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1- Electrochemical step modeling :
a. objectives and methodology
b. results (filter-press design)
c. future works

2- Pilot test facility :
a. brief description
b. Filter-press and PEM electrolyzers results
c. future works

Overview
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Modeling & Simulation purposes
Accompanying the experimental study

� contributing to :
� operating conditions optimization
� the design of an efficient electrolysis cell
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� better understanding of the involved phenomena (and coupling)
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A step-by-step strategy

local / refined

multi physics

Global approach
&

Individual process

Cte

Electrokinetic models (Ucell)
• filter-press design (FM01)
• PEM design
• cells performances comparison

Electrochemical model (ηa )

Biphasic filter-press
• Ucell sensitivity

vs. locally prevailing conditions
(j, conc.)

Mass transport (MEA, porous media)
• SO2 distribution : channels optimization

• SO2 cross-over

Phenomenological model (coupling)
• yield

• Bubbles behavior
(ANR project amelhyflam)

vs. operating   conditions
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� FP
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1- Electrochemical step modeling :
a. objectives and methodology
b. results (filter-press design)
c. future works

2- Pilot test facility :
a. brief description
b. Filter-press and PEM electrolyzers results
c. future works

Overview
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Electrokinetic Model (1/5) B
e
so
in
s1- Model assumptions (FM01)

mesh

FE mesh
Φ, ∂Φ

Finite Element Solver

Flux-Expert

Scope : � preliminary design
� sensitivity analysis (geometry, operating conditions)
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Potential distribution : solved variable ΦΦΦΦ

Uniform fluid repartition (1D or 2D model)

Saclay
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Electrokinetic Model (2/5)

2.1- Principle of the « overall » electrochemical model

� Need for a numerical expression ηa = f(op. cond.)

eq
Oxdelectrode EE /Re=

)(ifionconcentratactivation =+ηη

at equilibrium : i = 0 i ≠ 0

électrode

solution

Ox

Red

Ox’

Red’

e-
+ η

« kinetics »

Charge Transfer Mass Transfer

electrode

solution

Ox

Red

Ox’

Red’

e- Design of Experiments (voltammetry ; 3-electrodes cell) 
(coll. CNRS-LEPMI, Grenoble)

3 factors :
- 3 levels T : 20°C, 45°C et 70°C
- 3 levels [H2SO4] : 20 %wt, 40 %wt, 60 %wt
- static or rotating disk electrode

NB: SO2 saturation
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Electrokinetic Model (3/5)

2.2 – Electrochemical model derivation
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1- hydrodynamic analogy between FM01 and  RDE

2- domain exploration / reproducible procedure determination

1.2 to 1.9 VecsMaximum potential :

20°C, 45°C and 70°CTemperature:

20%, 40% and 60%Concentration:

0.2 to 0,35VecsInitial potential :

0 to 2000 rpmRDE speed :

10-3 to 5 × 10-2 V/sSweep rate :
Interest zone

(∼ 300 experiments (including 22 DOE runs))

3- data processing

ηa (j) = E – E0 with E= a(T,w%) + b(T,w%)×j + c(T,w%)×j² + d(T,w%)×j3

� thermodynamics � E0
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Levich equation

Mass transfer limitation ?

Evidence of mass transfer limitation (Cottrell) Deviation from Levich model

If δ decreases :
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If δ decreases :
X* desorption �
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Modification of the RDS
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Electrokinetic Model (4/5)

2.2 – Electrochemical model derivation

	 Matrix of Experiment (2×3² design) 

� AIChE conference (Philadelphia, 2008) 500R4
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� not in random order
� no noticeable effect of RDE speed
☺ response surface achieved for jmax and OCV
� a,b,c,d 	 lack of fit

Tabulated values of a,b,c,d
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Electrokinetic Model (5/5)
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70°C - 20% (ddp 0,729 V)

20°C - 20% (ddp 0,834 V)

20°C - 40% (ddp 1,144 V)

chute ohmique membrane :
0,044 V
0,095 V
0,271 V

surtension anodique (Eth)
0,554 V (0,227 Venh)
0,539 V (0,211 Venh)
0,636 V (0,261 Venh)

anodecathode separator

N450 data (CEA/Saclay)

Tem
perature

Acid conc.
coll. LEPMI

Flux-Expert – JNF 1000A/m²

� GPE-EPIC conference (Venice, June 14-17)

jpeak

3- Application to FM01 sensitivity vs. T and [H2SO4] conditions
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Coupled Fluid Mechanic / Electrokinetic Simulation (1/3)
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1- Model assumptions

Potential distribution

Biphasic (Euler-Euler) and turbulent (k-ε) flow

( )2,HTσ

FluxFlux --ExpertExpert
PotentialPotential

AnsysAnsys --FluentFluent
Flow and EnergyFlow and Energy

FV ↔↔↔↔ FE
Grid interpolation process

Exchange data files I/O process

Heat sources (Joule)
H2 production rate (Faraday)

