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Abstract

Fundamental and phenomenological models for cells, stacks, and complete systems
of PEFC and SOFC are reviewed and their predictive power is assessed by comparing
maodel simulations against experiments. Computationally efficient models suited for
engineering design include the (1+1) dimensionality approach, which decouples the
membrane in-plane and through-plane processes, and the volume-averaged-method (VAM)
that constders only the lumped effect of pre-selected system components. The former
model was shown to capture the measured lateral current density inhomogeneities in a
PEFC and the latter was used for the optimization of commercial SOFC systems. State
Space Modeling (SSM) was used to identify the main reaction pathways in SOFC and, in
conjunction with the implementation of geometrically well-defined electrodes, has opened a
new direction for the understanding of electrochemical reactions. Furthermore, SSM has
advanced the understanding of the CO-poisoning-induced anode impedance in PEFC.
Detailed numerical models such as the Lattice Boltzmann (LB) method for transport in
porous media and the full 3-D Computational Fluid Dynamics (CFD) Navier-Stokes
simulations are addressed. These models contain all components of the relevant physics
and they can improve the understanding of the related phenomena, a necessary condition
for the development of both appropriate simplified models as well as reliable technologies.
Within the LB framework, a technique for the characterization and computer-reconstruction
of the porous electrode structure was developed using advanced pattern recognition
algorithms. In CFD modeling, 3-D simulations were used to investigate SOFC with
internal methane steam reforming and have exemplified the significance of porous and
novel fractal channel distributors for the fuel and oxidant delivery, as well as for the
cooling of PEFC. As importantly, the novel concept has been put forth of functionally
designed, fractal-shaped fuel cells, showing promise of significant performance
improvements over the conventional rectangular shaped units. Thermo-economic modeling

for the optimization of PEFC 1s finally addressed.

Keywords: multidimensional simulations of fuel cells; porous electrode structure
characterization; state-spdce modeling of electrochemical reactions; thermo-economic

optimization
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1. Introduction

The modeling and simulation activities span the entire fuel cell (FC) research
domain, namely single cells, stacks, and complete systems of both Polymer Electrolyte
Fuel Cells (PEFC) and Solid Oxtde Fuel Cells (SOFC). The models themselves, either
phenomenological or more fundamental, have been implemented in a variety of numerical
simulation tools and the resulting predictions have been further compared against a broad
series of measurements. Experiments provide valuable insights into the underlying FC
processes, as also discussed in the previous contribution on Diagnostic Methods. However,
the measurements are rather tedious and their limited spatial resolution hinders the in-depth
analysis of the interacting phenomena. Multidimensional models have thus become
increasingly important for the description of the Membrane Electrode Assembly (MEA)
electrochemical processes and for addressing key FC design issues. The flow field and the
structure of the bipolar plate, for example, have a profound impact on the cell or stack
performance and their full description necessitates a three-dimenstonal model. 3-D
Computational Fluid Dynamics (CFD) models extended and adapted for FC have advanced
during the last years [1], and are able to provide detailed simulations for a single fuel cell
unit. For large stacks, the computational time required for extensive parametric studies is
still prohibitive. For the latter case, the complexity can be reduced substantially by
considering the prevailing exchange processes in the cell [2-4], while still retaining a model
dimensionality higher than one. The present review contains both lower-dimensionality
approaches, with emphasis on the physical aptness of the therein-incorporated models, as

well as advanced models of fuel cell units.

Global models describing a single PEFC consider the dominant processes across the
membrane (through-plane), which include the transport of water, protons, reactant gases
and heat. The exchange processes parallel to the membrane (in-plane) are controlled
mainly by the reactant gaseous flow along the supply channels. The coupling between both
in- and through-plane processes can be achieved with a (1+1) dimensionality model, which
has been shown [2] to reproduce the along-the-channel current distribution
inhomogeneities. Another,global modeling approach for cells, stacks, and entire systems is
the volume averaging approach [5]. Therein, the effective transport and interaction

parameters are calculated for each component with the help of computationally efficient
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3-D models of the actual structures. The etfective parameters are subsequently deployed in
less complex models (mostly 2-D), which allow the simulation of full stacks or systems at a
much-reduced computational cost. With this tool, many mechanisms in the HEXIS SOFC
were investigated and optimizations were undertaken [6]. A combination of 2-D CFD
modeling with averaged volume energy equations has been also used for the optimization
of the HTceramix SOFC design [7]. The development of models with reduced geometric
complexity has enabled the extension of the simulations to true engineering environments.
The approach is currently extended to PEFC with the aim to improve the water

management system at a stack level [2].

In addition to the previous global models, understanding the electrochemical
reactions at the molecular level and identifying the rate-determining steps (#ds) is a key
task in the development of new materials and designs and in the optimization of the
electrode performance. The electrochemical processes are highly complex and involve
multiple rds, consecutive and parallel pathways as well as mass transport. One widespread
and popular experimental technique to investigate fuel cell reactions is electrochemical
impedance spectroscopy [8]. Therein, equivalent circuits of resistive, capacitive and
inductive elements are directly fitted to the experimental impedance spectra. However, this
approach is limited by its lack of physical insight and the ambiguous interpretation of the
equivalent circuits in terms of reaction steps. The identification of electrochemical
processes requires a more fundamental modeling approach. State-Space Modeling (SSM)
[9,10] allows for numerical simulation of the electrochemical reactions. Meaningful
relations between reaction models, electrochemical behavior and experimental parameters
of interest —such as electrode potential and oxygen partial pressure— can be established and
further compared with measurements. SSM has been used to study the electrochemical
behavior of various reaction models for SOFC-relevant interfaces as well as for different
types of electrodes [9-11]. More recently [12], SSM has been extended to PEFC in order to

investigate the CO poisoning kinetics.

