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Abstract: Hybrid plants where a fuel cell and a gas turbirecambined have attracted
the attention of the power system community. In this papenoael is provided of a
Molten Carbonate Fuel Cell stack and of the thermo-hydcaadjuipment in which it is
embedded. The model is worked out from basic physical censitns; however, it is
also simple enough for simulation and control purposesidgssit has been validated

against experimental dat@opyright©2005 IFAC.
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1. INTRODUCTION haviour of relevant process variables (like temperature
distributions, gas concentrations, overall voltage and
d_power) and this can help to understand relationships
and dependencies both among them and with variables
related to the other devices connected to the FCs.

This, in turn, is the starting point to study if operating

Power systems based on Fuel Cells (FCs) are gra
ually gaining interest. The main reason is the low
polluting emission in terms o€0,, NOy, SOy, as
well as the rgmgrkable efﬂmency_ n e|.1ergy conver- constraints, tied to material limitations and requested
sion. Modularity is also a relevant issue: generators of ) )

. . : X performance, can be met, both in steady-state and in
different size can be adapted to different users n(—:‘EdS’transient conditions, by means of suitable control ac-
and therefore to different markets. (Kowalenko, 2004), » DY

(Gumey, 2004), (Andrews and Weiner, 2004), (Evers tions, obtainede.g., with industrial PIDs (cmp (Lukas
2003), ' ' ' ' "etal., 2000)).

Notwithstanding the importance of these systems in 2. MOLTEN CARBONATE FUEL CELLS

the present years, and in the years to come, the atten-

tion of the control community is still relatively mod- FCs are stratified systems, with a usually planar or
est. The purpose of this paper is to develop a soundcylindrical structure (in Figure 1, a typical planar
mathematical model for a certain class of these sys-structure is represented). They work as electric gener-
tems, namely Molten Carbonate Fuel Cells (MCFCs), ators, provided that they are continuously fed with fuel
and to point out some of their main dynamical char- and oxidant: in fact, their two (porous) electrodes, the
acteristics. This is the ground for future activity on anode and the cathode, offer catalytic sites for the cell
cell control, with special reference to the project of electrochemical reactions. Roughly speaking, hydro-
innovative hybrid power plants (Prandatil ., 2003), gen (either directly pumped into the anode or obtained
where these cells are coupled with gas turbines (alsoby internal hydrocarbon reforming) and oxygen (at the
for distributed generation), in order to achieve higher cathode) combine to produce not only water and heat,
total efficiency. In the absence of operating experi- but also a potential difference, which enables current
ence for such plants, in fact, a reliable model-basedflow in an external circuit.

stack simulator can be employed to predict the be- An electrolyte layer, interposed between the elec-



trodes, closes the circuit path inside the cell, allow-

ing the transport of ions produced or consumed by  separating plate: Vi

the reactions occurring at the electrodes. FCs can be 77 Anodic gases

classified on the basis of their electrolyte; MCFCs, ’ (channels):

for instance, contain a mixture of alkali carbonates, Bl &+ AH,, CH,, CO,
. . . . L R ectrodes'\ 7% CO.. LO

LioCO3 and K,CO3 mainly, which are imprisoned in Blectrolyte T~ - 1,5 > 2

an inert matrix and which, at the operating tempera- WESBINRINEIENR] . .

ture, around 903 943K, are actually in a molten state NNNNNNNY/ — Diffusors

Xehe

(EG & G Services, 2000).

