.5130 and 0.hy,. Even though the slopes of curves
tions were made at a constant cell voltage of 0.93V. The
time to reach a steady-state was taken as the time when the
changes in gas compositions in the gas channel became neg- 05— T T T T T T T
ligible with respect to time. The graph shows that the time ao7es
changes of the gas composition along the direction of gas 108
flow become small as the system approaches a steady-state.
Here, 5.8 s is the time to reach a steady-state when the mo-
lar flow rate of the cathode gas is 0.44 mothtand the fuel
gas utilization is 0.4. It reaches a steady-state very quickly
because the size of fuel cell is small and the flow rate of fuel
gas is large. At the initial stages of operation, the slope of
the distribution curve is small, but increases slightly as time

©

~
r
L

o
w
T
.

Current density [A/lcm?]

[

passes.

The distribution of current density along the direction of 0.1 . : . : . : .
gas flow at different times is presentedHiig. 3. The trend is 02 ) O'_4 9'6 08 1.0
similar as that irFig. 2 This is because the current density Dimensionless distance, x/L

is related to the amount of reacted hydrogen in the anode. ASrig. 3. Distribution of current density along direction of gas flow at
the anode gas flows, it is consumed by the electrochemicaldifferent times.
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0.56 — T r r . r r T v 0.13 — T
- h S —~— .
0.52 \ : i ' T — ]
L - ap
0.48 | \ : \nap T 012 1 |
- | fe—— C—_— A ><8 ——
44 k . 0.5n
> [ — 0.5n =
— a,0 0.11 } -
0.40 | —_— — ]
o 0.1n,, ] - 0.1n,,
0.36 |
0.10 L— A A A A . . . A
0.32 ) , ) ; ) , A . 0.1 0.2 0.3 0.4 05 0.6 0.7 0.8 0.9 1.0
0.2 0.4 0.6 0.8 1.0 . . .
. . . Dimensionless distance, x/L
(a) Dimensionless distance, x/L (b)
0.28 r T T T 0.30 T T r T
0.1n, ,
0.24 . 0.28 | 0.1n,, _ —
/
0.5n 3 —_— vl
. Va0 — ] 0.26 | — 0.5"8‘0 .
8 o20f _ —m — 1 & - S
Nao . — .24 .
= 0-24 =
0.16 | L - o2z | " n, ]
/ - ' / ’
0.12 . 1 1 1 0.20 L— . R . . " . ) .
0.2 0.4 0.6 0.8 1.0 0.2 0.4 0.6 0.8 1.0
(c) Dimensionless distance, x/L (d) Dimensionless distance, x/L

Fig. 4. Steady-state distribution of mole fraction of each component in anode gas along direction of gasrilew®@fn,, and 0.h,,. (a) H; (b)
CO; (c) CQ; and (d) HO. Here,n,, is the reference inlet anode gas-flow rate, i.e., 0.88 mbl Flow rates of anode and cathode gases are changed
in the same ratio.

are rather uniform, they are slightly larger at the entrance. tion decreases and reaches a steady-state value. This is be-
This is due to the high concentration of hydrogen at the cause the total mole number of anode gas increases and the
entrance and it is related to the high current density at the total mole number of cathode gas decreases after the elec-
entrance. Additionally, when the anode flow rate is high, the trochemical reaction. As shown ikig. 4, when the molar
rate of hydrogen consumption is faster and the distribution flow rate is large, the time to reach a steady-state is short. In
curve changes more rapidly along tkelirection as shown  spite of the large molar flow rate, the concentration is lower
in Fig. 4a CO in the anode is related to the water gas shift
reaction in the anode gas. Even though the changes in the
slopes of the curves iRig. 4bare very small, the trends are
similar to those of hydrogen iRig. 4a

As mentioned above, the fraction of hydrogen at the en-
trance is large when the anode gas-flow rate is high. By
contrast, the amount of carbonate ions from the cathode is
relatively constant, since the cathode gas-flow rate has been
fixed. Hence, when the anode flow rate is large, the fractions
of COp and KO in the anode gas, which are generated from
the carbonate ions, are small as showikig. 4(c) and (d)

As mentioned above, the molar flow rate at the entrance
will affect the time taken to reach a steady-state and the

1.7 —T—— T — T

Anode concentration [X10° mol/cm?]

concentration distribution in the gas channel. The change 1.3 — e
in the total anode concentration with time at the centre ( 00 02 04 06 08 10 12
= 0.5L) of the cell for different molar flow rates of anode Time [s]

gas is given irFig. 5 The molar flow rate of the cathode gas _ _

. . . Fig. 5. Time changes of anode concentration at cextte=¢ 0.5) of cell
changes in the same ratio as that ,Of t_he anode gas. As tlrm'::alt Nao, 0.5N30 and 0.h,,. Here,ny, is reference inlet anode gas-flow
passes, the total anode concentration increases and reachesae i.e., 0.88 moltt. Flow rates of anode and cathode gases are changed
steady-state. On the other hand, the total cathode concentrain the same ratio.
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0.20 — T T T r T r r
€ 0.16 Moo .
(%4
=
2 012 - —00 . 0.8n,,
S 008 fF— — 0.5n, , -
§ —_
3 0.04 .

s _0in,
0.00 — . : . : . : .
0.2 0.4 0.6 0.8 1.0

Dimensionless distance, x/L

Fig. 6. Steady-state distribution of current density along direction of gas
flow at different inlet anode gas-flow rates. Herg,, is the reference
value of inlet anode gas-flow rate, i.e., 0.88 mothFlow rates of anode
and cathode gases are changed in same ratio.

than that at a small flow rate due to greater consumption o
hydrogen in the electrochemical reaction.