In simulating the MEA processes, CFD methods for the solution of the transport
equations at the pore level become very expensive due to the required high spatial

resolution. An efficient alternative analysis, particularly suited for mesoscopic flow



domains, 1s the Lattice Boltzmann (LB) Method {13}, In modeling fuel cells, two-phase
flow phenomena and electrochemical reactions have to be considered. This is achieved by
the implementation of a so-called continuum surface (CSF) model where interfacial surface
phenomena are no longer applied as discrete boundary conditions but rather as
smoothly-varying volume forces acting in the transition region between the phases [14]. A
LB model under development [15] considers a statistical approach to characterize the
structure of porous electrodes and it is based on low-order correlation functions that can be
derived from microscopic imaging methods such as computer tomography (CT). Recent
comparisons of the measured pressure drop in a real porous structure showed excellent
agreement with simulations that employed an artificially generated geometry and the

corresponding LB-based flow predictions.

The flow distribution and the related electrochemical transport in cells have been
addressed recently with 3-D CFD and detailed transport models. This is becoming a trend
because such models contain all the physics involved and can improve the understanding of
the related phenomena in a non ad-hoc manner, a necessary condition for the successful
development of the fuel cell technology. Such models need to be supported by side
experiments providing both some needed constants and validation data. 3-D modeling was
recently used to optimize SOFC operating with internal methane steam reforming [16].
Additional simulations have exemplified the significance of porous and novel fractal
channel distributors for the fuel and oxidant delivery, as well as for the cooling of PEFC
[17,18,47-49],  With reference to the fractal fuel cell concept [47.48], a
functionality-optimized {(constructal) double staircase FC design was recently
demonstrated, showing excellent promise compared to traditional altematives. In SOFC,
the design of reformers (utilizing porous micro- and nano-structures and well as fractal
micro channel designs) to produce hydrogen and the thermal integration of such reformers
into a micro-SOFC unit is currently under investigation [50]. Finally, multi-objective
approaches based on evolutionary algorithms were used for thermo-economic optimization
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Discussion

Global models are presented first, with emphasis on their capacity to reproduce
measured performance characteristics of large cells such as current density distribution.
The description of SSM follows, presenting advances in the understanding of both PEFC
and SOFC electrochemical kinetics. The LB model] is then introduced and the methodology
for characterization and reconstruction (for simulation purposes) of porous electrode
materials is elaborated. A generai 3-D modeling approach is outlined, with applications in
the design of an optimized PEFC flow distributor and in simulations of a SOFC with
internal steam reforming. Finally, thermo-economic optimization models for PEFC are

presented.

2.1  (1+1) dimensional model for the description of lateral effects in large PEFC

One of the main challenges in the engineering of large-scale, high-performance and
stable fuel cells is the attainment of a current density distribution as homogeneous as
possible. In conjunction with the properties of the employed electrochemical components,
the structure of the bipolar plate has an important influence on the performance of the cell
or the stack. The gas flow design, in particular, influences the current distribution due to its
direct impact on gas and water transport. Technical cells are usually cooled via a liquid
coolant flow inside the bipolar plate. The limited coolant flow leads to lateral temperature
gradients, which may also critically affect the water management and hence the current
distribution. A reduced approach is presented next, considering only the predominant
exchange processes in the cell {2-4], which allows for the investigation of lateral
inhomogeneities at an affordable computational cost. The transport of water, protons,
reactant gases and heat perpendicular to the membrane are linked to the exchange processes

parallel to the membrane, which are dominated by the mass flow in the gas channels.

2.1.1  Model Considerations

A single PEFC with conventional gas distributors is considered. The goal is to
assess the influence of operating conditions such as feed gas humidities, stoichiometric

ratios and temperature on the along-the-channel current density distribution, and to identify

the distinct underlying voltage loss mechanisms. In technical size cells with active areas of



several 100 cm?, the model domain has an aspect ratio of about 10°, i.e. tens of centimeters
along the channel flow and several 100 pm across the flow. This suggests that transport
phenomena in the along-the-channel direction, which influence the overall distribution of
any arbitrary physical property ¢ ,are mainly governed by convection. The general

steady-state transport equation becomes:
Apup)- A4 ¢)=S5, (1)

with p, #, I'and S representing the density, convective velocity vector, transport coefficient
and source term, respectively. The convection-to-diffusion ratio leads to the dimensionless
Péclet number, Pe = uL/I", where L is a characteristic axial length. Formal application of
Eq. (1) leads to Pe~ 10% for technical cells characterized with long channels and high
convective velocities. This indicates that convective transport inside the channel by far
dominates parallel diffusive fluxes in the gas diffusion media or in the membrane.
Transport in the spanwise direction may appear in meander-like flows at the border of
distinct bundles of channels. This will, however, affect only the channels in direct
proximity to the border and may be neglected to a good approximation for multicolumn
meanders. Thus, in-plane transport perpendicular to the flow can be neglected and local
transport through the MEA can be considered one-dimensional. Boundary conditions
governing the local transports vary along the flow direction with the channel composition.
The local reactant consumption and water balance, in turn, serve as source terms for the
flow in the gas distributor. The resulting (1+1)-dimensional model is represented by slices
through the cell coupled by the channel flow only; fluxes in the along-the-channe] direction
between adjacent slices within the MEA are assumed negligible, as explained above. The
following transport phenomena were considered: (i) multi-component diffusion of gaseous
species through the porous anode and cathode gas diffusion layers, (ii) flow of water both
in liquid and gaseous phase through anode, cathode, and inside the channels, (iii) transport
of electrons through the carbon electrodes, {iv) migration of protons through the elecirolyte,
(v) transport of water through the membrane by diffusion and electro-osmotic drag, (vi)
electrochemical reaction at the catalyst layer, (vii) transport of reactants and two-phase
transport of water in the channels, (viii) heat generation due to reaction and resistance, and

its removal by the cooling water. The resulting model was applied for both co- and
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counter-flowing fuel and oxidant streams. Current density distributions can be further

calculated for cells consisting either of a single or a combination of these two flow regimes.

