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1. Overview

The Fuel Cell Interface is unique in that no other product has the ability to allow a reversible
PEM fuel cell to be electrolyzed at the push of a button as well as graphically displaying the fuel
cell's voltage (green), current (blue), power (red) and load resistance (black) outputs on a
computer monitor like that shown below.
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The Fuel Cell Interface operates in two modes — Electrolyzer Mode and Fuel Cell Mode .

In the Electrolyzer Mode an external power source like a solar panel, 3 volt battery or DC power
supply provides power directly to the fuel cell in order to decompose water into hydrogen and
oxygen. The Electrolyzer Mode is entered by pushing and holding the red button in the center of
the circuit board. Here, all the energy from the power source is directed into the fuel cell and the
normal load is switched out - the fuel cell becomes the load. The left part of the plot shows how
the fuel cell behaves in Electrolyzer Mode.

In the Fuel Cell Mode the fuel cell, itself, becomes the power source that delivers voltage, current
and power into the attached resistive load. The Fuel Cell Mode is entered by default by not
pushing on the red button. The right part of the curve is an example of Fuel Cell Mode.

Because fuel cells are closely related to the science of chemistry, the experiments will necessarily
include references to chemical reactions (including formulas) that occur within the fuel cell, which
support the two modes just described. The experiments demonstrate how a fuel cell and fuel cell
stacks can be evaluated in terms of understanding electrical characteristics, electrolyzing water
and determining efficiencies. The circuit board can accommodate fuel cell voltages up to 10 volts
DC and currents up to 1 amp. Plus, the fuel cell’s internal resistance is part of the graphic display
— something that no similar measurement product can match. In the Fuel Cell Interface you have
a professional measurement instrument that is suitable for a serious study of fuel cells. Consider
these experiments as just a basis for your own, expanded applications.

Have fun and learn something!
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2. Intended Use

The hardware, software and experiments are developed exclusively for educational teaching and
demonstration purposes. Any other use such as in life-critical applications is prohibited!

3. Safety Precautions

In order to avoid any risks, you must abide by the following Safety Precautions when working with
the Fuel Cell Interface.

The system may only be set up and operated by a competent person. Younger students
require adult supervision at all times.

Read the Experiments before executing them. Follow their instructions during use and
keep them readily available for reference.

The system is not a toy. Operate the equipment responsibly. The use of safety glasses
while performing experiments is highly recommended — especially those that involve fuel
cells and fuel cell stacks.

READ AND UNDERSTAND EACH PROCEDURE BEFORE PERFORMIN G THE
EXPERIMENT. This will help to understand what is to be done and, also, prevent
inadvertent mistakes that could lead to incorrect results or possible injury.

LearnOnLine, its distributors or affiliates will not accept responsibility for injuries or
damage sustained in the event that these Safety Precautions not followed completely.

4. Related Issues

4.1 Reverse Engineering
You are not entitled to reverse engineer, decompile or disassemble the software product in whole

or in part.

4.2 Errors and Omissions

LearnOnLine has made every effort to supply the software and hardware without errors; however,
we are not responsible for any unintentional errors or omissions in the design, construction or
operation of the product. If you should notice undiscovered errors, please contact us.

LearnOnLine, Inc.
information@Ilearnonline.com

4.3 System Requirements

Windows Pentium class computer with USB interface port. MACs with INTEL processors can use
Parallels “Desktop 3.0 for Mac”.
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4.4 Software Installation

You will need administrator rights for software installation under Windows 2000, Windows XP or
Windows Vista.

45  Supplied Materials

Fuel Cell Interface Circuit Board
USB cable

10 ohm resistors (4)

100 ohm potentiometer

Other Required Materials Not Supplied
Windows PC — MACs must have Parallels “Desktop 3.0 for Mac”
Fuel cell or fuel cell stack with attached cables

Solar Panel, 3 volt battery or other suitable DC power source
CD-ROM with graphics software and USB driver software (software sold separately)

4.7 Warranty

LearnOnLine, Inc. warrants its products against defects in materials and workmanship for a

period of 90 days. If you discover a defect, LearnOnLine will, at its option, repair, replace or
refund the purchase price. Simply contact us at information@Iearnonline.com.