Gas fractions
Temperatures

� F. Jomard et al., Jal. App. Chem., 308 (08) pp. 297

( ) ( ) 5.1
20,, 1

2 HTT H
ασσ α −=



7

CEA/DEN/Marcoule/DTEC/SGCS/LGCI 13

2- Sensitivity study

Ucell sensitivity towards :
� operating parameters : cell orientation & catholyte flow-rate
� « unknown » parameters of the Eulerian model (θ and dbubble)
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Pilot plant

Coupled Fluid Mechanic / Electrokinetic Simulation (2/3)

θθθθ

vH2 = f(j)

vy

vz

dbubble

2 parameters

AMELHYFLAM
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3- Example of simulation results

	 Influence of the cell orientation on H2 repartition and hold-up 

catholyte anolyte
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αmean 1,9% αmean 6,2% αmean 4,4%

αmax 99,6%

Coupled Fluid Mechanic / Electrokinetic Simulation (3/3)

Ucell 0,761 V Ucell 0,769 Ucell 0,732 V under monophasic assumption

� ELECTROCOR conference (Bologna, June 24-26)
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αH2 (Fluent) φV (Flux-Expert)

φV (Flux-Expert)αH2 (Fluent)
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Ucell 0,761 V

Ucell 0,769

Gas fraction / potential correlation
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1- Electrochemical step modeling :
a. objectives and methodology
b. results (filter-press design)
c. future works

2- Pilot test facility :
a. brief description
b. Filter-press and PEM electrolyzers results
c. future works

Overview
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Current and future works

 Electrokinetic modeling
• sensitivity analysis

 Phenomenological modeling of the MEA
• mass, charges and ionic transport
• “true” electrochemical model required

 Hydrodynamic study and optimization
• tracer and RTD experiments (PEM channels, porous anode)
• CFD (Ansys Fluent)

Focus on PEM-like configuration
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Current and future works

DOE data reprocessing

	 new  E = f(j) numerical model
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Mesure 20% - 45°C

Modèle

� 3 parameters A,B,C (instead of 4)
� purely empirical numerical law (based on physical models)
� encouraging results obtained (static data) 
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1- Electrochemical step modeling :
a. objectives and methodology
b. results (filter-press design)
c. future works

2- Pilot test facility :
a. brief description
b. Electrolyzer tests early results
c. future works

Overview
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Pilot Plant Overview

Available in May 08
Since Jul. 08 in automatic way
Reproducible results achieved early  09

� P. Rivalier and al., Proceedings of  ICONE16, May 11-15, 2008, Orlando

- Capacity 100 NLH2/h 
- adjustable operating parameters :

• I ≤ 300 A
• flow-rate up to 1 m3/h
• acid concentration up to 60wt%
• T (RT to 100°C) and soon P (up to 10 bars)

Flow-cell
(Ea measurement)

PEM-type cell

H2

 Closed catholyte loop (SO2 accumulation)

� Electrodes potential measurement available since march 09

FM01 cell

10 L/h

2000 A/m²
200 L/h

20 %

Today :
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� ICONE 17 (Brussels, July 12-16)
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FM01 - Ti + Pt 3µm

PEM - N117 - 0,5mgPt/cm²

Simulations FM01

CMX

N350

water

≠ starting procedure
Ucell fixedreproducible

Ucell fixed

diluted acid

Programmed I ramp

Better performances achieved with PEM (higher active surface / lower ohmic drop)
� electrode / catalyst optimization required

Cathode overvoltage (measured on PEM only)
� to be elucidated (S ? Bubbles ?)

SO2 cross-over evidences for both cell design (and with each tested membrane)
� separator / operating conditions optimization required

Preliminary results : acid 20%wt. – T = 20°C
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Future Works : Optimizing Components and Cells

� Separators
� Transposition of PEM dedicated R&D (H2O/H2 crossover limitation) : collaboration 

with other CEA or CNRS research teams
� Several ways under study 

• Perfluorosulfonate polymer (Nafion-type) optimizing : superficial densification (PE-CVD) 
or “bulk” doping  (clay)

• Prospective studies
• Screening tests (SO2 permeation rate, same kind as SRNL methodology)

� Catalysts
� Dedicated MEA R&D Program (coll. with PEM component team of CEA-Grenoble)

• Catalysts evaluations (with ref separator and diffusion layers)
• Separator and DL upgrade

� Porous anode : 3D catalyst deposition in a (conducting) porous medium
• Glassy carbon foam : 2 processes under study : rising humidity impregnation & SC-CO2

nanoparticles deposition
• Catalytic area and activity measurements (coll. CNRS)
• Hydrodynamic and Electrical behavior

� Cell optimization
� Hydrodynamic / SO2 distribution study (PEM, porous anode)
� SO2 cross-over mitigation
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