2.1.2  Application to PEFC

The developed model [2] was applied to a technical cell with the flow-field
arrangement of Fig. | and further validated with locally resolved current measurements (see
also contribution on Diagnostic Methods). The predicted cumrent density distribution in a
200 cm? active area cell operated at 343 K with fully humidified air and dry hydrogen at a
stoichiometry of two (for each flow) is also shown in Fig. 1. Comparisons between
predicted and measured current densities in the four depicied segments of Fig. 1 are
provided in Fig. 2 as a function of air stoichiometry for fully humidified gases. Herein, the

starvation of oxygen along the air path is evident.

Temperature inhomogeneities, which are driven by the specific type of cooling, can
be a viable tool for FC performance optimization. For example, the effect of temperature
increase along the coolant flow due to decreasing cooling water flow is illustrated in Fig. 3.
Therein, the coolant flow is parallel to the co-flowing gases (from left to right in Fig. 3) and
the cell is operated with dry air and wet hydrogen. As soon as the temperature towards the
outlet reaches a value where the entire water product remains in the gas phase, the
membrane water content decreases; this leads to a drop in the local current density that, in

turn, gives rise to a more homogeneous current density distribution

2.2  Volume averaging modeling in PEFC and SOFC

2.1.1 Model Considerations

The volume averaging models are characterized by their hierarchical structure. Cell
and stack models contain fewer geometrical details and rely on phencemenological
interaction terms, which are provided by lower-level numerical submodels. For example,
mass transport in complex flow fields is described in an averaged manner with the help of
effective material parameters. To establish the approach on basic principles, more detailed
3-D models derived from #he true geometric structures are used to numerically evaluate the

effective parameters [5]. This is reminiscent of the so-called Volume-Averaging-Method



(VAM) [20], which was developed to deduce effective transport equations with purely
analytical means. In the model implementation, numerical simulations are used to perform
the averaging, i.e. the effective parameters are obtained numerically, justifying the term
Numerical-VAM (NVAM). While some rigor is lost compared to the analytical parent
method, a lot of flexibility is gained, which is very important regarding the complexity of
FC interactions. The simulation models at the top level no longer address details on the
length scales below; however, they are modest with respect to CPU resources and are suited
for parametric studies and investigation of full systems. In any case, the effective matenal
and system parameters are based on the true geometry, which is used to study the influence
of structural changes. The method can be validated intrinsically by testing the averaging

process with the help of detailed models built form first principles.

222 Application to PEFC

Figure 4 illustrates a typical PEFC structure: meander flow fields transport
hydrogen and air, respectively, to the MEA reaction zones. While it is possible to describe
transport phenomena locally by the NVAM, there is no preferential direction to reduce the
number of spatial dimensions. However, due to the fact that the flow is predominantly
in-plane, it is still possible to work with planar models: two sepatate 2-D) domains are used
to describe the transport of the gaseous species in the anode and cathode as shown in Fig. 4
(bottom). These domains are coupled to each other by the electrochemical interaction,
approximated by suitable interaction terms, as also described in the (1+1) model of
Section 2.1. The geometric structure of the bipolar plates is cast into a spatially variable
and strongly anisotropic permeability tensor, Unlike a true 3-D model, the electrochemical
half-reactions are no longer described as heterogeneous surface interactions but are cast
into “pseudo-volume” reactions, expressed as source terms within the 2-D domains. The
rates are given in terms of the local physical quantities, i.e. molar fractions, pressure, and
temperature. They have to be chosen carefully to approximate the net effect of the
electrochemical processes. For realistic description of the MEA, these expressions cannot
be expressed by analytic formulas due to the inherent complexity of transport processes in
Nafion membranes. Thefefore, one resorts to the numerical simulation of the relevant

phenomena in 1-D (see Weber and Newman [21] and references therein).



The 2-D transport equations are discretized with the finite element method (FEM)
and simulated within NM SESES, a general purpose CAE tool [22]. The 1-D numerical
treatment of the electrochemical interactions relies on the shooting method for systems of
coupled ordinary differential equations. The non-local coupling of the two separate 2-D
domains represents the main issue with respect to a successful implementation. In standard
FEM, strictly local interactions are usually addressed. In fact, NM SESES allows for the
specification of source terms depending on non-local degrees of freedom (DOF). This
provides the correct solution, but affects the convergence properties. With the help of
decompositions of the DOFs into suitable subsets, which are solved iteratively in
Gauss-Seidel loops, the obtained convergence performance is satisfactory. The
discretization of 2-D domains for technically-relevant flows leads to a few thousand
non-locally coupled finite elements. The 1-D transport model has to be solved at every
FEM integration point and iteration. Overall, this approach is very promising. The number
of DOFs for typical models and the necessary computer resources are at least an order of
magnitude smaller than those of comparable 3-D models. As an illustration, Fig. 5
provides the molar fraction of water in the cathode and the anode compartment of a PEFC.
The internal states within the MEA are also accessible: the species concentrations and the

electrical potential near the hydrogen inlet are illustrated in Fig. 6.

2.2.3 Application to SOFC

The Sulzer HEXIS fuel cell stack [23] allows for an averaged description, exploiting
the nearly rotational symmetric geometry. In an automated procedure, the effective
parameters for the axisymmetric model are evaluated by using smaller 3-D flow-field
models providing heat and electric conductivities as well as the permeability. These
quantities are expressed by tensors, because the transport within the averaged structure
becomes anisotropic. Similarly, averaged kinetic parameters for the electrochemical and
the chemical interactions are also obtained. So far, these numerical models were
successfully used to investigate SOFC performance including the radial temperature

distribution and allowed for the optimization of cell and stack dimensions [6,24].

