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History of  ESI-Group 

•Expert in the field of physics of materials
C 

•Supplier and pioneer of digital simulation 
software for prototyping and manufacturing 
processes
•Active player in market consolidation for
‘Virtual Prototyping & Simulation’ (MCAE)
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‘Virtual Prototyping & Simulation’ (MCAE)

•Listed in Euronext, Compartment C of NYSE-
Euronext Paris  
• Awarded “Innovative Company” label by 
OSEO a French innovation agency
• ISO 9001-2000 for software edition

•FY08 revenue of 70.2 M€ (ca 100M$) with
82% outside of France
• Two US acquisitions: Vdot™ and Mindware 
Engineering Inc.



ESI Group Worldwide Operations

15 subsidiaries
>30 countries
27 agents
750 people
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Simulation-Driven Design
(SDD - Hybrid)

Simulation-Based Design 
(SBD - Intrinsic)



A scalable solution for Simulation-Based Design 
(SBD)

Corporate Vision: Strategy
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To drive Innovation by:
Sharing Technological R&D
Launching & supporting Industrial Products
Proving Industrial Benefits
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Software and Services for SBD
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Simulation of electro-chemical 
processes
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Used Types of Fuel Cells and 
Reactions

Anode Cathode

Proton Exchange 
Membrane (PEMFC)

H2 => 2H+ + 2e- 0.5 O2 + 2H+ + 2e- => H2O

Proton Exchange 0.5H2 <-> H + e 0.5H2O <-> 0.25O2 + H + e-
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Proton Exchange 
Membrane (PEMFC)

(With carbon corrosion)

0.5H2 <-> H + e

0.5H2O <-> 0.25O2 + H + e-

0.5H2O <-> 0.25O2 + H + e

0.25C1(S)+0.5H2O -> 

0.25CO2+H + C(S) e-

Direct Methanol 
(DMFC)

CH3OH + H2O => CO2 + 6H+

+ 6e-

1.5 O2 + 6H+ + 6e- => 3H2O

Solid Oxide (SOFC) H2 + O-- => H2O + 2e-

CO + O-- => CO2 + 2e-

CH4 + 4O-- => 2H2O + CO2 + 8e-

0.5 O2 + 2e- => O--



Fuel Cell: FundamentalsFuel Cell: Fundamentals

Under loaded conditions, the cell voltage obtained is smaller than the open circuit voltage 
(VOC) on account of several irreversible losses. 

Ohmic Loss: Finite resistances of all parts in the cell. Predominant in electrolyte (or 
membrane)

Concentration Overpotential: Loss due to slow transport of reactants to active reaction sites 
(recall mass-transport limitations discussed earlier)

Activation Overpotential: Loss incurred to overcome activation barriers of electrochemical 
reactions (characterized by Tafel constants)
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Fuel Cell: FundamentalsFuel Cell: Fundamentals
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CFD-ACE+ Fuel Cell Features

Fuel Cell Types
Proton Exchange Membrane 
Fuel Cell (PEMFC)

Low and high temperature 
PEMFC

�����
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Micro-PEMFC
Solid Oxide Fuel Cell (SOFC)

Planar
Tubular

Direct Methanol Fuel Cell 
(DMFC)
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CFD-ACE+ Fuel Cell Features

Anisotropic Porous Media
Allows anisotropic 
resistance and flow 
acceleration
Accounts for heat and 
mass transfer effect

Two-Phase Water 
Transport Model

Includes effect of phase 
change (evaporation -
condensation)
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mass transfer effect
Includes effects of 
tortuosity on diffusion
Properties of all layers and 
plates can be accessed via 
User Subroutines.

Effect of pressure, surface 
tension, electro-osmotic 
drag, gravity included



CFD-ACE+ Fuel Cell Features

Electro-physics
Electrochemical reactions 
within porous electrode

Full form of Butler-Volmer 
equations

Effect of pore diffusion and 
catalyst loading
Accounts for both heat 
generation and electrical 
work
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equations

Multi-step electro-
chemistry

Lean Stoichiometry
Fuel starving
Carbon corrosion
Proton transport equation 
(planned for a later stage)



CFD-ACE+ Fuel Cell Features

Structural Analysis
Anisotropic Young Modulus
Small Poisson Ratio
Strain dependant MEA 
properties

Others
Scripts

Converting mixture data 
into CFD-ACE+ suitable 
input values
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Computes thermal and 
mechanical stress
Allow for geometric and 
material non-linearities

Setting MEA properties
Setting initial conditions
Setting solver control
Post processing of data

Simplifications for stack 
analysis



PEMFC: Validation Example
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Experimental Measurement of 
Current and Liquid Water
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Performance Prediction
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Fuel Cell Performance 
Predictions: 2D vs. 3D
Fuel Cell Performance 
Predictions: 2D vs. 3D

Polarization Curve for 323K and 1/1 atm
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Effect of Relative Humidity at T = 353K, P = 1atm
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RH = 100% RH = 30%RH = 70%
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RH = 100% RH = 30%RH = 70%
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Flow
Inlet