. . . Cathodic gases (channels): =
Figure 1 pictures the typical structure of a MCFC. 0,, CO,, N,, H,0 chA

The feeding gas mixtures flow over the electrodes
in perpendicular directions to each other (cross flow) Fig. 1. The planar stratified structure of a MCFC;
and, from those bulk regions, they diffuse into the notice the cross-flow of anode and cathode gases

electrodes, which act as catalysts, mainly for the re- ;46| has been connected to the models of the other
actions generating or consuming electrons. The elec'devices operating with the stack, so as to form an

trode layeri.e. the porous me_d|um, is formed in turn overall dynamic simulator of the MCFC sub-plant.

by sub-layers: on t_he one side, between electrode andl'he paper is organized as follows: in Section 3, a
gasl, th(:]reh|s a thin pq;(f)us mfetal plate étbmous model for an elementary cell, dealing with chemical
wall), which acts as a diffusor, favouring the Penetra- reactions, mass and energy transport and storage and
tion of the gas mixture into the electrode pores; the gjocprical phenomena, is worked out; Section 4 sums
liquid electrolyte floods the other side of the porous up how the model has been implemented: then, model
material, without reaching the gas side though, thanksvalidation against steady-state real data is summarized

to surface tension; inside the pores, the penetratéqggction 5); finally, some transients of interest are
gas diffuses into the electrolyte and it is enabled to analysed in Section 6

react with its ions: this occurs just on the pores inner
surface.

The gaseous components to be considered are listed in 3. MODELLING OF AMCFC

Figure 1. At the anode, the gas-shift reaction ) ] ) o ]
This section outlines a MCFC model which is derived

CO+Hy0 + CO, +H> from first-principle considerations, with energy, mass
and momentum conservation equations plus suitable

and the electrochemical half-reaction constitutive equations and electrical equations. The
stack model can be obtained easily from the elemen-

Hz +CO5™ + CO2+HO+2e tary cell model by observing that the electric current

flowing through all the cells is the same, the whole
occur, while at the cathode there is only the electro- stack potential difference Nc times that of the single

chemical half-reaction cell and the total anode and cathode gas flow rates are,
1 on the average, equally subdivided among the single
502 +C0O2+2e~ CO5 . cells, which they feed in parallel.

In order to avoid the typical limitations of zero-
Since each cell generates a voltage of aboW 1 dimensional and one-dimensional models, which do
only, many elementary cells, connected electrically in not take into consideration the spatial dynamical cou-
series, are usually packed into a stack to obtain thepling between anode and cathode reaction rates due to
required voltage, typically 109. Metal plates isolate  gas cross flow, it is necessary to turn to at least a two-
anode and cathode gases feeding adjacent elementargimensional approach (Luka&s al., 2000), (Lukaset
cells. al., 1999), (Duijn and Fehribach, 1993), (Lukas and
Ghezel-Ayagh, 2001), (He, 1994): in fact, reaction
rates strongly depend on local reactant concentrations
and on local temperatures. We therefore divide the
orthogonal gas flows intdl,a anodic strips, the so-
called anodic channels, and intnc cathodic chan-
nels; channels are referred to orthogonal coordinates,

The system subject of this study is a prototype of a
high-efficiency hybrid pilot plant, under construction
at CESI,; this integrates a MCFC stack, composed of
Nc = 150 cells and producing 128Ve (with a 1100
A current), with a micro-size gas turbine, delivering
alone about 6(kWe. An intense research activity is -

Xcha and Xcnc, a@s shown in Figure 1. In turn, each

current_ly underway, |nclud_|ng many Igborat_ory_tests, anodic (cathodic, respectively) channel is subdivided
modelling efforts and studies for the investigation of .

L into Nca (Nic) volumes, or anodic (cathodic) nodes,
plant control problems arising in normal and emer- : : .
" so that in each anodic (cathodic) channel there are
gency conditions.

Nia = Nene (Nic = Ngna) control volumes. In the sim-
Here, a model of the stack and its implementation in ulations reported later on, the assumptigga = 4
a Matlab-Simulink®) environment are described. This andNgc = 8 is made. In the perpendicular direction



Z to the anodic and cathodic flow planeés. along Gibbs energy and temperature. Electrochemical dy-
the cell thickness, different layers have different as- namics, not considered here for simplicity, as observed
sociated control volumes, for both energy and massin Section 3.3, are object of current work, based on the
conservation equations: this leads to the formulation analysis of ionic motion in the electrolyte and, near the
of a final model that can be considered, in many re- electrode pore surfaces, of the formation of potential
spects, as three-dimensional (although not as far aglifferences due to the presence of charged activated
gas velocity and pressure fields are concerned), wherecomplexes. This other approach, in fact, aims at de-
each control volume is identified by its “node-channel- scribing the origin of capacitive effects, which are
layer” coordinates. responsible for cell fast dynamics, developing on a

