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Introduction

• Sulzer HEXIS Co-generation System

• Collaboration CCP / Sulzer HEXIS

• Contributions to Cell, Stack and System Development
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HEXIS Co-Generation System

System

• Fuel: natural gas 
• Co-generation: 1 kWel, 2 kWth

• SOFC: high temperature (1000ºC)
integrated fuel processing

• Efficiency : hel  = 0.30 (max 0.6) 
htot > 0.85 (max 1.0)
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Collaboration CCP / HEXIS

• 3 major Projects since 1998

• Funded by CH-Commission for Technology and Innovation (KTI)

• Implementation of basic transport phenomena for SOFC into NM SESES, a 

FE-based numerical simulation tool

• Model Validation in close collaboration with Sulzer HEXIS

(Experimental Work)

• Development of novel methods to tackle actual engineering issues
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Contributions (1)

Cell Performance

• 5 different mass flow rates

• 10 different fuel utilization's

• 50 operation conditions ~ 2h CPU time
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Contributions (2)

Natural Gas

Air

H2O distributionH2 distribution CO2 distribution

Temperature distribution

Mini-stack Simulation: internal State
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Contributions (3)

System Level Modelling

• Simulation of heat transport in 
dynamic insulation

• Prediction of Air-to-Fuel ratios to 

control fixed stack temperature Cross 
section

Temperature 
Distribution
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SOFC Modelling Issues

• Length Scales

• Transport Phenomena

• Interactions

• Repeated Structures

• Modelling Issues
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Length Scales

Control and safety System

Integration into Energy Systems

System10-0-??

Electric (series) Connection of Cells

Balance of Plant

Stack10-2-10-0

Mass transport of Fuel and Air, 
Thermal Management

Cell10-3-10-2

Diffusion, Flow, Heat TransportFlow field10-5-10-3

(Knudsen-) Diffusion, Porous FlowPorous media10-7-10-5

(Electro-) chemistry, 
Surface diffusion

Electric double layer / 
Triple Phase Bound.

10-8-10-7

ProcessStructureLength Scale / m
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Transport Phenomena

Stefan-Maxwell relationChemical SpeciesDiffusion

Ohm‘s LawElectric ChargeCharge Transport

Fourier Law of Heat 

Conduction

Thermal EnergyHeat Transport

Newtonian Fluid, 

Darcy‘s Law

Mechanical MomentumFluid flow

Constitutive Law (e.g.)Balance for ...Process

Rate of 
change

Convective 
Transport

Diffusive 
Transport

Source 
Term

e.g., Heat Transport
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Interactions

Conductivity

� el = � el(T)
everything to 

Temperature

Temperature 

dependence

Gas Density
� = � (xH2,xH2O,P,T)

Velocity to PressureFluid properties

Nernst  

YYYY Nernst = YYYY Nernst (xH2,xH2O,P,T)
dito and to el. PotentialEl.-Chem. Reactions

Kinetics

rchem = rchem (xH2,xH2O,P,T)
Species to SpeciesChemical Reactions

ExampleCouples ...  Interaction

( ) 2

th 1 2 R,chem chem R,el.chem el.chems x ,x ,T, H r T S rY = D × + × D × + s ÑY
Source term for 
heat transport

Heat consumption 
for reforming

Reversible
Heat release Joule’s Heat

e.g.,  Heat source as a function of reaction rates and el. potential
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Repeated Structures

• Carbon spheres 
with Pt-catalyst

• Micro Pores

• Nipples in SOFC 
current collectors

• Flow Fields in PEM 
bipolar plates

• Repeated Cells 
forming a Stack

• Many Stacks form a 
full System

Hierarchy of repeated 
elements / structures 
build cells, stacks and 
systems.

Structural regularity  
permits useful 
approximations! 
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Modelling Issues

Complex Simulation Domains
Up to 106 nodes for 3D domains

At least 9 (scalar) physical fields

Length scales cover more than 6 orders

Many repeated elements 

Interactions
Nonlinear Coupling terms

At least 9 different physical fields

Simulation Goals
Optimization of cells /stacks of technical relevance

Emphasis on system (i.e. global) behavior

No single ab initio
method is able to 
cope with these 
issues at once! 
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Engineering Approach

• Volume Averaging Method

• Numerical Implementation

• Discussion
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Volume Averaging
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Mass flow in porous Media
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Numerical Averaging (1)

Repetitive
Element

MIC
Structure

•keff

• lll l eff

•sssseff

•hhhheff(T,jq,xH2,...)

Effective
Parameters

Finite Element 
Simulation

Numerical Volume Averaging Method (NVAM)

Structural complex systems are “probed” by virtual experiments with respect to 

their response to applied pressure, temperature gradient, etc.