4.8 Disclaimer of Liability

LearnOnLine, Inc. is not responsible for special, incidental or consequential damages resulting
from any breach of warranty, or under any legal theory, including lost profits, downtime, goodwiill,
damage to or replacement of equipment or property, and any costs for recovering or reproducing
any data stored in or used with LearnOnLine products. LearnOnLine is also not responsible for
any personal damage, including that to life and health, resulting from use of any of our products.
You take full responsibility for using LearnOnLine products and experiments no matter how life

threatening it may be.

4.9  Specifications

Circuit Board Dimensions: 4.00” x 2.5”

USB interface for circuit board component power and data transfer to PC
Max Input Voltage: 10.0 VDC

Max Current : 1.00 Amp

Max Power : 3.00 Watts
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5. Software Installation

Note: DO NOT connect the USB cable to the computer  until the software installation
procedure has been completed. You will be prompted when to do this in Step 8 below.

1. Insertthe REEL Power CD-ROM into your computer’s disc drive and close the door.

2. If the dialog box to proceed does not come up, on the Desktop, right-click on “Start” then click
“Explore”. Find your CD-ROM drive (D, E or higher) then click it to bring up the folder’'s contents.

Double click on the USB driver software (USB Driver Installer.exe) to install it first.

Then double-click on the REEL Power Installer file and follow the
instructions to install it.

Next, minimize all applications until the Desktop reappears again. A E@

REEL Power icon like that shown here should appear:
REEL Powwer

Double click on the REEL Power icon.

A menu selection will appear. Click on the Fuel Cell Interface menu item to get started (4th menu
selection from the top on the left).
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Wind Turbine Electrical

Parameters + RPM Renewable Energy Game

Saolar Panel Interface MPP Auto Trac - Data Logger

Fuel Cell Interface

Connect the USB cable to both the circuit card and your PC. If your PC speakers are enabled you
should hear the traditional “Ca Clunk” sound indicating that the PC has recognized the USB device
on the Fuel Cell Interface circuit board.

At this point you have successfully installed the hardware and software. Now proceed to Section 6
on “Learning to Use the Graphics Software” to understand what to do next.
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6. Learning to Use the Graphic Software

The PC graphic software screen is divided into several regions that control how electrical
guantities such as voltage, current, power and resistance readings are displayed.

The large grid area continuously displays four plotted lines in four colors. The colors match the
values displayed below the vertical meters.

Black - Resistance in ohms
Blue — Currentin amps
Red — Power in watts
Green - Voltage in volts
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Before any plots can occur, the graphic software must connect with
the attached circuit board that is transmitting data. To do so, first
select the correct Comm port number. Click on the arrow next to
the number to see if a higher number Comm port is d isplayed .
If so, it's probably the one to use.  When in doubt, find the correct
Comm port on your PC by going to Control Panel -> System ->
Hardware Manager -> Device Manager then click on Comm port.
The number displayed is the correct Comm port to type into the
number area here . Then click the connector icon — the one with
the red x. Since you are using a USB connection rather than the
traditional RS-232 connection, the Comm port number is not
dependent on hardware so much, but rather on software settings in
the Control Panel of the Windows operating system.

If correct, the Connect icon will show that the connection is made. If the
Comm port is not correct an error message will be displayed, which is usually
due to the Comm port already in use.

The plot area can be zoomed in and out of a time range (horizontal
axis) or a voltage, current, power or resistance range (vertical axis).

The up and down arrows will adjust the plot in a vertical direction. Up
< f 2 | to increase the scale (x2) and down to decrease it (1/2).

- The left and right arrows will adjust the plot in a horizontal direction -
left for less time (1/2) and right for more time (x2).

Click the center double-arrow icon to clear the screen and reset the plot. If the plot does not
immediately start, click the double-arrow icon agai n.

Data Logging — Recording Experimental Data

You can record your experiments for later analysis. To begin data logging,

click the data log icon. A file will automatically open to record the data being
sent by the circuit board. Click once to start data logging and click, again, to
stop data logging. Repeated clicking (On & Off) will append new data to old.