: . - time scale around gecond or less.
The conservation equations describing each control

volume in the various physical layers form a set of Boundary conditions for mass
Partial Differential Equations complemented with al- For each electrode, at the bulk-diffusor interface, a sort
gebraic equations. of radiation condition can be written:

9 (P fipm)

Hgd (fi — fipm(07t)) + Dngd a7
z=0

= O7
3.1 Thermochemical model

where mass convective motion and gas mass diffusion
towards the catalyst inner layers appday.is a suit-
able mass diffusion coefficient in the porous medium.
The boundary conditions of the layers completely
filled by the electrolyte are null mass fluxes.

Mass conservation in the bulk

Consider each singlé,—th component in the anodic
and cathodic gas mixtures and theoordinate along
which it moves. Denoting its mass fraction fyx;t),

its mass conservation equation, inside the bulk, for an

elementary control volume with aréa is Energy conservation in the bulk
We consider, for each channel, thermal energy accu-
pA@ Ll W (f7 — f) + Hga (7 — f;) (1)  Mulation, energy convective transport alongwork
ot oX of pressure and friction forces, energy flux between

channel and porous medium (tied to temperature dif-

where, in the first member, there are the usual accu-ferences between the gas bulk in the channel and the
mulation and convective transport terms and, in the diffusor), energy flux (analogous to the previous one)
second one, the contribution given by lateral flows petween channel and separating plate, energy flux due
between the channel and the porous medimfristhe o convective flow rates between each channel and
total lateral convective gas flow rate, per unit length, the two adjacent ones. The energy flux due to heat
at the diffusor-channel interface. On the anode side, giffusion alongx and to matter diffusion from channel
the lateral total flow rate should, in ordinary operat- tq porous medium is neglected. Considering mass and
ing conditions, go from the porous medium towards momentum conservation as well, after some manipu-

wall). On the cathode side, instead, the lateral total

flow rate should always (under correct operation) be de oh
directed from the bulk towards the porous medium; pAa— W =Tgq(Ta—T) +Tgp(Tp—T) +

*_ f. t 1704
thus, f;* = f;. W (e —e),

Mass conservation in the catalyst

For thei — th gaseous component inside therous ~ Where T(x.t), e(x.t), h(x,t) are, for the bulk gas
medium (subscripmin the following), in the anodic N the chf_;ujnel, temperature, _mternal specific energy
and cathodic layers which are not completely filled nd specific enthalpy respectivellj and T, are the

by the electrolyte & will be the space filling coef- diffusor temperature at the channel interface and the
ficient, in the porous medium, by the gas mixture), Plate temperatureiqq andr gp are the heat exchange
there are the accumulation, diffusion and convection CO€fficients per unit lengttiw/(mK)) between gas

terms along and the terms of (electro)chemical pro- in the channel and, respectively, the diffusor and the
duction/consumption of the component:

plate; € = e(Ty) for anodic channelse* = e for
cathodic channels.

7 7 Energy conservation in the catalyst and in the elec-
EgPp 5 (P fipm) + &g 5 (Wp ipn) = Vi1, EgPp: trolyte
d [dpfi . i The porous medium on the gas side can be roughly
32 ( 0zp ) + (Ri,shAeh+ ?) PM;, modelled as a combination of two elements: the elec-

trode material itself (a nickel alloy for the anode and
where PM; is the component molar mass. The shift lithiated nickel oxide, a highly conductive semicon-
reaction conversion rat& ¢ [kmol /mPs| can be cal-  ductor, for the cathode) and the gas diffusing into
culated by multiplying by density the classical rate the pores. For those layers where the gas penetrates
(Xu and Froment, 1989) function of partial pressures, and where reactions can take place, we consider ther-



