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Abstract—A nonlinear, lumped-parameter mathematical model REFORMER CATALYST
of direct reforming carbonate fuel cell stack is extended by deriving FUEL \
an explicit set of differential equations for computer simulation. CH,+H,0 REFORMED
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The equilibrium assumption used for the water—gas shift reaction ﬂ
results in an implicit equation set, previously solved using numer-
ical techniques. An explicit equation set is derived by eliminating a
key variable associated with the water—gas shift reaction. In ad-
dition, results are improved by incorporating a fuel cell perfor-
mance model to account for reversible cell potential and polariza-
tion losses. This requires determination of intermediate gas compo-
sition at the cell anode inlet, resulting in additional computations.
All results and physical data used are specific to a lumped 16-stack
2-MW system design, a precursor to a demonstration plant that
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I. INTRODUCTION

HE DIRECT Carbonate Fuel Cell (DFC) is a variant of'9' 1+ 'IR/DIR structure of MCFC stack.
T molten carbonate fuel cells in that it internally reforms
methane-containing fuels within the anode compartment ffr a large external reforming unit to produce hydrogen fuel.
the fuel cell. DFC power plant is emerging as a viable highlyhe approach, Fig. 1, is a combination of indirect internal
efficient technology with net fuel-to-electricity efficiency ofreforming (IIR) and direct internal reforming (DIR) which
55-60%. By utilizing waste heat in the higher temperature cgsrovides for better thermal management [3]. In FCEs design the
bonate fuel cell, total thermal efficiencies can approach 85%ternal reforming is achieved in two distinct steps. In the 1IR
Emissions of CQ per pound of fuel are reduced due to thetep, a reforming unit (RU) containing nickel based catalyst is
higher efficiencies while emissions of CO, NOx, and SOx afglaced between every 10 fuel cells in the stack. The reforming
in the order of parts-per-million (PPM). Other benefits of fualinits convert approximately 50-60 percent of the natural gas
cell systems in general are the increased flexibility of sizinguel to hydrogen prior to entry into the fuel cell anode. The
fuel, and siting. Thus, with deregulation in electricity supplypartially reformed natural gas undergoes further reforming
new and existing energy suppliers have been attracted by thehe fuel cell anodes which are also loaded with reforming
potential of fuel cell systems as distributed on-site generatorgatalysts. This design approach ensures the benefits from the
The largest demonstration of molten carbonate fuel cefiternal reforming concept are realized, including complete
(MCFC) technology has been California’s 2-MW Santa Clareonversion of the natural gas to hydrogen, reduced fuel cell
Demonstration Project (SCDP) [1], [2]. The fuel cell stackmeat dissipation, and simplicity in design.
used in the SCDP were rated at 125-kW and based on “direciA dynamic model for direct reforming carbonate fuel cell
fuel-cell technology” developed by FuelCell Energy (FCE)tack was derived in [4] to describe both short-term and
Natural gas is internally reformed, partially in an interndbng-term transient effects. Continuous stirred tank reactors
reforming unit and partially at the cells, eliminating the nee(CSTRs) were used to describe both anode and cathode with
the former lumping the combined effects of RU and cell anode.
. . . _ Fuel cell polarization losses were lumped into a single ohmic
Manuscript received February 14, 2000. This work is supported by the NSE . . . .
grant “Intelligent Control and Dynamic Simulation of Molten Carbonate Fueqe” resistance. In this paper, the model is extended to include
Cell Power Plants as Distributed Generation Systems” (DMI-9460694).  electrode polarization losses described by experimentally
M.D.Lukasarjd K.Y. Lee_arevyiththeDepartmentofElectrical Engineeringjerived correlations dependent on gas composition at the
The Pennsylvania State University, University Park, PA 16802. . . . . . .
H. Ghezel-Ayagh is with FuelCell Energy, Inc., Danbury, CT 06813. cell anode inlet. This requires calculation of intermediate gas
Publisher Item Identifier S 0885-8969(01)07337-5. composition out of the RU, leaving the basic model unaffected.
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In the description of the model, anode inlet is used to denof&ithode
the state of fuel at the RU inlet except when considering ¢
intermediate composition. dag; _ RT® | i

dt PCS‘/C Nca(xci - xci) — L ;RCZ + R (3b)

