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Purpose 
 
This experiment involves understanding the 
three primary polarization stages during Fuel 
Cell Mode: 
 

·  Activation 
·  Ohmic 
·  Mass Transport 

 
You will come to understand that: 
 

1. Activation Polarization - is related to the energy barrier that must be 
overcome to initiate a chemical reaction between reactants.   

 
2. Ohmic Polarization -  (or “resistance polarization”) occurs due to resistive 

losses in the cell.   
 

3. Mass Transport -  or concentration polarization results when the electrode 
reactions are hindered by mass transfer effects.   

 
 

Background Information 
 
If this is your first experiment or if you just need a refresher on some of the 
details please refer to the following background information guidelines: 
 

·  Parts Assembly and Wiring Guidelines 
·  Coding Guidelines 
·  A/D Converter Chip Operation 
·  Resistor Color Codes 
·  Computing Current with Voltage Drop 
·  REEL Power Software Installation and Operation 
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Additional Fuel Cell Information 
·  Suggested Fuel Cells 
·  Hydrating and Purging a Fuel Cell 
·  How Reversible PEM Fuel Cells Work   

 
Equipment 
 
Qty  Description 
1  Reversible PEM Fuel Cell 
1  3-volt solar panel or variable voltage DC power source 
1  Parallax BOE or Homework Board 
1  9-volt battery or +12 volt regulated DC supply  
1  MCP3208 - 12-bit A/D converter chip 
1  1 ohm resistor 
4  10 ohm resistors 
10  Solid hookup wires 
1  USB or RS232 cable 
4  Clip leads 
1  Windows PC computer with REEL Power tm software  
  (MACs must have Parallel’s “Desktop 3.0 for Windows”) 
1  Printer (optional) 
 
 

General Hardware Hookup 
 
Setup the equipment as shown here, and then examine the Jumper Board 
Hookup  (next) for specific details. 
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Jumper Board Hookup  
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Schematic  
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Code File 
 
 

Download the following file to the BASIC Stamp: 
 

Parallax_Fuel_Cell_Exp.bs2   
 
The code file can be found on the REEL Power CDROM that came with this 
lesson or on the LearnOnLine website at www.learnonline.com. 

 
 

Code Algorithm 
 
Here’s how the code works to acquire and display the fuel cell’s voltage, current, 
power and resistance.  For complete details refer to the above code file. 
 
The Main loop looks like this… 
 
Fuel_Cell_Exp: 
  GOSUB   Get_Voltage 
  GOSUB   Get_One_Ohm_Drop 
  IF (voltage < oneOhmDrop) THEN 
    GOTO  Fuel_Cell_Exp          
  ENDIF 
 
  current  = (voltage - oneOhmDrop) / 1  
                             
               '      I = E / R      where 
               '                           I = curr ent in milliamps 
               '                           E = volt age in millivolts 
               '                           R = resi stance in ohms 
 
  GOSUB Plot_It        
  GOTO  Fuel_Cell_Exp      
 
The first subroutine acquires sixteen readings of the input voltage which can be 
either a battery, solar panel or the fuel cell itself (depending on the mode) and 
averages the samples in order to acquire a more stable reading.   
 
 GOSUB Get_Voltage        
 
Notice that in the code a 16-bit word variable is used to a store the sixteen 
samples.  Since each sample is 12-bits with a potential value of no more than 
4096 (0 -4095), then 16 samples can fit into a word variable that has the capacity 
for 65,536 values without rolling over. 
 
  Samples = 65,536 / 4096 = 16   
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Following the averaging process the raw count value is converted into milli-volts 
by multiplying by 1.22 mv / count as in: 
 
  5 volts / 4096 counts = 0.00122 volts / count = 1.22 mv / count 
 
The next subroutine acquires sixteen readings of the drop across the 1 ohm 
sense resistor. It, too, is converted into millivolts by the following subroutine. 
 