mal energy accumulation, energy convective trans-

l

port by gas, thermal energy diffusive transport, (elec- —
tro)chemical generation, generation by Joule’s effect i
(due to the passing of electric current) and lateral (with :
respect toz) diffusive energy fluxes. The equations
about the porous medium layers which are adjacent GN,kﬁ%:) v 2 G,
to the electrolyte (where the electrolyte leaks) and the ) cA
ones relative to the electrolytic layer, which separates Nkstrip Q8 E, o ve
the electrodes, are analogous to these ones, but with-
out the reaction terms (for the complete equation list,
refer to (Moretti, 2003)).
Boundary conditions for energy Fig. 2. The structure assumed for the electrical model
For each electrode, at the channel-diffusor interface, ) .
this radiation condition stands: 3.3 Electrical equations

FgdAp (T — Tpm(0,1)) = —AqQqq 9Tpm ’ From the electrical point of view, a single cell acts

9z |, as the parallel of elementary real generators, each of
which is a fraction of the cell thickness from the anode

whereAq is the diffusor thermal conductivity. to the cathode: this is shown schematically in Figure 2,

Diffuser and electrode constitute a unique, but inho- where the generitN, k) strip N =1,2,... Ngha, k=
mogeneous, porous medium: therefore, temperaturel, 2, ..., Nec) is highlighted and the external circuit
gradients are continuous in the passage from the onés assumed, for simplicity, to be a plain conductance
to the other, so that no boundary condition is neededGe. The total current, flowing through the cell and

between them: only physical parameters vary. the external circuit, and the potential difference are,
respectively,
. Neha:Nenc
3.2 Hydrodynamics ot = N iNK
N=Tk=1
For each anodic and cathodic channel, we take global ) ]
mass conservationg. Vea = Enrg Nk — ANk et
7 Gk Ged’
J(pA) ow
v Vit
ot oX whence
and general momentum conservation: z“dth‘ghi: Enre NAGN K
VCA = — N N7 . : 5
ow dwu  dp Ged + YN 10s Gk
E + W +A& = Tfrngd + TfrpQgp. N=1k=1 ’

) . whereEq ¢ nk IS the Nernst potential associated to the
In the latter, on the left, there are the two inertial (N,K) stripi '
terms and the term due to pressure forces; on the, generalyica is a function both ofs; and of external
right, the terms due to tangential friction on diffusor oo variables which depend on the nature of the
and plate (the gravity term is negligible). These equa- oyternal circuit (thinke.g., of a stack connected to a

tions, yielding all flow rates and pressures along the panvork through a DC-DC converter connected to an
channels as functions of the anode and cathode inle'inverter).

and outlet pressures, are integrated over finite control

volumes which are staggered with respect to the onesThe Nernst potential is the open circuit reversible
considered for the single component mass equations/oltage between the electrodes and it is a function of
and for energy equations. local temperature and of reactant molar fractions in

the reaction zones just inside the liquid electrolyte: in

In the porous medium layers, pressures are SUppPOSedery strip, omitting subscripts andk for simplicity,
to be equal to the pressure in the corresponding bulk

control volume, while flow rates. can be _computed s RT, [0 é [CO2). [Hal., [CO;]
through the total mass conservation equation: at each Eyg —E” =
porous wall, the flow rate must vanish, while across

the surface between the diffuser and the active layer

the flow rate is linked, of course, to electric current. ~ where E? is the standard conditions potential and
At every instant and in every control volume, the lat- where the neutral component concentrations refer to
eral flow rates, to or from the porous medium, supply the gas diffused into the liquid electrolyte. Anyway,
a known contribution,) to the mass conservation neglecting the limits due to neutral components dif-
equation. fusion into the electrolyte and the transportGd; ~

a

2 N [CO; ], [M20,[COs),




from the anode to the cathode (by assuming that
[co; ]