The molar flow rates of anode and cathode gases will
also affect the current density distribution in the fuel cell.
Changes in the current density distribution in the fuel cell
with the molar flow rate at the entrance are showRim 6.

The large molar flow rate results in a high current density
distribution. It also results in a large change in current den-
sity through the fuel cell.

Changes in the average current density with the molar
flow rates of anode and cathode gases are presented in

Fig. 7. The larger the molar flow rates, the greater are the

amounts of gases that are introduced for the electrochemi-
cal reaction. Hence, the average current density is high at
a larger molar flow of gases. The average current density

is 0.14 Acm 2 at the reference conditions of this research,

0.5

0.4

0.3

0.2

0.1

Avg. current density [A/cm?]

0.1 n,,

0-0 ' L ' L ' L ' L ' L
0.0 0.6 0.8 1.0

Time [s]

Fig. 7. Time changes of average current density at the centre of the fuel
cell (WL =0.5) atnao, 0.5 and 0.1, 0. Here, n, is reference inlet
anode gas-flow rate, i.e., 0.88 mofh Flow rates of inlet anode and
cathode gases wage are changed in same ratio.
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i.e.,Ng o = 0.88 mol L. This value is similar to our exper-
imental data. The power of a fuel cell is a multiplication
of current and voltage. Since the cell voltage is fixed in the
process of calculation, the power is proportional to the cur-
rent in this research. In this respect, the time changes of the
cell power at different molar flow rates are changed in the
similar way as those of current densitykig. 7.

3.3. Effects of fud utilization

The utilization of fuel gas, i.e., hydrogen, refers to the
fraction of fuel gas consumed in the fuel cell. Hydrogen is
consumed in the electrochemical reaction, and is also con-
sumed or generated in the water—gas shift reaction. The fuel
utilization is the sum of the results of the electrochemical re-
action and the water—gas shift reaction. It depends upon the
performance of the fuel cell. The effects of fuel utilization
can be seen iRig. 8 which is the graph of the total concen-
tration of anode gas at the centre of the fuel céll (= 0.5)

§versus time at different fuel utilizations. The steady-state to-

tal anode concentration is low at large fuel utilization. This
can be understood in relationfdg. 5. When the molar flow
rate is large, the steady-state anode concentration is low be-
cause of the great consumption of hydrogen.

The fuel utilization also affects the time required to reach
a steady-state. At a great utilization of fuel, the time is short,
as shown in Fig. 8. It can be concluded that the anode gas
concentration is mainly dependent upon the amount of con-
sumed hydrogen.
Changes in the average current density with time at differ-
ent fuel utilizations are given iRig. 9. When the fuel utiliza-
tion is great, more hydrogen is used in the electrochemical
reaction. Hence, the current density becomes high. The aver-
age current density is 0.23 A crfiat 0.8 utilization of fuel,
which is higher than 0.14 Acn? at 0.4 utilization of fuel.
The graph also shows that the time to reach a steady-state
is short at a high utilization of fuel, as explainedFig. 8.

0.4
Time [s]

0.6 0.8

Anode gas concentration [X10° mol/cm®]

Fig. 8. Time changes of the anode gas concentration at the centre of the
fuel cell WL = 0.5) for different B utilization.
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0.5 fuel gas have been studied. The following conclusions are

reached.

04F ] 1. The fuel cell attains a steady-state very quickly because

the size of unit fuel cell is small and the flow rate of

. fuel gas is large. The time to achieve a steady-state is
0.58 s and the corresponding average current density is
0.14 Acnr?2 at the reference conditions such as 0.93V,
anode gas-flow rate 0.44 moth and hydrogen utiliza-
tion 0.4.

The total concentration of anode gas increases with
time and reaches a steady-state value. On the other hand,
0.0 . L . L . L . that of cathode gas decreases with time and reaches a

0.0 0.2 0.4 0.6 0.8 steady-state value. The average current density also de-

Time [s] creases with time and reaches a steady-state value.
. L . , 2. When the flow rate of anode gas is increased with a fixed
Fig. 9. Changes of average current density with time at differentitit
lization. Here, inlet anode gas-flow rate, ) is constant at 0.88 moltt. f!OW rate of cathode gas, the ra_te (_)f h}’dmge” consump-
tion becomes faster and the distribution curve changes
more rapidly along the direction of gas flow.

03 F

Average current density [A/cm?]

< 0.3 h ' ' ' 3. When the molar flow rates of the anode and cathode
s C~_ ] gases are high, the following results are obtained. The
o T~ steady-state total concentration of anode gas is low and
%‘ 0.2 —— 08 " —u | of the cathode is high. The current density is high and
S B —_— .. the changes in current density along the direction of gas
° — — 0.5 T ] flow are large. Time changes in cell power at different
3 - o2 — — molar flow rates proceed in the same way as those of
§ 01k ) | current density.

) 4. When the utilization of fuel, i.e., hydrogen, is high, the
g U,,,=0.2 ] steady-state total anode gas concentration is low and the
Z current density is high. Time to reach a steady-state is

0.0 L . L . L . L . short.
0.2 0.4 0.6 0.8 1.0

Dimensionless distance, x/L

Fig. 10. Steady-state distribution of current density along direction of Acknowledgements
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