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Fuel Cell LossesFuel Cell Losses

Why it is important to study about fuel cell Why it is important to study about fuel cell losses?losses?
(Polarization-Overpotentials)

“Sources of Polarization”, or “Loss Mechanisms”“Sources of Polarization”, or “Loss Mechanisms”

� Activation Overpotentia l –Kinetic limitations
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Prominent at high potential, lower loads

� Ohmic Overpotential – Resistance governed by Ohm’s Law

Mainly from electrolyte

� Concentration Overpotential – Mass transfer limitations

Predominant at high current loads

� Mixed Overpotential – Parasitic reactions (occurs in PEMCFs)

Prominent at high potential, lower loads



Testing TechniquesTesting Techniques

Polarization curves (cell voltage vs. current densi ty)
separate total overpotential from usable voltage

Current interrupt testing (CIT)
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separate contributions from cell ohmic overpotential 

Polarization curves (cell voltage vs. current densi ty)
separate total overpotential from usable voltage

Electrochemical impedance spectroscopy (EIS)
Separate ohmic overpotential and give better inside about loss mechanisms.

Polarization Resistance
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Current interrupt testing (CIT)
separate contributions from cell ohmic overpotential 

Electrochemical impedance spectroscopy (EIS)
Separate ohmic overpotential and give better inside about loss 
mechanisms. 

0.00

0.20

0.40

0.60

0.0 0.3 0.6 0.9 1.2 1.5

Vo
lta

ge
/ (

V
)

Current Density/ (Acm-2)

Vi Curve

0 0.25 0.50 0.75 1.00

-0.3

-0.2

-0.1

0

Z'

Z
''

0 0.25 0.50 0.75 1.00

-0.3

-0.2

-0.1

0

Z'

Z
''

0 0.25 0.50 0.75 1.00

-0.5

-0.4

-0.3

-0.2

-0.1

0

Z'

Z
''

0 0.25 0.50 0.75 1.00

-0.5

-0.4

-0.3

-0.2

-0.1

0

Z'

Z
''

Ohmic Resistance

Polarization Resistance

EIS is considered to be superior



ObjectivesObjectives
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Does EIS technique indeed provide comprehensive details at 
non equilibrium conditions? 
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If not, then
What are the information directly and indirectly available from 
EIS?



Testing ConditionsTesting Conditions

Condition SOFC PEMFC

Temperature 800 °C 80 °C

Fuel H2:N2 1:1, 5% H2O H2 @ 100% RH

Oxidant Air O2 @ 100% RH

Vi Scans Potentiostatic Mode Galvanostatic Mode

Impedance Measurements Potentiostatic Mode Galvanostatic Mode
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Impedance Measurements Potentiostatic Mode Galvanostatic Mode

Frequency Range 100 KHz – 0.1 Hz 6 KHz – 0.1 Hz

EIS scans for each voltage were bounded before and after 
by 20 minute “rest” intervals in order to achieve:
• Steady state conditions
• Minimize any residual effects



Impedance Spectrums  of SOFC
from OCV to 0.7V Biased Potentials

Impedance Spectrums  of SOFC
from OCV to 0.7V Biased Potentials
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As Biased Potential Polarization Resistance 



Impedance Spectrums  of SOFC
from 0.6V to 0.3V Biased Potentials

Impedance Spectrums  of SOFC
from 0.6V to 0.3V Biased Potentials
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As Biased Potential 
Polarization Resistance 

Individual Arcs



Analyzed Data – SOFC Analyzed Data – SOFC 

8

Compensated Voltage for Polarization Resistance = ( Polarization Resistance (i))i + U(i)



Impedance Spectrums  of PEMFCs
from 4 mAcm -2 – 70 mAcm -2 Biased Currents

Impedance Spectrums  of PEMFCs
from 4 mAcm -2 – 70 mAcm -2 Biased Currents
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Polarization resistance & individual arcs decreases with 
decreasing biased potential (increasing load)



Impedance Spectrums  of PEMFCs 
from 100 – 400 mAcm -2 Biased Currents

Impedance Spectrums  of PEMFCs 
from 100 – 400 mAcm -2 Biased Currents
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Polarization resistance & individual arcs decreases with 
decreasing biased potential (increasing load)



Analyzed Data – PEMFCAnalyzed Data – PEMFC

11

Compensated Voltage for Polarization Resistance = ( Polarization Resistance (i))i + U(i)



Observations Observations 

Computed compensated voltage for polarization resistance for all loads 
shows smaller potential than the original cell EMF creating a “gap” 
between cell EMF and compensated voltage.