GOSUB Get_One_Ohm_Drop        
 
Since the input voltage and 1 ohm resistor drop voltage are taken at different 
times, a test is made to determine if the solar panel voltage is greater.  
Otherwise, the resultant subtraction to determine current will be totally incorrect. 
 

If (voltage < oneOhmDrop) THEN 
 GOTO Fuel_Cell_Exp 

 ENDIF   
     
If the test passes then the current is determined by subtracting the input voltage 
from the 1 ohm resistor voltage and dividing by 1 ohm . 
 
 Current = (voltage – oneOhmDrop) / 1  
 
     ‘I = E / R  where 
     ‘I = current in milliamps 

‘E = voltage difference in millivolts 
‘R = value of 1 ohm sense resistor 
 

The Plot_It  routine computes the checksum for the voltage and current variables 
and transmits the values to the computer.  The process then repeats. 
 

GOSUB Plot_It 
GOTO Fuel_Cell_Exp  
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Background 
 
In an ideal world, the theoretical optimum fuel cell voltage of 1.23 V would be 
realized at all operating currents. In reality fuel cells achieve their highest output 
voltage at open circuit (no load) conditions and the voltage drops off with 
increasing current draw.  This is known as polarization and is represented by the 
polarization curve shown here. 

 
The polarization curve characterizes 
the fuel cell voltage as a function of 
current.  The current, in turn, depends 
on the size of the electrical load placed 
across the fuel cell.  In essence the 
polarization curve shows the 
electrochemical efficiency of the fuel 
cell at any operating current since the 
efficiency is the ratio of the actual cell 
voltage divided by the theoretical 
maximum of 1.23 V. 
 
Batteries have polarization curves very 
much like fuel cells.  Both batteries and 

fuel cells exhibit excellent partial load performance since the voltage increases 
as the load decreases and visa versa.   
 
Polarization is caused by chemical and physical factors associated with various 
elements of the fuel cell.  These factors limit the reaction processes when current 
is flowing.  The deviation of fuel cell potential from ideal behavior is a direct result 
of the sum of these factors over the entire load range. 
 
There are three basic regions affecting the overall polarization: 

·  Activation polarization 
·  Ohmic polarization (or resistance polarization) 
·  Concentration polarization 

 
 
Activation Polarization 
Activation polarization is related to the energy barrier that must be overcome to 
initiate a chemical reaction between reactants.  At low current draw, the electron 
transfer rate is slow and a portion of the electrode voltage is lost in order to 
compensate for the lack of electro-catalytic activity.  This area is non-linear. 
 
Ohmic Polarization 
Ohmic polarization (or “resistance polarization”) occurs due to resistive losses in 
the cell.  These resistive losses occur within the electrolyte (ionic), in the 
electrodes (electronic and ionic), and in the terminal connections in the cell 
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(electronic). Since the stack plates and electrolyte obey Ohm’s law (V=I*R), the 
amount of voltage lost in order to force conduction varies mostly linear 
throughout this region.  This is the working region of the fuel cell. 
 
 
Mass Transport 
Mass transport or concentration polarization results when the electrode reactions 
are hindered by mass transfer effects.  In this region, the reactants become 
consumed at greater rates than they can be supplied while the product 
accumulates at a greater rate than it can be removed.  Ultimately these effects 
inhibit further reaction altogether and the cell voltage drops to zero.  This area is 
also non-linear like the activation polarization area. 
 
This experiment will examine each of the three polarization regions. 
 
Credit 
 
Credit for the above Background  section goes to the University of Florida - 
Division of NASA Hydrogen Research Education – Solar Energy and Energy 
Conservation Laboratory – Department of Mechanical and Aerospace 
Engineering. 
 

 
Procedure 
 

1. Apply the solar panel or DC power source directly to the fuel cell in order 
to create approximately 8 ml of hydrogen.  When the process is finished 
disconnect the fuel cell from the power source. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

O H

MEA

+ -

Reversible PEM 
Fuel Cell

+- +- +-

Solar Panel



Page 9 
A REEL Power tm (Renewable Energy Education Lab) Experiment 

© LearnOnline, Inc.     www.learnonline.com 

2. Click on the REEL Power tm icon to bring up the software menu.  Then 
click on the Renewable Energy Experimenter Kit icon. 

