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Fuel Cell Principle

F Like batter ies and rechargeable batter ies, fuel cel ls are sources of elec tr ical power based
on chemical reac t ions.

F Reac tions spl it into t wo spatial ly separated steps connec ted internal ly by an elec trolyte
and ex ternal ly by the elec tr ical c i rcuit .

F Elec trons as intermediate produc ts of these reac t ions are forced through elec tr ical c i rcuit .

W.R. Groves, 1840
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Fuel Cell: Advantages and Classific ation

F Continuous mode of operat ion based on continuous fuel supply.

F Energy from fuels l ike hydrogen, natural gas/oi l , biogas, methanol .

F Theoretical efficienc y is higher than that of thermal engines.

• Main class ification by t ype of elec trolyte, e.g. :

F PEMFC (Polymer Elec trolyte Membrane Fuel Cel l )
Hydrogen ( H2-PEMFC), Direc t Methanol (DMFC) variants.

F SOFC (Sol ide Oxide Fuel Cel l )

F MCFC (Molten Carbonate Fuel Cel l )
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S ome Ac tual Fuel Cell Modeling Ac tivities in Germany

F H2 - PEMFC: Fraunhofer ISE, Univ. Freiburg (Schumacher, Kröner/Ohlberger)

F DMFC: FZ Jül ich, WIAS B erl in (Divisek, Fuhrmann/Gär tner)

F SOFC: FZ Jül ich

F MCFC: MPI Magdeburg, Univ. Bayreuth (Heidebrecht/Sundmacher, Pesch)

F DMFC/ H2-PEMFC Systems: MPI Magdeburg (Sundmacher)

F Membranes: MPI Stuttgar t/MPI Mainz (Kreuer/Meyer)
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Direc t Methanol Fuel Cells (DMFC)

Advantages

F Low working temperature – no material problems due to thermal expansion

F Easy handl ing of storage and supply of fuel – especial ly in comparison to H2

F Options to create methanol from renewable sources (biogas, syngas from biomass)

F Membrane-Elec trode Assembly (MEA): core unit
consist ing of PEM, catalyst layers, porous gas
diffusion layers (GDL), contac t plate. PEM+GDL

Gore Associates

Stack
FZ Jül ich

F Fuel Cel l Stack: MEAs connec ted together.

F Fuel Cel l System: Stack combined with tanks, pumps, ex-
hausts and control systems.

New Links bet ween Basic Research and Appl ied Energy R&D Nov 8, 2004 5



Sc ales of a Fuel Cell System

F Molecular : Transpor t mechanisms in membrane, catalyt ic reac t ions

F Pore space: s imultaneous transpor t of l iquids and gases

F MEA: coupled transpor t, reac t ion, conduc tion processes

F Stack: upscaled MEA processes, heat management

F System: summar y models for stack, control faci l i t ies

Optimal system ⇐⇒ optimal materials and design on al l scales.

New Links bet ween Basic Research and Appl ied Energy R&D Nov 8, 2004 6



DMFC: Membrane-Elec trode A ssembly (MEA)

F In presence of catalyst (P t, Ru),
methanol combustion reac t ion 2C H3O H + 3O2 −→ 4H2O + 2C O2

i s spl i t into anodic par t 2C H3O H + 2H2O −→ 12H+
+ 12e−

+ 2C O2

and cathodic par t 12H+
+ 3O2 + 12e−

−→ 6H2O

F Spatial separat ion by proton ( H+) conduc ting polymer membrane

DMFC (schematic)
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Physic al processes in the DMFC MEA

F Two-phase flow ( Water/Gas).

F Transpor t of elec tr ical charge carr iers .

F Catalyt ic reac t ions.

F Flow of a gas mix ture (Stefan-Max well diffusion).

F Transpor t of dissolved species (Methanol , C O2 in water) .

F Charge and mass transpor t through PEM.

F Evaporation, condensation and dissolut ion reac t ions.

F Energy balance.

Mathematical model ing al lows to combine al l these processes into one model.
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Mathematic al/Numeric al Model of a DMFC MEA

Cooperation WIAS - Forschungszentrum Jül ich ( J . Divisek, R. Jung).

1D/2D/3D- Numerical model of a DMFC MEA including al l the processes descr ibed above.

F MEA processes taken into account in temporal and spatial resolut ion.

F 11 coupled nonl inear par t ial di fferential equations.

F 12 nonl inear algebraic equations per discret izat ion node.

F Resolut ion of catalyt ic reac t ion chains.

F Two-phase flow model taking into account mixed wettabi l i t y.

F Geometrical flexibi l i t y due to tr iangulat ion-based finite volume discret izat ion.

F Numerical stabi l i t y by appropriate upwinding.