In another approacfl, the gPROMSs package (general Process Modeling system [25])

is used to develop a fast sensitivity and optimization analysis tool. The repeat element
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model (HTceramix SOFC stack design) combines a 2-D fluid flow description with
averaged volume energy equations [7]. Flow field, fluid and solid temperature field and
rates of reaction are computed. Parameters for the electrochemical model are introduced
from experimental values obtained on small test cells of the same materials. To validate the
model, experimental data (current-voltage) measured on full repeat elements (50 cm? cells
including gas distribution and metal current collectors) are compared to simulated data
from the model. Whereas the trend is reproduced, a systematic offset of 100 mV was
evident. This can be attributed partly to the back diffusion and mainly to the non-negligible
electronic conduction of the thin zirconia electrolyte used in the stacks, causing a leakage
current and drop in open circuit voltage (OCV). Correcting for these factors, experimental

results at different flux conditions were accurately reproduced by the model (see Fig 7).

2.3  State-Space Modeling of electrochemical reactions

2.3.1 Model Considerations

In State-Space Modeling (SSM), the faradaic impedance of electrochemical
reactions is calculated by numerical assessment of the transfer function of single-input
single-output systems using modern and user-friendly computational tools. A general
framework of this approach was presented by Mitterdorfer and Gauckler [9,10] as well as
by Gabrielli and Tribollet [26]. In the time domain, the SSM of a given reaction is written

as:
%(t, py= dx(t, p)/ dt = f(x(t, p), E().1, p) @)
I:(t, p) = glx(t, p).E().1, p), 3)

with x being the vector of the state variables (fypically the concentration of the intermediate
species involved in the reaction mechanism), E the potential, /r the faradaic current, ¢ the
time and p the vector of the model parameters (notably the model rate constants). Under
steady-state conditions and with the assumption that a small amplitude sinusoidal
perturbation is applied to the potential Z, the governing equations are linearized und

subsequently Laplace-trangformed. In the frequency domain, this leads to:

Ye(jo,p)=Z:(jo,p)" =C(jwI-A)"'B+D, 4
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where  is the angular frequency, ¥ the faradaic admittance transfer function, Zr the
faradaic impedance, I the identity matrix and A, B, C and D the state-space matrices

calculated from the lineanzation.

2.3.2 Application to SOFC

Mitterdorfer and Gauckler [9,10] developed the framework of modern SSM
calculations and investigated the faradaic impedance of the Pt,0.[YSZ system. Bieberle
and Gauckler [11] studied the Ni,H;-H>O|YSZ interface by combining SSM and the use of
geometrically well-defined electrodes, as further explained in Section 2.3.3. Current
research focuses on systems of higher complexity and notably on oxygen reduction at
mixed ionic-glectronic conductors (MIEC), where surface and bulk pathways are parallel as
shown in Fig. 8. MIEC are promising candidates for intermediate temperature SOFC,
however, the mechanism of oxygen reduction is not clearly understood and subject to
controversy [27-29]. Still, the identification of the main reaction pathway is crucial for the
design of electrodes with reduced electrokinetic losses. If the reaction follows
predominantly the surface pathway, porous electrodes promoting charge transfer at the
triple phase boundary (¢pb) gas/electrode/electrolyte are desired. In contrast, if the bulk
pathway is rate-determining, thin dense electrodes should be considered. The
implementation of such reaction models can be conveniently carried out within the
framework of SSM. Impedance spectra as well as steady-state polarization curves can be
calculated as a function of the rate determining steps and compared with experimental data
in order to identify the governing reaction pathway. A theoretical study of the surface

pathway is reported by Prestat and Gauckler [30] and 1s illustrated in Fig. 9.

2.3.3 Outlook of SSM in SOFC

The reaction models evaluated with SSM are validated or rejected by comparing
simulations against experiments. For this purpose, it is possible to use conventional SOFC
electrodes with porous structure. Nevertheless, there has been a recent but continuously
increasing interest in academic research for geometrically well-defined (gwd) clectrodes.
These electrodes control the dimensions of the regions where chemical and electrochemical

reactions occur [11,30]. The combination of SSM with gwd electrodes opens new and
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promising perspectives for the comprehension of reaction mechanisms. A first step in this
direction was reported recently [11]: nickel pattern electrodes prepared by sputtering and
photolithography were used to study the influence of the 7pb length on the kinetics of
hydrogen oxidation. Another application of SSM is the investigation of the competition
between bulk and reaction pathways in MIEC, as illustrated in Fig. 8. The kinetics of the
surface pathway is strongly dependent on the length of the #pb, whereas the surface area
and the thickness of the electrode influence the rate of the bulk pathway. Investigations on
oxygen reduction at thin dense mixed conducting Lag ¢35104Cog2Fe 30;. films are under

progress at ETH-Zurich.

So far, only half-cells have been studied with SSM. The next advance in theoretical
understanding will consist of complete SOFC modeling. In this context, one topic of
particular interest is the so-called single chamber SOFC [31,32]. This remarkable type of
SOFC exhibits significant voltage and current densities even though the cathode and anode
are exposed to the same atmosphere. The concept of reaction-selective electrodes, wherein
this peculiar behavior originates, is still under question. Decisive information concerning

the mechanisms and kinetics of such reactions could be obtained with SSM.