Flow Outlets
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3-D  4 channel serpentine fuel cell 

Flow
Inlet Channels Separators

(ribs)

Cell Dimensions
Length ~  6.9 cm
Width   ~  6.9 cm

Dimensions of various layers
Diffusion Layer   ~ 230 microns
Catalyst Layer   ~ 20 microns 
Membrane          ~ 50 microns
Channel depth    ~ 1.016 mm
Channel width    ~ 0.7874 mm

50 cm² cell with ~1.4 million cells



Validation: Results of simulation with 
measurements in a transparent Cell
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Validation: Results of simulation with 
measurements in a transparent Cell
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Simulation: Volume 
fraction of liquid water



Special Feature
Deformed Gas-Diffusion-Layers

Left: non deformed mesh
Right: deformed mesh
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Cond-Strain Correlation (in-plane)

y = 8800x2 - 300x + 2787.5

3300.00

3500.00

3700.00

3900.00

4100.00

E
le

ct
r.

 C
on

du
ct

iv
ity

experim ent

Polynom isch (experim ent)

�
��2	����
�����	����&

�
��"2	������	����&

Special Feature
Deformed Gas-Diffusion-Layers
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Cond-Strain Correlation (through-plane)
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Strain and Displacement in Gas-Diffusion-Layers

Special Feature
Deformed Gas-Diffusion-Layers
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Special Feature
Deformed Gas-Diffusion-Layers
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Geometry Description
Co-flowing (Flow Through Design)

fuel inlet

air inlet

SOFC GeometrySOFC Geometry
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support tube

cathode

anode

electrolyte

ceramic
electrode
structure



Contacts
Nickel Felt

Interconnect
Doped Lanthanum Chromite (LaCrO3)

Anode
Ni/ZrO2 Ceramic Metal Composite (cermet)

Electrolyte

SOFC: MaterialsSOFC: Materials
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Electrolyte
Yttria Stabilized ZrO2 (8 mol% Y2O3)

Cathode
Doped Lanthanum Manganite (LaMnO3)

Support Tube
Calcia Stabilized ZrO2



Database-Manager
Reaction editor

Species

Bulks

Mixtures
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Multistep reactions
Several 
electrochemical 
processes
Water shift 
reaction



Planar SOFC ExamplePlanar SOFC Example

Cross Flow Configuration
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Planar SOFC ExamplePlanar SOFC Example
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Planar SOFC ExamplePlanar SOFC Example
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Simulation of Galvanic Cells

negative plate

Electrolyte

Ground 

spacer
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positive plate

(polymer-
membrane)

Collector 



Surface-Reactions:
negative plates (anode), Li+ + 6C+  e- =>  LiC6

positive plates (cathode), LiMn 2O4 => Li+ + Mn2O4 + e-

Reactions in batteries are always time depended. 

Setup for charging process

Copyright © ESI Group, 2009. All rights reserved.Copyright © ESI Group, 2009. All rights reserved.

Reactions in batteries are always time depended. 
The open circuit voltage (OCV) will be change due to state of 
charge (SOC)
V0 = F(SOC) 
F(SOC) = function of mass fractions (not considered yet, to be 
done later)

LiC6

LiMn2O4



Surface-Reaction:
negative plates (cathode),  LiC6 => 6C + Li+ + e-

positive plates (anode), Mn2O4 + Li+ + e- => LiMn 2O4

time depended. 

Setup for discharging process
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The open circuit voltage (OCV) will be change due to state of 
charge (SOC)
V0 = F(SOC) 
F(SOC) = function of mass fractions (not considered yet, to be 
done later)

LiC6

LiMn2O4



Initial Conditions (start of charge process)

Negative plate:
Graphite (C)= 1.0
LiC6             = 0.0

Electrolyte:   
Inert -gas N2 =1.0
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Positive plate: 
LiMn 2O4 = 1.0
Mn2O4  = 0.0

Inert -gas N2 =1.0



Charging Process
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Results
Charging process: of Graphite

Mass-fraction of Graphite 
decreased due to intercalation of 
Lithium

Li+ + 6C+  e- =>  LiC6

negative plate
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Lithium

Li-ions

positive plate



Results
Charging process of LiMn2O4

Massfraction of LiMnO4 reduced 
due to transport of Li ions 

LiMn2O4  => Li+ + Mn2O4 + e-

negative plate
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Li-ions

positive plate



Discharging Process
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Results
Discharging: refilling of Graphite

Due to Ion 
transport, mass 
fraction of Graphite 
increases

LiC6 =>  6C + Li+  + e-
negative plate
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Li-ions

positive plate



Results
Discharging process of LiMn2O4

„Production“ of 
LiMnO4

Mn2O4 + Li+  + e- => LiMn2O4

negative plate
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Li-ions

positive plate
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Industrial Corporate 
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Thank you!
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