=il

Fle Edt Format View Help
Date Time RPMx100, VOIis, AMps, Watts =
Date Time ,RPMx100, VDITS, AMDS, Watts
10,/30/08 10:25:13.16, 02.83, 02.17
10,30/08 19:25:13.23,

0/08 16:25:13.30, 0

To view the logged data, click on
this icon. The logged data will be
displayed over the plot area
where it can be examined. This
same file can be ported to a
spread sheet program like Excel
for further analysis and plotting.

Click this icon to close the data Zani
log file and erase all logged data. @i o

&, 02.63.
[10/30/08 19:25:16.55, 02.63,

I |
11:50:27.68 11:50:28.68 11:50:20.68 11:59:30.68
12123008 e ime t21230m8 1212308
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Screen Capture and Display

Click this icon to capture the REEL Power
plot image on the screen. Fuel Cell Interface

Click this icon to view the
captured images.

The four meters display the voltage, current, power and
resistance. Their scales are fixed and, unlike the grid plot
area, cannot be changed. The data under the meters may
not match that of the image here; refer to the beginning of
this section for specific detalils.

| |

Amps Watts Ohms

Plot Channel On . .
\ To reduce screen clutter in the plot area, the individual

switches can be clicked to turn ON or turn OFF the
selected plot line.

If your computer is
connected to the Internet,
clicking on the REEL
Power icon will take you
to the LearnOnLine.com
website.
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7. Power Sources and Loads

The experiments use the following power sources and load.

Power Source
Solar Panel, 3-volt battery, variable DC power supply, fuel cell

Load
Resistor, fuel cell

What is a Power Source?

For these experiments a power source is a device that produces both electrical voltage and
current (in effect, power). The power source can be a solar panel, 3-volt battery or DC power
supply, which is used to electrolyze water into hydrogen and oxygen in the Electrolysis Mode. In
effect, the fuel cell is both a power source (in Fuel Cell Mode) and a load (in Electrolysis Mode).

The equation for power is shown below:

P =E*
Where P = Power in watts
E = Voltage in volts
| = Current in amps

What is a Load?

A load is a device that accepts the power coming from a power source and (may) use the power
to do work, like spin a motor. Other loads like resistors serve to dissipate power. In all cases,
loads are used to both consume and regulate the power being produced.

Generally speaking, a load is measured as resistance whose units are in ohms.

In relative terms, a “light” load has a “large” resistance and a “heavy” load has a “small”
resistance. This may be counter intuitive, but it is the case, nevertheless. For example, a 100
ohm resistor presents a “lighter” load to a circuit as compared with a 10 ohm resistor.

The Ohm'’s Law equation for computing the association among voltage, current and resistance
(load) is as follows:

E=I"R
Where E = Voltage in volts
| = Current in amps
R = Resistance in ohms
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What is a Resistor?

A resistor is an electrical device (usually composed of a passive material like carbon) that limits
the flow of current and voltage from a power source. Resistors are important components in any
electrical circuit, since other components that are connected to the resistors depend on the
limited current and voltage they produce to operate correctly.

The physical part and electrical symbol for a resistor are shown below:

A

Understanding Resistor Color Codes

The following experiments use two 10 ohm resistors; however, since the value of the resistor is
not stamped on the device, another method is used to identify its value. This method is called
“color coding” and refers to the round bands that surround the resistor’s cylindrical surface. The
following is the number and corresponding color convention for identifying color codes.

0 — Black 5- Green
1 - Brown 6 - Blue
2 -Red 7- Violet
3 — Orange 8- Gray
4 — Yellow 9 - White

For example, a 4,700-ohm resistor would have the following color codes (stripes) beginning at the
far end of the device.

4,700 ohms = Yellow (4) — Violet (7) — Red (2)

—{IL

The last stripe (Red = 2) is a multiplier of 10 raised to the power of the stripe value, as in 10°
which equals 100. Therefore, we get 47 x 100 = 4,700 ohms. The resistors in the experiments
have a value of 10 ohms with the corresponding color codes.

10 ohms = Brown (1) — Black (0) — Black (0) (A multiplier of 10°= 0)

— I

Fuel Cell Interface User Manual © LearnOnLine, Inc.