2.3 4 Application fo PEFC

SSM was employed to study the carbon monoxide (CO) catalyst poisoning kinetics
in the Pt anode electrode of a PEFC. It 1s well-known that even very small concentrations
of CO in the fuel (in the order of 10-100 ppm) may strongly increase the anode
overpotential at a specific current density of the fuel cell. Hence, a quantitative assessment
of CO poisoning is of the utmost importance for fuel cell development. Although the
electro-oxidation reaction of CO on Pt in acidic electrolyte has been subject of intensive
studies over many years, a detailed understanding of the fundamental processes is still
lacking [12]. A purely kinetic model of the anode reactions was employed. There is a
general consensus that apart from the slow desorption process, CO may be
electro-catalytically removed by reacting with OH as to release free catalyst sites for the
hydrogen oxidation reactipn (HOR). The OH itself is formed on the catalyst surface by
water splitting. Hence, in a purely kinetic approach, the fuel cell anode reactions can be

formulated as follows:



IBL T "f; ¢ 2(Pt-H_,) )

Fel
2(Pt—H,)? 7 ¢ 2H* +2Pt+2¢” (6)
H,0+PtR7% ¢ Pt—OH,, + H* +e" 7)
CO+PtRIP ¢ PL-CO,, )
CO
Pt—CO,, +Pt—OH,, ? 77 ¢ CO, +2Pt+H"* +¢ -, (9)

k.t and k™ are the adsorption and the reaction rate coefficient of hydrogen, respectively;
Keo = b kpe® and k,““denote the equilibrium constant of the CO
adsorption/desorption and the oxidation rate of CO,q4, respectively, and Kpn 1s the
equilibrium constant for OH formation. It is further assumed that the CO adsorption is
governed by a Frumkin-isotherm, considering the adsorbent-adsorbent interactions of CO.
The impedance contributions arising from mass transport limitations are neglected, the
reason being that the relaxation time for spherical diffusion from the bulk is likely to be

short to interfere with the processes discussed here.

The SSM approach was used to rationalize the theoretical impedance response of
the emploved model. The state equations (Eqgs. (2)), adapted to express the mass balance

on the catalyst surface are as follows:

dér/dt=ﬂ@;d'k;es’k:‘""'éiJGJ )’ (10)

with 7 the electrode overpotential. In terms of the Hgq, CO.g and OH.q coverage, Eq. (10)

yields:
R R R Sl
t
dBdQOH H ;)H vE’O . (11)

The rates in Eq. (11) are: _Vf;' = kj;xHPAQC% , Vs =b;:sk:;'81{2 , pff = 29ka Siﬂh(ﬂH /bH)

CO _ 1.CO — 26 i 26, o
for Ha, Vad = kaq XcoFue 0, Vdeb = bgokyy _9005‘ “ L v =900, 870 fbco for

14



CO and V?H =k?H906”OH/b‘JH , v = kaSOHe_%H/bf’” for OH; f denotes the charge

required for complete hydrogen adsorption, b; the Tafel slopes for the individual charge

transfer processes, P4 the pressure, andf, =1-0, — 8., —0,,, the fraction of uncovered

sites, The faradaic current is obtained from Eq. (3):
_ s M, Co O  OH
I, =gll,.. ,9,-,??,-)=vr +vT v -y (12)

For the electrode overpotential, it is assumed that 1= 1y = Nco= Now [33]. The impedance

function due to the faradaic current, Z, is given in Eq. (4). The total anode impedance Z is:
Z=(Z, +z, 7, (13)

considering also the double layer impedance Zy. In Eq. (4), A, =7, / f6, is the Jacobian
matrix of the state equation vector field £, B, =ff; /fn, C ;= fg/ e , are vectors and

D = fg/fn is ascalar.

Typical computed spectra of the impedance function are given in Figs. 10 and 11 as
a function of the applied overpotential 7). The system parameters for those simulations
were taken from the literature [34]. With increasing overpotential, the spectra in the
Nyquist plot of Fig. 10 change from two capacitive arcs (Im(Z) < 0) to a superposition of a
capacitive high frequency (#f) and an inductive (Im(Z) > 0) low frequency (/) arc. The
Bode plot of Fig. 11 reveals that the phase angle of the slow process changes sign above
1 = 0.2, whereas the fast process remains capacitive. The same tendency was also observed
in experiments: cells undergoing only a weak CO poisoning (accompanied with a small cell
voliage drop) show purely capacitive arcs in their impedance spectra. Strongly poisoned

cells, on the other hand, have typical spectra with an inductive low frequency end [12].

The effect of poisoning is characterized by the system parameters (CO adsorption,
CO desorption, OH formation rates etc.), which in turn depend mainly on the catalyst
material and temperature. In literature, the shift from capacitive to inductive low frequency
behavior has been attributed to the onset of CO electro-oxidation [35] (since it was assumed
that all electrochemicals reactions have the same equilibrium potential, the CO

electro-oxidation actually occurs for all 7> 0). However, this shift is in fact the result of

15



the interaction between Zr and Zy [33]. Consider, for example, the simplified case where

only one state variable 8 (8 = o) is accounted for. Then, Y in Eq. (4) simplifies to
Y =C(jo1-A)'B=CB/(jo—A4), where 4 < 0 and B, C> 0 are scalars. Hence, Zr
may be thought to be an inductance L = (CB)" in series with a resistance R, = A XCB)™,

both parallel to the charge transfer resistance D [33,36]. Then, depending on the values of
the double layer capacitance (C) and L and Ry, inductive behavior can be observed [37].

High values of L and low values of 4 favor inductive If behavior,

If a high overpotential is required for a chosen current density (strong
CO-poisoning), then B=f9/fn and A:fé/fﬁ tend to increase and decrease,
respectively, (C=fI./f@ is governed by the HOR current and may be considered

independent of the catalyst’s CO tolerance at a first approximation). Hence, a strong CO
poisoning favors the appearance of an If inductive arc in the spectra, as also observed in
experiments. Additionally, a high Cy (a neutral, in terms of CO poisoning, materials
constant) favors a capacitive /fend. A high C may help diseriminating the cathodic charge
transfer impedance from the impedance due to CO poisoning, when the effect of CO on the

fuel cell performance is less pronounced [37].