Il. MCFC Stack DYNAMIC MODEL where

Assuming a fuel cell stack temperature common to anodez?,(x?;) anode (cathode) outlet mole fractions;

and cathode, ideal gases and mixtures, and energy storage only?(P?) anode (cathode) outlet pressures [Kg/(gh)];
within the stack hardware, a single energy balance is written [4]:V,(V.)  anode (cathode) compartment volumes]m

dT° R universal gas constant[J/(moK)].
MOy pr Equations (1)—(3) are subject to the following reactions on
the anode side:
3 . 3 H =
in in [0 38 —s 2+ CO3_ - H20+ C02
= N;, [Z Ty (hai — hi)] — Z h; R 42 Anode (4)
=1 i=1 CO+ H>O — COy +Hs» Water—Gas Shi ft (5)
¢ _ ¢ CH; +H>O — CO+ 3Hy  Reforming (6)
+ Nie [Z Top (hci - hz)] —> kiR —Pac (1) and on the cathode side:
ere =t =t 10, +CO, +2¢~ — CO;  Cathode. @)
w
MeC? stack solid mass-specific heat product [J/K]; The rates of electrochemical reactions (4) and (7) are equal and
Ts r stack solid average temperature [K]; proportional to load current through Faraday’s Law while the
Nj2(Nin) anode (cathode) total inlet molar flow [mol/s]; reforming reaction rate is dependent on temperature, pressure,
z®(z/") anode (cathode) inlet mole fractions; and gas composition at the anode compartment [4]. However,
E“}(E‘?) anode (cathode) inlet partial molar enthalpieg"e water—gas shift (WGS) reaction is assumed at equilibrium
avhoe [J/mol]; and therefore a reaction rate is undefined. Instead, the equi-
7’ partial ’molar enthalpies at stack temperaturjébrium assumption imposes a constraint on gas species at the
! [J/mol]; anode compartment:
3 total gas components in anode or cathode; Ko — (Bi+E:/T%) _ &0, i, 8)
P stack dc power [W]; el TE6TH, 0
Rai(Rei) g?odi(]cathode) total rate of production of specigghere i, is the WGS equilibrium constant arfg, and E;
¢ [mol/s].

) ] ) _are related to Gibb’s free energy change on the WGS reaction.
Under the ideal gas assumption the partial molar enthalpies §fh an undefined reaction rate, (2) and subsequently, (1) and

computed using (3) cannot be evaluated. In the following, this reaction rate is

— S T removed from the equation set.
h=h [
Tres I1l. EXPLICIT MODEL DERIVATION

where coefficients of the specific heajs; [J/(kg - K)], _ ) _
’ At the anode side there are three simultaneous reactions

pi = ai + b, T + ;T + d;T° (4)—(6). In the following, these will be denoted as reactions 1,

are found in standard reference tables. The reference enthaagﬁnd 3, respectively. The term c.orre.'?‘pondlng to the total rate
represents energy at standard reference temperature andPiiroduction at the anode is rewritten:

cludes the heat of formation for each gas species to account for 3 3 _
energy change on chemical reaction. Total rates of productionflei = Z VijTi = Z vigrj + Vigr2 = Rei +vigra. (9)
R; can be written as =1 gy
# This considersr; as a legitimate variable and separates it
R; = Z VijT; (2)  for eventual elimination. The set of all gas species (anode or
j=l1 cathode) is first identified:

where _ _ S={H, CH; CO CO H, O N, O} (10)

7 total number of chemical reactions; o o )

r;  rate of reactiory; where the ordering is used to refer to individual gas species (e.qg.,

vi;  stoichiometric coefficient of gas specigin reaction #4 iS the mole fraction of C6). To simplify the development,
; the following definitions are made:

J-
Gas component balances are: Anode Side Quantitics
Anode +in in
h’a,l La1
—in .
dr;, RT* ¢ Mo |, Xin=| ¢,

tai Nin ir}_ 8N _ 5 " il
dt P&?Va ta (xa,z xaz) xm, Z R 4] + R 4] (33) n

- i in
i=1 hor ZTo7
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T*. To see the coupling with stack temperature, (12) is substi-
tuted into the energy balance (1) where the relationships in (11)
have been used:

dr
M*C;
P .
= N (AR Xi) + N (AR X)

() ()