°_:a —1), one has
co, ], ~
RT, [Ho]
Ewse —E°=—2In——~-23 __ 4
rst 2F  [H20],[CO2,
RT, 1
o I ([02)2 [€02)e)

where the (anodic and cathodigas concentrations
are employed, which simplifies model implementa-
tion. This approximation, which is fair in station-
ary conditions, is anyway usually extended to quasi-
stationary conditions too (EG & G Services, 2000).
It stands in the present work as well, since the main
control objectives that one can figure out for the whole
MCFC-microturbineplant involve relatively slow dy-
namics €.g., among operating constraints there is

keeping cell and combustor temperatures under cer-

tain values), so that (electro-)chemical phenomena ca
be considered as having already reached their stead

n"= - . X
)plewce in the process, based, again, on conservation

fink at the new time instant,.;, while the same
variables are assumed to be known at the old instant
th. This equation is linear in the unknowns, so it can be
solved directly; for nonlinear equations, itis enough to
apply an iterative method, by linearizing, at each step,
around the unknowns.

The numerical algorithm just described has been im-
plemented in the C++ language and embedded in a
MATLAB-Simulink® environment, by means of the
S-Function functionality.

The cell simulator can be employed to study the dy-
namics of the main physical phenomena. Moreover,
it can help to plan suitable operating manoeuvres and
control strategies for the cell. However, these last can-
not, in many cases, be conceived without an analysis
of cell behaviour within its plant, whence the need to
model also the other components of the MCFC system
considered here.

Therefore, a thermodynamic model for each kind of

state and therefore neglected in the description: thePfinciples and constitutive equations, has been built
high-frequency effects due to charge storageinsidethe'” particular, each one-dimensional element is first

FCs, in fact, become relevant only when control of the
external electrical system, which exhibits very small
time constants alike, is included.

4. IMPLEMENTATION OF THE GLOBAL
MODEL

The equations described so far draw an overall picture
of a single MCFC. Inside ever§N, k) control volume

in the cell, the bulk equations are integrated along
the anodic and cathodiccoordinates, those regarding
the catalytic medium are integrated along coordirzate
(cmp (Leva and Maffezzoni, 2003), (Eitelberg, 1983)):
therefore, by using average variables in each volume,

ODEs are obtained from PDEs. These ODEs are then

time-discretized (with sampling intervals of 0+ 1
second), yielding approximated equations which are
finally solved mostly with an iterative implicit method,
since there are nonlinearities and in order to cope with

strong ties among some equations and with equation

subsets where slow and fast dynamics interact. As
an example of the numerical method adopted, let us
consider equation (1): first, it can be transformed into

of
(;—7":\“( + rnax(07WN.k’)(fi,N,k_ fi.Nﬁk’) =

=W vk (v — i) +Hoalxnk (Fine— fink) »

PN KADXN k

where subscripthl, k denote the average quantities in
volume(N, k), subscriptdN, k' denote quantities at the
edge between voluméN,k) and volume(N,k — 1)
andAxy k is the length of the integration interval along
the integration directiorx (k is taken as the discrete
spatial coordinate along). Then, the implicit Euler
method is used to time-discretize the approximate
equation, and the final unknowns &g, ., finw and

divided into control volumes (nodes), along its curvi-
linear abscissa; then, single component mass and en-
ergy conservation equations (thermochemical equa-
tions) for the fluid in each node are integrated and
the thermodynamical properties of the fluid are sub-
stituted with the thus obtained average values; the
momentum and global mass conservation equations
(hydrodynamic equations), instead, are integrated on
branchesi.e. control volumes staggered with respect
to the nodes.

System topologyj.e. the corresponding net of ele-
ment connections, is described by an incidence matrix,
supplying, for each ordinary node, corresponding to
a physical device, the list of entering and outgoing
branches, and, for each ordinary branch, the upstream
and downstream nodes; the net boundary conditions
(pressure, temperature, composition) are described by
fictitious terminal nodes and branches.