24  Lattice Botzmann Modeling

Essential advantages of the Lattice Boltzmann (LB) method are the simple
underlying algorithm, allowing parallel computer implementation, intrinsic stability and
capability to deal with arbitrarily shaped geometrical boundaries. A prerequisite for the
application of the method is the extensive use of automatically generated computational
Lattice meshes representing the porous structure under consideration. Fuel cell electrodes
and supports are characterized by a wide range of potential material structures, such as
1sotropic material of random porous structure, metallic and ceramic foams, textile structures
and highly anisotropic structures consisting of needle-like components. Typical PEFC
porous electrode materials are illustrated in Fig. 12. The characterization of porous fuel

cell electrodes and their recenstruction for computer simulations is presented next.
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2.4.1 Hybrid reconstruction of isotropic material structures

The material characterization starts with the digitization of 2-D material slices
utilizing a so-called “krigging” algorithm [38] for two passes over the grey level image of
the computer tomography (CT) picture. In the first pass, an a-priori population assignment
is done based upon a threshholding window. In the second pass, the reminder of the
population assignment is obtained by indicator krigging. Finally, an eroding step is
applied. Statistical properties [39] such as the Two-Point Correlation Function F{(r), the
Lineal-Path-Function L(#), which is the probability to find a line segment of length » that
lies entirely in the pore space, and the Cord-Length-Function C(7) (the probability of
finding a line segment of length » that lies in the pore space and touches the solid on both
sides) can be derived from a digitized 2-D slice. To generate an artificial material slice
with the same correlation functions as the 2-D digitized image (reference slice), the energy
function, which is the summed squared difference between the statistical functions of the
reference slice and a randomly initialized slice, have to be minimized. Starting from a
randomized generated initial guess, which has the same porosity as the reference slice,
pixels are interchanged. The interchange of the pixels is accepted if the energy function
decreases. This is done by using the Metropolis ef al. [40] algorithm, until a minimum of
the energy function is reached. The above mentioned statistical functions can be easily
expanded to 3-D material reconstruction. Figure 13 illustrates the 3-D reconstruction based

on a 2-D digitized siice of Fig. 12b.

2.4.2 Overlapping spheres model (OSM} of foam structures

The overlapping spheres model is the combination of a pore-finding algorithm and a
Boolean model using spherical subsets; as such, it is well-suited for the generation of foam
structures. As before, digitized 2-D CT images are used to derive pore size and distance
distributions. The method to reconstruct the porous medium can be divided into two basic
steps, as shown in Fig. 14. The first step locates disc centers within the reference slice
using the “skeleton” algorithm [41]. The skeleton algorithm itself utlizes the Euclidean
distance map of the slice [42]. It usually finds more disc centers than those required for
reconstruction. The redlzction of disc centers is done by placing discs of maximum

diameter around the centers and deleting the centers of fully overlapping discs. The second
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step involves the determination of the pore radii distribution, based on the radii derived by
the application of the above algorithm. The solution of the Goldsmith integral equation
provides the pore radius distribution {43,44]. Additionally, the number of pores per

specific area can be determined and used to parameterize a Poisson distribution.

2.4.3 Reconstruction of Non-Isotropic Material Structures

Fuel cell electrodes can exhibit highly anisotropic material characteristics. In this
case alternative methods should be souéht for their computer representation. For such
material structures, parameterization of the hase geometry is considered to be the most
effective way. The base geometry, for example, in a textile structure is represented by a
simple curved tube segment of given diameter and bending radius. By connecting a
number of these base segments together, the surface of 2 material sample can be formed.
Thus, only two parameters (diameter and bending radius of the textile fibre) are sufficient
to characterize the surface. This surface is then used to generate the computational mesh
within a small portion of the flow domain. Since the LB method uses strictly regular
equidistant computational meshes, the curved material surface in the computer model is
always approximated by “stair cases”. It is henice evident that the accuracy of resolution of

the material structure is directly linked to the computational mesh density.

24.4 Outlook for fuel cell applications

Recent comparisons [15] between measured and predicted pressure drop in a real
porous structure with an artificially generated geometry using the approach described above
and the corresponding LB-based flow predictions, showed excellent agreement. In
addition, a 2-D LB model has been applied to simulate half the PEFC domain (porous
cathod diffusion layer and channel flow); preliminary comparisons between measured and

predicted production of H,O and consumption of O, were in good agreement to each other.

25 Three-dimensional modeling and thermodynamic optimization of FC

The previous approaches have utilized a lower-dimensionality approach (mostly
2-D). The current approach aims at introducing a full 3-D description in PEFC. The

three-dimensionality arises when gradients in all directions become important. The entire
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process is after all three dimensional. Three-dimensional computational modeling provides
an improved understanding of the fundamental transport phenomena inside the fuel cell and
therefore allows for efficient, scientifically-based thermodynamic optimization, which aids
significantly the design of PEFC. Moreover, 3-D modeling is crucial in capturing
performance-limiting effects such as mass transfer limitations to and from the portion of the
diffusion layer that is not covered by flow channels as well as ohmic losses due to electron

and proton transport in the MEA.

For this purpose, a 3-D model [17,18] has been defined at the Laboratory of
Thermodynamics in Emerging Technologies of ETHZ. The model is based on the
formulation of the Navier-Stokes equations, the energy equation, the species conservation
equations, and the electric current conservation equations. It accounts for the finite
thickness of the catalyst layers as well as of the membrane and the govemning equations
inside each of these layers are solved in three dimensions. Two different electric potential
fields are considered, i.e. a solid potential field governing the transport of electrons and a
membrane potential field governing the transport of protons. Rates of electrochemical
reactions in the catalyst layers are described by Butler-Volmer equations. The set of
coupled nonlinear differential equations is solved numerically using the finite volume

method on a structured or unstructured grid.