 
 
 
 
 

 
3. On the graphic display, click on the Connect button at the lower-

left of the screen. Verify that the connected icon appears 
validating the Comm port selection. Make sure to click on the 
arrow and select the highest comm port number.   

 
4. On the computer adjust the voltage (vertical) scale on the REEL Power tm 

software to 0.75 volts. 
 

5. Just prior to hooking up the fuel cell to the circuit described in 
both the Jumper Hookup and Schematic, clear the display by 
clicking on the Reset Plot  icon.  If the plots do not immediately 
start, click on it again.  Immediately apply the fuel cell to the load.  

 
6. Allow the fuel cell to dissipate power into the 10 ohm resistor.  The fuel 

cell rapidly transitions through the Activation  region since the load is 
somewhat heavy at this point. Figure 1 illustrates the rapid voltage drop 
from several volts to a stabilized voltage of 0.6 volts with the voltage and 
current remaining constant at the point of entering the Ohmic  region. 

 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

 

Figure 1– Transition from Activation Region to Ohmi c Region  
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7. After a few minutes add another 10 ohm resistor in parallel with the one on 
the jumper board.  This will make the effective resistance 5 ohms, and it 
will cause the voltage to decrease as more current is drawn as in Figure 2.  
Notice that the new [lower] voltage and [higher] current levels still remain 
constant as this is still in the Ohmic region.    

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 2 – Ohmic Region with 5 ohm Load 

8. Now add a third 10 ohm resistor in parallel and witness the plot in Figure 3 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3 – Ohmic Region with 3.5 ohm Load 
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9. If the fuel cell’s voltage remains stable with three 10 ohm resistors in 
parallel, add a fourth 10 ohm resistor in parallel with the others making the 
effective resistance 2.5 ohms.  Allow the plot to continue where it should 
begin to enter the Mass Transport  region where voltage and current 
begin to decrease under a steady load as in Figure 4. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4 – Transitioning from Ohmic to Mass Transpo rt Region 

10. The core of the Mass Transport  region plot should like Figure 5 as the 
hydrogen becomes exhausted. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5 – Mass Transport Region with 2.5 ohm Load 
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Analysis 

The experimental plots generally confirm the polarization curves described in the 
Background  section and shown here, again on the left.  However, our tests 
indicate that the plots look more like the graph on the right.  These stylized 
graphs should really indicate current density (amps / cm2 of H2) rather than just 
current.  While the above tests measured only current, they still confirm the 
general shape of the Polarization Curve  with the following clarifications: 

 

 

 

 

 

 

 

The Activation  region is much sharper as in Figure 1.  This region can be 
prolonged if a higher resistance is applied – say 50 ohms.  You are encouraged 
to repeat this experiment with such a value. 

The Ohmic  region, the area of the curve where most of the fuel cells real work is 
accomplished in terms of powering an external load, demonstrates the linearity of 
current versus load resistance.  This is quite important in that a prediction of 
overall power output and consumption can be established for various types of 
loads.  As long as hydrogen is available the fuel cell will stay in the Ohmic region. 

The Mass Transport  region is indicative of the non-linearity caused by a 
dwindling supply of hydrogen.  In effect, the fuel cell cannot keep up with the 
power requirements of the load.  If more hydrogen were available at this stage, 
the fuel cell would re-enter the Ohmic  region.  If you have the means to do this, 
repeat this part of the experiment to confirm this last statement. 

You are encouraged to repeat this experiment using the 100 ohm potentiometer 
instead of the individual 10 ohm resistors to better see how the fuel cell performs 
over all three regions.  Start with the potentiometer at maximum resistance, then 
decrease the resistance values to verify other current settings along with their 
attendant voltages and power readings.  