In the overall integration techniquexternal nodes,
whose equations and unknown hydrodynamic vari-
ables actually participate in building up the global
hydrodynamic system, are distinguished fronmer
nodes, whose equations are solved locally in the single
macro-branch (Dell'Oca, 1999). This way, local hy-
drodynamics (local with respect to the single control
volumes) is handled so as to maintain stability and,
at same time, reduce the total hydrodynamic system
dimension, thus leading to shorter simulation times; in
other words, the problem of slow dynamics interacting
with fast dynamics, which arises when the nodes in
a net are numerous and many of them correspond to
quite small control volumes, making the total hydro-
dynamic system stiff, with consequent lack of conver-
gence and/or stability, is avoided.

The resolution of the equations describing the elemen-
tary devices has been carried out by decoupling ther-
mal equations, chemical equations and, for branches



Anode temperature profile Cathode temperature profile

Anodic channels

Fig. 3. Anode temperature profile Fig. 4. Cathode temperature profile

and macro-branches, hydrodynamics from the hydro- Table 2. Second case

dynamic equations for th_e no_des. Th|s_ o_lecoupl_mg Experimental  Calculated

concurs to reduce calculation times and it is possible data data

because transport phenomena of thermal and chemi- H, consumption (anode) 60% 60,4%

cal quantities occur with the fluid speed, while trans- CO; consumption (cathode)  22% 21,7%

port phenomena of hydrodynamic quantities develop Anode outlettemperature  ~ 945K 948K
Cathode outlet temperature ~ 945K 938K

at sound speed (Colomigpal., 1989).

Table 3. Third case

Experimental  Calculated

5. MODEL VALIDATION

data data
The cell model has been validated against experimen-—H, consumption (anode) 5106 51.22%
tal results (Scagliottiet al., 1999), about a MCFC CO;, consumption (cathode) ~ 22% 21,5%
stack composed of 14 active cells with 766 useful Anode outlet temperature  ~ 945K 946K
Cathode outlet temperature ~ 945K 937K

area each. We refer to three stationary conditions:

(1) open circuit;
(2) 70A current, 642N power;
(3) 70A current, 700N power.

and the combustor supporting the MCFC stack. For
conciseness, anyway, those results are not reported
here.

A test at working point 2 was exploited empirically

to identify some of the model uncertain parameters,

like exchange coefficients and the internal electrical 6. TRANSIENT SIMULATIONS

resistance, so that the implemented cell model could

lead to numerical results coherent with experimental After validation, the implemented model was em-
data. The thus obtained parameter values were therployed to simulate the transient behaviour of the 150
held fixed in the other tests. cell stack (useful area of each cell80m?) under con-

In all the three cases, the imposed inputs were thestruction (Prandorgt al., 2003). In particular, starting
pressures and the temperatures of the inlet anodic androm a stationary situation of open circuit at the nor-
cathodic gases and the related mass fractions. mal exercising temperature, the stack was supposed to
get instantaneously connected with an external load (at
timet = 50 seconds), a simple conductance, in order
to drive the produced nominal power to approximately

As for case 1, the obtained values are shown in Table
1. Figures 3 and 4 show the temperature profile of

Table 1. First case 120kW. The imposed inputs are reported in Table 4.
Experimental Calculated Table 4. Simulation inputs
data data
Average cell voltage (927,4+£0,9 MV 9268 mV Anode Cathode
Anode outlet temperature  ~ 925K 928K Inlet pressure 3,498H% 3,516E5Pa
Cathode outlet temperature ~ 925K 928K Oultlet pressure 3,479H%  3,493E5Pa
Inlet gas temperature 810 875,89K
Inlet CO, mass fraction  0,20931 0,02901
the bulk plates at the anode and at the cathode of an InletH, mass fraction 0,07031 0,0
elementary cell. In cases 2 and 3, respectively, the InletN; mass fraction 0,0 0,72337
obtained results are summarized in Tables 2 and 3. InletCOmass fraction  0,14806 0.0
Inlet CH4 mass fraction  0,0389 0,0
Analogous tests, carried out with other experimental InletH,0 mass fraction  0,53341 0,07021
data (Previtali and Villa, 2002), have allowed a valida- _'nletOz mass fraction 0.0 017741

tion of the parts of the model relative to the reformer
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