Computational modeling provides a more fundamental understanding of the physical
phenomena occurring inside a thermodynamic system and, moreover, forms the basis of
thermodynamic optimization. Entropy generation minimization [45] subject to physical
constraints, that are responsible for the irreversible operation of a device, is the method of
modeling and optimization of real devices for which the thermodynamic imperfection is
due to heat transfer, mass transfer, and fluid flow irreversibilities. Eniropy generation
minimization is also known as “thermodynamic optimization” and “finite time
thermodynamics” in the engineering and physics literature, respectively. A wide range of
fuel cell models of different sophistication levels are available in the literature, targeting at
improving the scientific understanding of the fundamental processes, while only a limited

number of studies are dedigated to advanced thermodynamic optimization.
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The full 3-D model of the entire cell is under development, however, initial results for

optimized FC flow distributors and porous materials are presented below.

2 5.1 Porous materials as fluid distributors

It is particular o fuel cells with ribbed flow distributors, that the diffusion paths for
reactant and product molecules between the channel and the catalyst layer are not constant.
The mass transfer rate to and from the reacting zones under the current collector shoulders
is reduced compared to the mass transfer rate to zones under the flow channels, due to
longer diffusion paths. This phenomenon is most prominent on the cathode side of fuel
cells operated with air and hydrogen due to the low diffusivity of oxygen in nitrogen. The
limitations on the cathode side manifest themselves in reduced oxygen mole fractions and
increased water vapor mole fractions under the current collector shoulders, as shown in
Fig. 15. Removal of water vapor from these regions is aiso limited. As a result, a higher
saturation level is observed under the shoulders. The drawback of mass transfer
non-uniformity can be eliminated by replacing the traditional ribbed flow distributors with
distributors made out of a porous medium [17,18], since the diffusion layers are
continuously covered with the bulk flow through the permeable porous matrix. Therefore,
the oxygen mole fraction and all other quantities vary in the flow direction only and not in

the lateral direction.

2.5.2  Tree network channels as fluid distributors resulting in pyramidal shaped fiel cells

Constructal tree network channels [46] have been recently introduced by Senn and
Poulikakos [47,48] as a novel fluid distribution concept in PEFC [47] and direct methanol
fuel cells [48]. Two-dimensional along-the-channel models derived from first principles
are developed to accurately predict the polarization curves of fuel cells with tree network
fluid distributors. The entire geometric structure of the fluid distribution system has been
optimized with respect to maximum electric power densities and maximum net power
densities, subject to the constraint of a fixed cell area, resulting in an optimum “pyramidal”
or “double staircase” shaped tree network (see Fig. 16) that is based on the functionality of
the fluid distribution systegn, in contrast to the traditional rectangular shapes of fuel cells.

In this context, a net power density is defined as the difference between the electric power
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density and the pumping power density required for the fluid circulation. Multiobjective
genetic search is performed for optimization in terms of constructal parameters and
operating conditions. As a result of their intrinsic advantage with respect to both mass
transfer and pressure drop, tree network channels can provide substantially improved
electric and net power densities compared to the traditional non-bifurcating serpentine
channels. Tree network channels for thermal management in PEFC have been investigated
numerically [49] to gain a more detailed understanding of the fundamental 3-D heat transfer

and fluid mechanics phenomena.

2.5.3. Optimal hydrocarbon reformer design for micro SOFC applications

The optimization of a fuel reformer for a micro fuel cell unit based on catalytic
partial oxidation is studied using a systematic numerical investigation of chemical
composition and inflow conditions. The optimization targets hydrogen production from
methane. The operating temperature, the amount of carbon formation and the methane
conversion efficiency are further considered. The fundamental investigation is based on
simplified reactor models (surface perfectly stirred reactor), which consider the process
residence time. A detailed surface chemistry mechanism is adopted in order to capture all
the important features of the reforming process. In order to ensure the validity of the
findings from the simplified reactor model, more elaborate simulations (involving the
Navier-Stokes equations) are performed for the regions of interest. An optimal operation
region, where all the targeted operating conditions are satisfied and the hydrogen yield is

around 80% 1is identified [50].

25.4. SOFC with internal steam reforming

From the points of view of infrastructure, cost and efficiency, SOFCs operating
under internal reforming of natural gas (95% methane) constitute a very attractive solution.
To study the replacement of H; to CHs on SOFC, the repeat element of the HTceramix
design [7] was modeled in 3-D with the CFD code Fluent [16], computing the coupled
phenomena of heat transfer (conduction/convection/radiation), multi-compenent gas flow
{concentration, velocity and pressure fields, including diffusion), electrochemical reactions

(local temperature, ionic current and electronic leakage current) and steam reforming
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kinetics. The comparison is illustrated in Fig. 17 for a Hy-fed cell and for a CHj-fed cell
where the methane 1s 50% pre-reformed with a steam-io-carbon ratio of 2.5. The cell is
operated at 0.6 V in an 800°C furnace. Strong differences in the temperature fields are
observed, with the advantage of partial stack temperature control given by internal
reforming cooling near the fuel entrance; when using H,, the temperature i1s the highest at

the fuel entry position.

2.5.3 Thermo-economic modelling and optimization of fuel cell systems

The goal of the presented methodology for integrating and optimizing fuel cell
systems is to help in the design step. The thermo-economic model developed includes
three parts: a) the energy flow model that represents the thermodynamic performances of
the chemical and energy conversions considered in the system; b) the model of heat transfer
based on process integration [51], and ¢) an economic module that estimates cost of each of
the devices considered in the system. The method uses a superstructure that includes the
major options to be considered for the energy conversion in the system. A multi-objective
optimization approach [19] based on evolutionary algorithms is used to extract from the
superstructure the most promising configurations and compute for each of them the best
operating conditions. The objectives considered are minimal specific cost of electricity
production and maximal system efficiency. The proposed method is generic and may be
applied to different types of fuel cell systems. The results of the thermo-economic
optimization of a PEFC system have shown [19] that at higher cost and higher effictency
steam teforming is preferred, whereas at lower cost but lower efficiency autothermal
reforming is favored. In all the cases, the single medium temperature WGS (water gas

shift) reactor is chosen for its lower cost.
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3. Conclusions

The modeling and simulations constitute an ever increasing part of the entire FC
research program. Taking into account the predominant transport direction(s) in large cells,
models with reduced spatial dimensionality and very high computational efficiency have
been developed, particularly suited for giobal performance prediction and engineering
design. Such models included the (1+1) dimensionality approach, which decoupled the
in-plane and through-plane processes, and the volume-averaged approach that considered
only the lumped effect of certain pre-selected system components. The former reproduced
well the measured lateral current density inhomogeneities (a key design issue) in a PEFC
and the latter provided an optimization tool for the Sulzer HEXIS SOFC and for the
HTceramix SOFC stack.