J . Divisek, J .Fuhrmann, K. Gär tner and R. Jung: Per formance Model ing of a Direc t Methanol Fuel Cel l , JES 2003
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Model Unknowns & Equations

water pressure pw , temperature T ,
par t ial gas pressures p1 . . . pngas (O2, C O2, N2, H2O, C H3O H )
solute concentrat ions C1 . . . Cnsolute (C O2, C H3O H )
potentials ϕe−, ϕH+

∂t
ρwswφ

Mw

− ∇ ·
ρwk f kr w

Mwµw

(∇ pw + ndragNH+) = Revap
w + Rchem

w

∂t

(
φsg

pi

RT

)
− ∇ · krg

ngas∑
j =1

DSM
i j (p1, . . . , pngas)∇ p j = Rchem

gas,i + Revap
gas,i i = 1, . . . , ngas

∂t(φCi sw) − ∇ ·

(
Dd

i φsw∇Ci + Ci
Mw

ρw

Nw

)
= Rchem

solute,i + Revap
solute,i i = 1, . . . , nsolute

−∇ ·
1

F
ε2

i σi∇ϕi = Re
chem
i i = e−, H+

∂t(ρscsT) − ∇ ·

(
λ̄s(T)∇T + T

N∑
i =1

ci Mi Ni

)
= RT emp

Ni : molar flux of species i ; sw = sw(
∑

pi − pw): water saturat ion; sg = 1 − sw
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Ox ygen Reac tion Chain

The ox ygen reac t ion at the cathode is spl i t into several steps of a catalyt ic reac t ion.
s – P t site, ·ad – adsorbed species.

O2 + s
k±

1

 O2,ad

O2,ad + H+
+ e−

k±

2

 H O2,ad

H O2,ad + H+
+ e−

k±

3

 H2O2,ad

H2O2,ad + 2H+
+ 2e−

k±

4

 2H2O + s
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Methanol Reac tion Chain

The methanol reac t ions at anode and cathode are spl it into several steps.
s1: P t s ite; s2: Ru site; ·ad: adsorbed species.

C H3O H + 2s1

k±

1

 (C H2 − O H)ad + Had

(C H2 − O H)ad + s1

k±

2

 (C H − O H)ad + Had

(C H − O H)ad + s1

k±

3

 (C − O H)ad + Had

(C − O H)ad + s1

k±

4

 (C − O)ad + Had

(C − O)ad + O Had

k±

5

 (C O O H)ad + s2

(C O O H)ad + O Had

k±

6

 C O2 + H2O + s1 + s2

Had

k±

7

 H+

+ s1 + e−

H2O + s2

k±

8

 O Had + H+

+ e−
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DMFC: Model vs. Experiment

Data taken from experimental setup and l iterature. 5 of the least rel iable parameters fitted.
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Measured and calculated polar izat ion cur ves at 60oC. Per formance is better for lower
methanol concentrat ion . . . why ?
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Methanol Balance

0.5 mol/ l methanol concentrat ion 2 mol/l methanol concentrat ion
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PEM not impermeable for methanol =⇒ methanol crossover
=⇒ par t of anodic reac t ion takes place as parasit ic reac t ion at cathode
=⇒ decrease in per formance and efficienc y

=⇒ Need membranes with improved H+- ion conduc tiv it y/methanol permeabi l i t y rat io
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Ideal vs. Real DMFC
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F Hypothetic ideal DMFC would have neither parasit ic reac t ions nor transpor t inhibit ions.

F Simulat ion unvei ls potential of development of better materials and designs.
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Mixed Wettability of the Pore S pace

Competing transpor t of gases and water =⇒ pore space of the GDL is admixed with teflon.
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Polar izat ion cur ves in dependence on wettabi l i t y ( inverse propor t ional to amount of teflon
admix ture) of cathode. D ecrease of wettabi l i t y
=⇒improved O2 transpor t
=⇒ increased power.
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Interplay between Heat Management and Geometr y

Elec tr ical contac ts and gas channels spatial ly separated
=⇒ R atio contac t width/GDL thickness influences max. temperature in reac t ion zone
=⇒ influence on reac t ion kinetics
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Small contac t width / GDL thickness rat io. 4× increased =⇒ higher max. temperature.
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Preliminar y 3D Results

Numerical model designed such that, depending on the discret izat ion grid suppl ied, one-,
t wo- or three-dimensional s imulat ions can be per formed.

Methanol conc. (mol/m3) Water pressure (bar) Proton potential (V )
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Challenges for DMFC Design

Computations show some of the cr it ical points of current DMFC designs.

F Catalyst : DMFC catalyst usage order of magnitude higher than for H2-PEMFC
=⇒ cheaper and more efficient catalysts are needed.

F Membrane: model predic t ions show that proton conduc tiv it y/methanol permeation rat io
needs to be improved by order of magnitude for decent per formance.

F Mass transpor t : current designs are diffusion l imited, the complete MEA design needs
improvement by new techniques and materials .

F More basic research necessar y in membrane science, catalyst chemistr y.
F Mathematical model ing can help to predic t implicat ions of par t icular improvements

and to optimize exist ing designs.
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Challenges for Mathematic al Modeling

F improved models (especial ly for membrane and pore space)

F bifurcat ion studies

F coupl ing of MEA models to channel transpor t models

F model l ing of new designs, e.g. , MicroDMFC

F model ing for suppor t of experiments/measurements
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