Experiments with Fuel Cells
For the PicAxe 28X2 Processor

Experiment #3 — Fuel Cell Efficiencies
A REEL Power "™ (Renewable Energy Education Lab) Experiment
© LearnOnline, Inc. www.learnonline.com

Purpose

This experiment determines the fuel cell’s efficiencies in terms of the electrical
energy expended to electrolyze water into hydrogen and oxygen as compared
with the electrical energy delivered by the fuel cell into a resistive load. Two
efficiencies are measured and computed based on the data taken — Faraday
Efficiency and Energy Efficiency.

You will come to understand that:
1. Faraday Efficiency is the ratio between the theoretically calculated volume

of hydrogen consumed by the load (at a certain current) and the
experimentally calculated volume of hydrogen consumed.

2. The Energy Efficiency of a fuel cell is the ratio of the electricity produced
by the consumed hydrogen compared with the calculated theoretical
energy contained in the consumed hydrogen - expressed as a percentage.

PicAxe 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

Resistor Color Codes

Reprogramming the FTDI chip — very important!!
Computing Current with Voltage Drop

REEL Power Software Installation and Operation
Safety Precautions

Additional Fuel Cell Information
Suggested Fuel Cells
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Hydrating and Purging a Fuel Cell
How Reversible PEM Fuel Cells Work

Equipment

Qty Description

1 PEM reversible fuel cell

1 Solar Panel or similar DC power source

1 Solderless Breadboard (Radio Shack Model: 276WBU301)
1 PicAxe 28X2 microprocessor chip

1 SparkFun USB to Serial Board (BOB-00718)

1 USB cable

1 10K resistor

1 1 ohm resistor

2 10 ohm resistors

10 Solid hookup wires (Radio Shack Model: 276-173)

4 Clip leads

1 Windows PC computer with REEL Power ™ software

(MACs must have Parallel’'s “Desktop 3.0 for Windows”)
Printer (optional)

-

General Hardware Hookup

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

Reversible PEM
Fuel Cell

Note: Your setup will NOT _ R .

WORK unless the FTDI chip on

the SparkFun USB to Serial

Board is reprogrammed. See o\ H

PicAxe Background Information

for 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:
PicAxe_Fuel Cell.bas

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.

Note: Your setup will NOT WORK _unless the FTDI chip on the SparkFun
USB to Serial Board is reprogrammed. See PicAxe Ba ckground
Information for details

Code Algorithm

Here’s how the code works. For complete details refer to the above code file.

The Main loop looks like this...

Main Routine
FuelCell_Exp:
gosub  Get_Average_Voltage 'get average fuel cel | voltage and
'voltage drop across 1 ohm sense resistor
IF voltage < oneOhmDrop THEN ‘test for illegal condition
GOTO FuelCell_Exp
ENDIF
current = voltage - oneOhmDrop ‘compute the vol tage drop across the 1 ohm
sense resistor
‘which is automatica lly now in milliamps by
the following:
I=E/R where
| = currentin
milliamps
E = voltage in
millivolts
R = resistance
in ohms
GOSUB Plot_lIt ‘transmit the value to the computer
GOTO FuelCell_Exp ‘repeat

The first subroutine acquires 64 readings of the fuel cell’s voltage output and
averages the samples in order to acquire a more stable reading.

GOSUB Get_Average Voltages

Once done the solar panel voltage and 1 ohm sense resistor voltage drop counts
are converted to millivolts.
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Since the fuel cell voltage and 1 ohm resistor drop voltage are taken at slightly
different times (even though they are averaged), a test is made to determine if
the fuel cell voltage is greater. Otherwise, the resultant subtraction to determine
current will be totally incorrect.

If voltage < oneOhmDrop THEN
GOTO Solar_Exp
ENDIF

If the test passes then the current is determined by subtracting the fuel cell
voltage from the 1 ohm resistor voltage and dividing by 1 ohm (an unnecessary
step).

Current = voltage — oneOhmDrop

1=E/R where

‘| = 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_lIt
GOTO Fuel _Cell_Exp

Background

One form of efficiency, the Faraday Efficiency, is a percentage that indicates how
much of the hydrogen gas is being used for intended electrical energy production
and how much is lost to other factors, like heat.

The symbol for efficiency is the Greek letter, eta “ ”. Therefore, Faraday
Efficiency’s symbol is “ F.” It is the ratio between the theoretically calculated
volume of hydrogen consumed by the load at a certain current and the
experimentally calculated volume of hydrogen consumed. Hydrogen naturally
exists in pairs, so H2 is used to represent it.

F = H2 Volume (theoretical) / H2 Volume (experienced)

If the fuel cell was perfect and all conditions were ideal, the Faraday Efficiency
would be equal to “1” or 100%. Faraday’s 2nd Law enables calculating the
theoretical volume of hydrogen expected to be consumed.