Vo PS dzég

TS

h

()
_Pdc _

(V32 — xgoV2)

- Ntig(xéno - Z80)

RT> dt
5 —_ —
+ 280 Y Rai — Ras (15)
=1

Equations (14) and (15) form an implicit equation set. To trans-
form these into an explicit set, the WGS equilibrium constraint
(8) is first differentiated with respect to time. Since all quanti-

On the anode side, the component balance (3a) for CO is g&x are still on the anode side, the subsarifst again dropped:

bitrarily chosen to express by substituting (9) into (3a) and
rewriting. The mole fraction for CO is explicitly denoted and

the a subscript is dropped:

in in
- Nta (‘Téo

Vo Py dxig
RTs dt

3
—80) T80 ) Fai —Rzi%}
i=1

2= p
(1/32—36%01/2)
12)
In (12) the following definition has been used:
3
Vo = Z V2. (13)
=1

Equation (12) is then re-substituted into (3a), eliminating
where all remaining component balancés4( 3) on the anode
side are in terms ot andiy:

Vo P2 dxs,

RTs  dt

3
=N (i —a5;) 5 Z Roi + Roi +
i=1

(Vi2—x5;72)
(V32— xgoV2)
Vo Py drég
RTs dt

§
—Nia@lo—20) +2¢0 Z Rai—Rasl.
im1

(14)

X

From the definition in (11) and inspection of the WGS reaction,, =

vrp=[1 0 -1 1 -1 0 0],

where positive and negative coefficients represent products

reactants, respectively. From (13), then = 0. This implies
that the bracketed term in (14) is multiplied by zero when 2,
6, or 7. In other words, the mole balance equations fog M,

and G do not involvex, or &, . Thus, a coupled set of dif-

ferential equations exists amongy_, z¢o, T¢0,, TH,0, and

da:éo _ &0 daﬁf{Z TEo dajéoz
dt xq, dt T&o, dt
B o dTi,o | xioEs dTS. (16)
o dt (T)2 dt

Finally, substituting§;_ o, %o, and#f from (14), andZ™

from (15), eachinto (16), an equation involving only one deriva-
tive (£¢) can be isolated and written explicitly. This can then
be back-substituted into (14) and (15) to complete an explicit
set. A similar derivation is not necessary for cathode side quan-
tities since there is only the electrochemical reaction (7). Before
presenting the final results, some terms are evaluated by inspec-
tion of (4)—(7):

=

Q= [—7’1 +3rs —r3 r3 11 ri1—r3 0 0]/,

c=[0 00 —r; 0 0 —3nr],

&~

7
Rai =71 + 2rs, and Z R, = —% 1.
1 =1

=

A number of additional quantities are defined:

s { n 1 n 1 1 }
al E:L'CO ] ] ) )
Tco  *oo,  TH, TH,0
_ —VaPiaioBa(h” - vy)
o =
2 (T*)3RM*Cs
as =N 47y + 273
RI?
Vo Fg
__ RT”
Q5 =
VoF;
and 1
)\1 =
o1 + ao
Ay = Eyrgo {Nin (AH _Xin) + Nin (AH _Xin)
o (TS)QMSC;, ta a “ta te ¢ e

- (8" R.) - (B Ro)+ (B" )
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< agzio — Nitady — rs] — Puc}
¢ 1

—— [as(ago, +280) — Niz
CO2

. (‘Ténoz + ‘TénO) e 7,3]

1 .
t—- s (w5, +280) — N2

- Oé4$SCO Ho> . .

(i + i) —dra+ 1]

1 .
i [043 (xf—lzo - xéo) — Nia

TH,0
L - (a:Ii{“ZO — a:é“o) —7r1+ 27‘3] )
1 in N in in N in
Y= {Nm (AR, - XI) + Ni® (AR, - X*)

- (8" Ra) = (B Re) + (B 02)

A -
: { 172 +a3ng—N;ga:gb—r3} —Pdc}.

g4

Using the above definitions an explicit set of equations de-V,

scribing fuel cell dynamics follows:

Anode Composition

dzs .
e = —au {o (i, +rEo) — N
(w4 ad) —Ars i) — Ak
dx? .
;tH“ =—qy {aga:ém — Nigzch, + 7’3}
dzdo
—=2 =X A
P 1A2
dze .
o =~ (wko, +78o0) — Nig
- (.’L’énOQ —|— .’L’éno) — 71— 7’3} — )\1)\2
oo Teo, T,
120 " Kueateo

s s s s s s
Ty, =1- (tz +Zop, T Tco +Tco, T tzo) .