��� � Effective Transport Parameters for repetitive Struc tures
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Numerical Averaging (2)

2D Cell Simulation with Reduced Geometric Complexit y

2D rotational symmetric cell model

Cathode

Electrolyte

Anode

Air

Natural
Gas

��� � Numerical Simulation of up to 30 cell stacks possib le on standard PC
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Implementation (1)

Exact solutions in repetitive structures

• Example: heat transport in repetitive structure

• Assumption: linear system (or linearization around working point)

• Looking for solutions that provide periodic gradient and heat current densities
• General Result: gradient is sum of constant plus periodic part

• Realization within FE-Framework with BCs:

• Definition of effective heat conduction coefficient kxx:

xrep

Heat flux

periodic 
part

constant 
partx

T
¶
¶

x

( ) ( ) TxTxxT rep D+=+
���

rep

xeff
xxx x

T
kj

D
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Implementation (2)

Obvious Generalizations

• Trivial application to 2D and 3D domains

• Geometrically complex domains may provide tensorial effective parameters

• Non-constant material properties, e.g., heat conductivity k=k(T):

- repeat calculation for a set of feasible working points

- interpolate effective Parameters

(Assumption: temperature varies slowly in terms of structure repeat length)

• Strategy for interacting Phenomena:

- system probed for each transport process independently

- additional degrees of freedom kept in equilibrium

(Assumption: only weak interactions present)
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Implementation (3)

Generalization to interacting processes

• (Electro-)chemical reactions in FCs are not weak interactions

• Model problem: convection-diffusion with 1st order chemical reaction for a 
quantity � in background flow v: Calculation of averaged reaction rate!

( )v j s ,

j D , s k

x x

x x x x

Ñ x = -Ñ +

= - Ñx = x
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• Is there a natural generalization of periodic boundary conditions that provides 
a useful solution by simulations restricted to the fundamental domain?

xrep v

x

�
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Implementation (4)

Looking for a general solution

• A Solution exist for simple first order reactions, leading to an eigenvalue
problem, (the eigenvalue corresponds to the averaged reaction rate) *

• Implementation into engineering FEM-tools is not trivial.

• Generalization to coupled, non-linear processes is unsolved (to my 
knowledge), but mandatory for CAE applications.

* Macrotransport processes / Howard Brenner, David A. Edwards 
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Discussion (1)

Advantages

• Simple to Apply: Standard FEM calculations do the job

• Fast Method: 5 Cell Stacks are characterized within a few CPU hours

• Suitable for CAE: many non-trivial results have been found with NVAM for 
systems of technical relevance

• NVAM is (up to now) based on physical insights:

i) Calculation of effective parameters corresponds to virtual experiments, 

i.e., the system response to applied external “forces”.
ii) Because FEM is based on balance equations, deployment of transport 

equations with effective parameters is well justified.

iii) Often the chemical reactions in Fuel Cells are not fully understood, i.e.,
the kinetics is not known. Therefore a suitable kinetics expression fitted

to experimental data does the job!
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Discussion (2)

Open Questions

• VAM treatment of uncoupled Processes (e.g., Navier-Stokes) allows for full 

mathematical analysis, i.e., the convergence of the method is guaranteed by 

rigorous estimation of the error between true and the numerically averaged 

solution.

• Complex chemical reactions in presence of diffusion and mass flow are up 

to now treated only in a heuristic way (Engineering Approach).

• Diffusion in presence of mass flow leads to dispersion, which can be 

handled by additional terms in the effective transport equations.

This complicates the method, however.
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Mathematical Implications

• Rigorous Theory for NVAM

• Implementation in FEM Codes
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Rigorous Theory for NVAM

Estimations

• Looking for an extended theoretical framework that allows for estimations of 

the errors involved in NVAM.

• Idea: Estimations are determined systematically by numerical calculations.

• Poor man’s solution: check the accuracy on a numerical-experiment-basis 

by comparing full ab initio calculations with averaged ones for larger 3D 

domains.
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Implementation in FEM Codes (1)

Specification of Boundary Conditions
• Elegant NVAM realization is possible, if FEM-codes allows for free formulation 

of complex boundary conditions.

• Access to relevant output of the FEM-tool, e.g., correctly integrated fluxes.
Correct defined here by the fact that the fluxes, the production rates, etc. are 
consistent in view of the underlying balance equations.

• For Multi-Domain Simulations, correct implementation is not trivial!
E.g. charge and heat transport coupled by Joule’s heat: How to guarantee the 
overall energy balance on the level of numerical results for coarse meshes!

• This issue is much more involved in view of complex interactions in FCs: 
Electrochemistry, Charge and Heat Transport and Mass flow.

Export of Fluxes to calculate effective Parameters
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Implementation in FEM Codes (1)

Looking for a theory of maximal consistency in FEM

• This last issue provides a general question:

If FEM results are obtained on coarse grids, is there a general framework, 

that allows for consistent interpretation of the underlying balance equations.

• In other words: Is there a scheme that provides Fluxes, Production rates, 

associated Energies, etc. on the finite element level that fulfill the balance 

equations themselves.

• Standard FEM theory usually only guarantees correctness in the limit of 

infinitely fine meshes, but engineering level considerations would benefit from 

consistency on coarse grids! 
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Conclusions

• A promising simulation scheme based on Volume Averaging Method and a 

Finite Element Implementation to tackle complex transport processes in Fuel 

Cells has been proposed.

• The same framework can also be applied to analyze micro reactors, micro 

fluidic devices and generally transport processes in repeated structures, found 

in many chemical engineering tasks.

• While the method is justified on the engineering level, there is a need for better 

theoretical basis: Estimations of the errors involved, consistent interpretation of 

the results with respect to the underlying balance equations.