The details of the electrochemical reactions have been elucidated with State Space
Modeling (SSM). SSM has been used to identify the main reaction pathways in SOFC
systems and, in conjunction with the implementation of geometrically well-defined (gwd)
electrodes, has opened 2 new direction for the understanding of reaction mechanisms.
Furthermore, the SSM investigation of the CO poisoning kinetics in the Pt anode electrode
of a PEFC has aided the understanding of the relative contributions to the

CO-poisoning-induced anode impedance.

Models for entire cells and stacks that retain a fundamental level description are
currently under development. The Lattice Boltzmann (LB) method provides a good
alternative for the transport in mesoscopic structures such as the porous electrode materials
of PEFC. Within this framework, a technique for the characterization and
computer-reconstruction of the porous electrode structure was developed using advanced
pattern recognition algorithms; the ultimate goal is to couple the technique with detailed LB
transport simulations (2-D or 3-D) in a fuel cell In the direction of thorough CFD
modeling, new efforts were reported for full 3-D simulations; modeling of selected
components as well as the entire fuel cell unit has underpinned the significance of porous
and novel fractal channel distributors for the fuel and oxidant delivery, as well as for the

cooling of PEFC. In addition, resulis to date for the entirely new concept of functionaltly



optimized fractal-shaped fuel cells (not only flow distributors), shows promise of

significant performance improvements over the conventional rectangular shaped units.

Thermo-economic modeling was finally applied in PEFC to identify most promising
configurations and optimum operating conditions as to minimize the specific cost of

electricity production and maximize the system efficiency.
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Figure legends

Figure 1: Predicted (using an isothermal model) current density distribution in the provided

flow field, obtained with the coupling of four (1+1) sections

Figure 2: Comparison between predicted and measured current density in the four
segments of Fig. 1 as function of air stoichiometry: model isothermal, experiment

quasi-isothermal.

Figure 3: Predicted temperature and current density distribution for a single (I1+1) section
with co-flow of the gases and parallel streaming of coolant (all left to right). Coolant flow:
infinitely high (©,0), 0.054 kg/m’s (82,cR), 0.049 kg/m’s (Q,*+) and 0.039 kg/m’s (3,07).

Figure 4: Decomposition of a PEFC cell into two separate 2-D domains coupled non-
locally by a 1-D approximation of the electrochemical interaction across the MEA. The
graph shows two sections of the true structure (top) and the corresponding coupled 2-D

simulation domains (bottom).

Figure 5: Predicted locally averaped water concentration (molar fraction) within the

cathode and the anode flow field.

Figure 6: Mass fraction and potential distribution across the MEA taken from the 1-D
simulation of the electrochemical interaction near the Hy inlet. The dependence of the
electric resistivity on Nafion humidification is reflected in the non-linear potential

distribution.

Figure 7: Comparison between experimental and calculated i-V behavior for a SOFC

repeat element (1045 K). The fuel is hydrogen.

Figure 8: Schematic representation of the oxygen reduction mechanism at MIEC: cross
section of the interface electrode/electrolyte. Surface and bulk reaction pathways are
parallel and in competition. On the surface pathway, charge transfer occurs at the triple

phase boundary gas/elecirgde/electrolyte.
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Figure 9: Oxygen reduction impedance Zr for different rate determining steps (rds): charge
transfer (ct, O), adsorption and charge transfer (O), surface diffusion and charge transfer
() and adsorption, surface diffusion and charge transfer (@) [30]. The numbers on the

impedarnce spectra indicate the frequency in Hz.

Figure 10: Simulated spectra as a Nyquist plot, Re(Z) vs Im(Z), of an anode impedance Z,
when the anode is poisoned by CO. The system parameter values were taken from

Ref. [34], where a fuel cell with 5 cm” active area was employed.

Figure 11: Phase angle of the anode impedance Z as a function of the potential perturbation
frequency and the applied stationary overpotential for system parameter values of Ref. [31].
The low frequency process changes the phase from negative values to positive values

(where an inductive arc will appear in a Nyquist plot) above n = 0.2 V.

Figure 12: Examples of PEFC porous electrode materials: (a) textile structure, (b)

needle-like structure.
Figure 13: Reconstructed porous cube from the image of Fig. 11b,
Figure 14: Sequence showing the basic steps in applying the Overlapping Spheres Model.

Figure 15: 3-D computations of the transport phenomena in a PEFC with a traditional
serpentine flow-field {18]: (a) distribution of the oxygen mole fraction in the middle of the
cathode diffusion layer, (b) distribution of the relative humidity in the middle of the
cathode diffusion layer.

Figure 16: Geometric structure of a constructal “double staircase” shaped polymer
electrolyte fuel cell [49,50]. The dashed lines indicate the boundary of the cell. The black
rectangles represent the channels which are arranged in parallel. The channel length Z; and
the channel diameter A are reduced from one branching level to the next higher, while the

number of channels increases

Figure 17: Temperature fields (K) of repeating unit in a SOFC, fed with (a) pure H, fuel
and (b) 60% pre-reformed methane [16].
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