Stack Temperature

drs

e

Cathode Composition

dzi o i 3z, oM
dt2 @5 {Nt? (o — ¥i0) + #}

]
da:coz

. . 3280, 71
0 —as {2 (ol —ato) + "

2

dx}?\‘r in in s 3$}9\r 71
T {Ntc (28, = ah) + =5

s s s s
2o, =1 = (&0, + 7,0 + 7, ) -
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model, two additional state equations are used to describe anode
and cathode pressures. These are derived by differentiating the
ideal gas lawC, = P*/RT* with respect to time, wher€, is

total concentration [mol/d}, and using a total mole balance [4]

to eIiminatedC‘t/dt for both anode and cathode. This results in:

dr; _ BT

. )\ V'aPS
= [N;}; — N2 +71+2rs+ (;5)2}‘;} Anode
dP? RT® in o 3r1 AVLP?
dt = 7 |:Ntc — Ntc — 7 (TS)QR:| Cathode

where N7, and N7, are the anode and cathode exhaust total
molar flows, respectively.

IV. CELL VOLTAGE REPRESENTATION
Cell voltage under load curreifA/cm?] is expressed as [5]:

chell = Vvo — Nact — Neone — iz (17)

where
equilibrium potential [V];

Nact activation polarization [V];

Teone ~ CONCeNtration polarization [V];

z cell ohmic impedanc§? - cn?].
Activation polarization is caused by electrode kinetics while
concentration polarization is caused by concentration gradients
in the electrode. Equilibrium potential is described by the Nernst
equation [5]:

RT PHz,aPéé?cPCOZ,c

‘/o = Eo + P hl
2F Pu,0,0FPco,,q

(18)

where

E, standard potential [V];

F Faraday’s constant [J/(meN)];

P, partial pressure(P; ., = #4iPa/Patm, Pic =

xciPc/Pa,tnl)-

Partial pressures (normalized to atmospheric presBurg)
depend on anode/cathode gas pressure and composition while
standard potential and ohmic impedance are both temperature
dependent. Fuel cell polarization losses are generally dependent
on partial pressures, temperature, and current density, and are
spatially distributed in an actual cell. In this study the dynamic
model is lumped parameter, CSTR-type where outlet properties
are equal to average properties. A fuel cell performance model,
correlated with experimental data [6], is incorporated in the dy-
namic model in order to predict the DC voltage as a function of
state variables.

Standard Potential

4184 x [58.3 — (0.0113 4 9.6 x 107 7T)7]

E,
2F

Activation Polarization

RT
Tact = ﬁ (—21 —0.31 IHPH27a —0.24 lnPCOZ,a

Included in these equations are the facts that mole fractions sum
to unity and that certain gas species are not present. Expressions
for the reaction rates, andrs are given in [4]. To complete the

—0.951n PHZO, o +0.861n PCOZ,(:
—1.8In Py, . + 7050/T — 2.61n4).
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Concentration Polarization TABLE |
STEADY STATE SIMULATION RESULTS
1
Neone = —1.221n <1 - m) . Load current {A] System Voltage [V]
. Plant Model
Cell Ohmic Impedance
Full power 3056 750 720
1 1 Rated 2483 791 771
2 =0.4exp [—2870 <— - —)} . ed power
923 T Part load 2101 816 812
In the equation abovel is the arithmetic average of cathode '
inlet and exit temperature [K] andis current [A/cn?]. Anode ,
and cathode partial pressures are arithmetic averages of inlet and ~ -
exit gas partial pressures, where anode inlet gas is assumed to be /= . Bus —b
pre-equilibratedto account for gas composition change within PCS > Demand
the reforming unit. With these considerations in mind, a number B A A
of assumptions are made linking the performance model to the : ‘e Ve
lumped-parameter model: : Oxidant In Balance |
s in : Fuel Cell of lele—
T = (T + Tc )/2 (Al) : Anode In Plant E Fuel
P . =Px; /2 A2 : :
by € C ('/L.CZ + '/L'CZ )/ ( ) : ] Oxidant Out T
P .=F; (zo; +24:)/2 (A3) Anode Out
wherez?? denotes anode inlet (RU exit) mole fraction. This ____________________ :
is calculated by assuming the WGS and reforming reactions

at equilibrium corresponding to the following pre-equilibrium ant simulati
temperature and pre-equilibrium pressure: Fig. 2. SCDP plant simulation.