8. The Experiments

The following is a listing of each experiment. For best results, you are encouraged to perform
these experiments in the order that they are presented.

Experiment #1 — Electrolysis and Fuel Cell Modes
Experiment #2 — Decomposition of Water
Experiment #3 — Fuel Cell Efficiencies
Experiment #4 — Polarization Characteristics

Experiment #5 — Maximum Power Point

Near Real Time Measurements

The electrical data displayed as graphic plots and numbers on the computer are said to be in
“real time”; however, bear in mind that the Fuel Cell Interface requires a finite time to process
the electrical data and then transmit it to the computer for display. When the data is finally
displayed, it will be delayed from when it was captured. There will be several milliseconds of
delay between capture and display.

The Fuel Cell Interface is not an oscilloscope; however, the data presented in near real time and
with all data elements like voltage, current and power, will certainly provide a much better
observation of the experimental results as compared with a simple meter.

Where the Data is Stored

On PCs plot images and logged data can be found on the computer’s hard disk at the following
location:

C:/ My Documents Reel Power  Data

Not a Video Game

Do not rapidly and repeatedly click on the graphic screen icons. This will cause the software to
crash. The graphic program is designed for serious experimental operation. Please use it as
such.
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Example PEM Reversible Fuel Cells

For best results a reversible PEM fuel cell is
recommended for the experiments — and one
that has graduated cylinders for measuring
hydrogen and oxygen. Two general types are
illustrated below:

Fuel Cell image courtesy h-tec
(www.h-tec.com)

Hydrocar image courtesy
Horizon Fuel Cell Technologies
(www.horizonfuelcell.com)

Maximum of 3 volts DC

Please limit the voltage to 3 volts DC for normal reversible PEM fuel cells; otherwise, you may
damage the fuel cell with a higher voltage.

Hydrating and Purging the Fuel Cell

Before performing each experiment, make sure that the fuel cell is completely hydrated and
purged of all hydrogen. Fuel cells that are not used for prolonged lengths of time need to be
hydrated by cycling through the electrolysis and fuel cell modes several times.
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Fuel Cell Interface Block Diagram

3 volt
Solar Panel

Electrolysis
Mode
(Pushed)

Microprocessor

Fuel Cell
AN AN Mode

Fuel Cell (Released)

— VWA

Load Resistor

Be sure to observe the positive and negative
terminals on the circuit board in order to
properly connect the DC power source and

fuel cell.
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Experiment #1 Electrolysis and Fuel Cell Modes

Purpose:

Unless you have an expensive computer-based graphical plotting device at your disposal, you
may never have “graphically” observed the electrical process by which a reversible PEM fuel cell
goes through its Electrolysis and Fuel Cell modes. This experiment is designed to simply
illustrate these processes without any substantive analysis except to review the two separate
modes in terms of their electrical characteristics. It is mainly designed to familiarize you with the
Fuel Cell Interface operation with a typical PEM reversible fuel cell.

Equipment:

Fuel Cell Interface Circuit Board

USB cable

10 ohm resistor

DC power source (3 volt solar panel, battery or power supply)
Reversible fuel cell

PC computer with graphic software installed

Setup:

Setup the equipment as shown below with a 10 ohm resistor on the load terminals:

3 volt
Solar Panel

Push to
Electrolyze

Figure 1.1 — Characteristic Curves Experiment Setup
1. Connect the cable between the circuit board and the computer’s USB connector.
2. Onthe computer Desktop double click on the REEL Power icon.

3. Click on
Fuel Cell Interface
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4. On the graphic display, click on the Connect button at the lower-left on
the screen and verify that the connected icon appears validating the
Comm port selection.

Procedure:
Purge all the hydrogen from the fuel cell.
Verify that that a steady source of voltage is available at the Solar Panel input.

Push and hold the red button and witness a plot like that in Figure 1.2 below. The fuel cell
is now in Electrolysis Mode and presents an initial heavy load (low resistance) as shown
by the spike in current (blue) and power (red) at the very beginning of the plot. The fuel
cell's internal resistance (black), nearly zero at the very start, is shown to be rapidly rising
as the electrolysis process continues indicating that the fuel cell is presenting a much
lighter load to the DC power source as compared with the beginning of the experiment.