H2 Volume (theoretical) = [Electrical charge in Coulombs (C)] x
[H2 Volume per mol]
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Procedure

1. Apply the solar panel or DC power source directly to the fuel cell in order
to create approximately 6 ml of hydrogen. When the process is finished
disconnect the fuel cell from the power source.

Solar Panel Reversible PEM
Fuel Cell
AT T

MEA

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

Fuel Cell Interface

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 ™
software to 0.75 volts.

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.

5. Just prior to hooking up the fuel cell to the circuit described in .
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6. Allow the fuel cell to dissipate power into the two 10 ohm resistor pair (5
ohms total). The very beginning of the plot should look like Figure 1.

Record the voltage and current at the base of the knee of the green plot
line.

Figure 1- Start of Voltage Recording with 5 ohm Loa d

7. Allow the plot to continue for 4.5 minutes (270 seconds) then record the
voltage and current again. Also record any
remaining hydrogen left in the cylinder.
This is a screen capture after this time.
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Analysis

There are two efficiencies that can be computed from this experiment —
Faraday Efficiency and Energy Efficiency. The Faraday Efficiency has
already been described in the Background section above and will be
computed from the experimental data shortly. Energy Efficiency is
described next.

Energy Efficiency

The energy efficiency of a fuel cell is the ratio of the electricity produced
by the consumed hydrogen compared with the calculated theoretical
energy contained in the consumed hydrogen - expressed as a percentage.

E = Electrical energy in Joules H2 / Energy conte  nt of consumed
H2 (Theoretical)

Electrical energy in Joules H2 = E (average) x| (a verage) x time

(s)
Volume of H2 consumed in mL / 24,000 mL/mol, theref ore...

Energy content of consumed H2  (Theoretical) = xxx mol H2 x
286,000J/mol

In order to compute the required values the “average” voltage (E) and
current (I) must be determined. The averages are computed between the
readings at time zero and at 270 seconds. Table 1 illustrates these
averages based on the data taken. Your values will be different.

Time E (volts) | (amps) H2 (ml)
1 second 0.580 0.124 6 (starting vol)
270 seconds 0.497 0.114 1 (remaining vol)
0.539 (average) |0.119 (average) 5 (consumed)

Table 1 — Averaging Readings

Entering these values into the equations above produces the following
result:

Electrical energy in Joules H2 = E (average) x | (a verage) x time
(seconds)
Electrical energy in Joules H2 =0.539x 0.119x27 0=17.3J
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The energy content of hydrogen is calculated by using the amount of
energy expended when hydrogen is combusted. This is a given value of
286,000 J/mol (exothermic) of hydrogen. This is called the molar enthalpy
of hydrogen at standard temperature and pressure.

H2 has a molar volume (the space H2 occupies per mole) of 24,000
mL/mol. Therefore, the volume of H2 used can be found as:

Volume of H2 consumed in mL / 24,000 mL/mol=molo fH2
5 mL / 24,000 mL/mol = 0.00021 mol H2
The energy content consumed is given by:

Energy content of consumed H2  (Theoretical) = xxx mol H2 x
286,000J/mol

Energy content of consumed H2  (Theoretical) = 0.00021 x 286,000 =
59.6 J

Energy efficiency can be computed as:

E = Electrical energy in Joules H2 / Energy conte  nt of consumed
H2 (Theoretical)

E=17.3/59.6=0.2903 x 100% = 29.03 %

Faraday Efficiency

Faraday Efficiency is the ratio between the theoretically calculated volume
of hydrogen consumed by the load (at a certain current) and the
experimentally calculated volume of hydrogen consumed.

Faraday Efficiency is computed as:
F = H2 Volume (theoretical) / H2 Volume (experienc ed) where...

H2 Volume (theoretical) = [Electrical charge in Cou  lombs (C)] x [H2
Volume per mol]

Therefore, electrical charge in Coulombs can be computed as:

Electrical Charge in Coulombs (C) =1 (ave) x time  (sec) = 0.119 x 270
=32.13C
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At standard pressure and temperature, the volume of H2 per mol is 24,000
mL/mol. The electrical charge of one mole of electrons is given as 96,500
C. Since there are two moles of electrons as in H2  2H+ + 2e-, the

electrical charge delivered by one mol of H2 = 2 x 96,500 C = 193,000 C/
mol.

Thus, computing the theoretical volume of H2 we have:
H2 Vol(th.) = (32.13 C /193,000 C/mol) x 24,000 ml /mol = 3.99 ml
Therefore, compute the Faraday Efficiency we have:

F = H2 Volume (theoretical) / H2 Volume (experienc  ed)
F=3.99/5.0 =0.798 x 100% = 79.8 %
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