TTef _ T(:n (A4) 0.5 -
045 o — 2
Pro = P2 (AS5)
s oal H,0

In (A2), (A3), and (A5), cell inlet pressure is not used in the
averaging, thus avoiding complicated hydrodynamic pres-
sure/flow models. Calculation af’¥ then becomes a standard
equilibrium problem [7], solved at each integration time step by ~ 02;
a Newton—Raphson iteration. Assumptions (A1)—(A5) are also 2!
used to calculate the second term in the Nernst equation (18).

0.15

V. SIMULATION RESULTS M " /2) ‘
.05
Parameters used in the dynamic model were obtained from ’ co J
FCEs 2-MW conceptual system design leading to the Santa % s 10 15 20 25 30

Clara Demonstration Project (SCDP) and include: anode and

cathode volumes, stack solid mass and specific heat, cell acfige3. Anode gas composition.

area, and reforming catalyst surface area. All parameters cor-

respond to a 16-stack equivalent. Standard constants were ugadk current proportional to bus current and inversely propor-

corresponding to WGS and reforming reactions. System voltatjenal to stack voltage using a power demand setpoint. Stack

in the SCDP is taken across a series connection of four staaksirent is measured and used in calculation of fuel flow setpoint

each stack consisting of 258 ce{lE;,, = 4 x 258 x V,.;). tomaintain 75% fuel utilization (fraction of total fuel that reacts

Table | shows a steady state comparison of model and plant dalectrochemically). All controls loops are operational and in-

[8]. Here, the model voltage was computed open-loop (no inlude: stack differential pressure, stack temperature, steam-to-

verter) subject to the actual plant load current. carbon ratio, etc. [9]. Figs. 3-8 show the responses to a 10%
To investigate transient behavior, the plant is assumed to betp-up in power demand.

steady state corresponding to rated power (1964 kW gross dcpnode gas composition, Fig. 3, changes quickly (fast con-

and subjected to a sudden increase in power demand. The s#toipof fuel flow) in response to the disturbance and returns to

in Fig. 2 is assumed, where the balance-of-plant, power cdts original value corresponding to 75% fuel utilization, Fig. 4.

ditioning system (PCS), and plant control system are includ@shode and cathode pressures in Fig. 5 both increase as a result

in the simulation [9]. The inverter is assumed to regulate bw$the increased load. Differential pressure between anode and

voltage perfectly (with unity power factor) and simply drawsathode is controlled by the booster blower [9] with a setpoint of
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Fig. 7. Stack temperature.
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Fig. 8. System voltage.

the 16-stack mass-specific heat product in (1), the thermal time
constant of stack temperature, Fig. 7. System voltage in Fig. 8
starts at its initial value of 797 V, corresponding to regulated
power (inverter control), and drops quickly to a sudden increase
in stack current, in turn, controlled by the inverter to maintain
the new power setpoint. System (stack) voltage varies according
to the temperature dependence in (18) while stack currentis con-
tinuously adjusted by the inverter control to maintain power.

VI. CONCLUSION

A 10-state, explicit dynamic model for direct reforming DFC
stack was derived for computer simulation. The reaction rate
corresponding to the WGS reaction at equilibrium was unde-
fined and eliminated from the equation set. The results were then
manipulated to obtain an explicit set of differential equations.
The dynamic model results were improved by including corre-
lations from a validated three-dimensional performance model.

0.012 psia. Unlike the anode, cathode gas composition, Fig. 6Sisveral load points were used for comparison between plant and
not nearly invariant under load changes. This is due to the stankdel. A balance-of-plant/control system model was included

temperature control system which increases the air flow rateitothe simulation and transient results were analyzed for a step
the cathode, consequently increasing oxygen and nitrogen moange in power demand. Design data and physical parameters
fractions. The large response time in Figs. 5-8, is a result lndive been based on a 2-MW demonstration power plant.
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