EIS does not provide comprehensive details at non 
equilibrium conditions

Cell activation losses decrease with increasing current density while 
concentration polarization losses increase with current density.
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concentration polarization losses increase with current density.

• Contracting arcs representing activation-related processes, and 
expanding arcs representing concentration polarizations from 
impedance spectra

• No arc showed any of the expected behavior that would represent 
concentration polarization.

• Does concentration polarization accounts for the vo ltage 
“gap”?



Concentration Polarization Concentration Polarization 
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Variation of partial pressures inside a SOFC

• Partial pressures of 
supplied gases

• Partial pressure of gases 
at the reaction zone



Expansion of 
Concentration Polarization Expression

Expansion of 
Concentration Polarization Expression
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Concentration PolarizationConcentration Polarization
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� The Nernst potential difference between OCV and the  newly 
computed Nernst potential (EMF) that is based on th e reactions and 
products present at the reaction zone . 

� Concentration Overpotential is an EMF Loss 



Concentration Polarization & EISConcentration Polarization & EIS

� Always conduct EIS on a cell at equilibrium or at s teady state.

� Immediately prior to applying the AC signal:

• Concentrations of gaseous species at the reaction z one are 
constant 
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• The cell EMF has already reached a new value based on the 
concentrations present at the electroactive layers corresponds 
to the biased load

• Concentration overpotential has already occurred as  an EMF 
loss 

� Concentration overpotential (that had already occur red ) just prior to 
applying AC signal is not detectable from EIS 



Variation in concentrations  
at the TPB due to AC perturbation signal 

Variation in concentrations  
at the TPB due to AC perturbation signal 
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The impedance related to concentration polarization will appear at the 
lower frequency region of the EIS spectrum.

The magnitude of the concentration variations at the reaction zone due to 
the AC perturbation signal will be small, even at lowest frequency, 
because the applied AC signal is small.  Therefore the magnitude of the 
concentration polarization (detectable from EIS) will be very small.

(K.B. Oldham, J.C. Myland, Fundamentals of electroc hemical science, Academic Press, San Diego; 1994, p p. 474.)



Validation of Assumptions made
based on the EIS

Validation of Assumptions made
based on the EIS
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Impedance data plot of a cell that performed as expected: Symbols - measured data, full 
line – fitted data, dotted lines – fitted spectrum shown as individual arcs 

(R. Barfod, A. Hagen, S. Ramousse, P.V. Hendriksen, M. Mogensen, Fuel Cells, 6 (2006) 141-145.)



Interpretation of Results for Interpretation of Results for 
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• Polarization resistance of EIS data indicates the 
contributions from ohmic and activation polarization. 
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Conclusion - SOFCConclusion - SOFC
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Impedance measurements at bias loads can be used to separate all 
three overpotentials: ohmic, activation, and concentration.



Interpretation of Results for PEMFCInterpretation of Results for PEMFC
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Interpretation of Results for PEMFCInterpretation of Results for PEMFC
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• The “GAP” is very large, so cannot be solely attributed to 
concentration overpotential. 

• The “GAP” could be due to direct EMF loss of the cell.

– Mixed overpotential and overpotential due to fuel crossover 
directly affect cell EMF causing EMF drop.  
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Conclusions - PEMFCConclusions - PEMFC

• Detailed information about some voltage losses of a PEMF 
cell cannot be obtained through EIS experiments.

• This portion of overpotential was identified as losses from 
drop in direct cell EMF.
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drop in direct cell EMF.

• Other types of losses are present and significant in PEMFCs 
in addition to the three main types of polarizations
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Thank YouThank You
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Computed variations in Nernst potential versus varied anode gas compositions 
of H2/H2O at 800� C with air at the cathode.