Figure 1.2 — Beginning of Electrolysis Mode
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4. Continue to hold down the red button to allow hydrogen and oxygen to build up in the
cylinders and witness how the electrical parameters peak and then stabilize.

Figure 1.3 — Electrolysis Stabilizing

5. Release the red button to enter the Fuel Cell Mode. The fuel cell is now supplying
voltage, current and power to the resistive load, which is nominally 10 ohms. Notice the
sharp drop in voltage, current and power as it enters the Fuel Cell Mode.

Figure 1.4 — Switching From Electrolysis Mode to Fu el Cell Mode
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6. Allow the fuel cell to dissipate its’ stored hydrogen through the fuel cell into the resistive
load. Note the stable voltage, current, power and resistance values as this occurs.

Electrolysis Mode Fuel Cell Mode

Internal Fuel Cell External Lotd
Resistance Resistance

Figure 1.5 — Fuel Cell Supplying Power to External 10 ohm Load in Fuel Cell Mode

Analysis:

A great deal can be said about the chemistry and thermodynamics involved in the decomposition
of water into hydrogen and oxygen and the subsequent recombination of these gasses back into
water; however, this information is available, in part, in subsequent experiments and from many
other sources on the web and in books. This analysis concentrates on simply describing the
electrical characteristics of the PEM fuel cell during the Electrolysis and Fuel Cell modes.

At the beginning of the Electrolysis Mode in Figure 1.2 the fuel cell is nearly a “short circuit” (zero
resistance) as voltage is first applied. Notice the “spike” in current (blue plot) at this beginning
point. However, the resistance quickly increases thus reducing the load on the power source.
This is evidenced by a decrease in current and power.

Well into the Electrolysis Mode in Figure 1.3 the voltage, current, power and resistance stabilizes
indicating that the fuel cell is actively electrolyzing water into hydrogen and oxygen. The black
plot line is the fuel cell’'s internal resistance. If a less robust power source is used, the current
may be limited and, thus, the apparent internal resistance of the fuel cell may increase. You are
encouraged to repeat this experiment with multiple power sources in Electrolysis Mode to find out
for yourself.

Figure 1.4 begins the switch from Electrolysis Mode to Fuel Cell Mode where the external power
source is removed and the fuel cell now becomes the power source for the resistive load. The
initial voltage is high (1.4 volts) entering Fuel Cell mode, which is due to the overvoltage nature of
the device at this time. However, as Figure 1.5 illustrates the voltage stabilizes to the normal
operating level of between 0.8 and 0.4 volts depending on the load.
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Experiment #2 Decomposition of Water

Purpose:

This experiment uses a small 3 volt solar panel or variable voltage DC power source to
electrolyze water into hydrogen and oxygen. It is designed to demonstrate the minimum voltage
required to achieve the decomposition of water.

Equipment:

Fuel Cell Interface Circuit Board

USB cable

10 ohm resistor

DC power source (3 volt solar panel, battery or power supply)
Reversible fuel cell

PC computer with graphic software installed

Setup:

Setup the equipment as shown below with a 10 ohm resistor on the load terminals:

3 volt
Solar Panel

\

I

- Push to
Electrolyze

Figure 2.1 — Water Decomposition Experiment Setup
4. Connect the cable between the circuit board and the computer's USB connector.
5. On the computer Desktop double click on the REEL Power icon.

6. Click on
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4. On the graphic display, click on the Connect button at the lower-left on
the screen and verify that the connected icon appears validating the
Comm port selection.
Procedure:

Purge all the hydrogen from the fuel cell.

Face the solar panel upside down and away from the light or set the DC power source to
zero voltage.

Push the red button then slowly rotate the solar panel towards the light until the voltage
goes above 1.5 volts (green plot line) and the current (blue line) and power (red line)
“jump” from nearly O to some positive value as shown in Figure 2.2 below.

Figure 2.2 — Beginning of Electrolysis

Notel: Continue to hold down the red button for the remainder of the experiment.

Note2: The displayed resistance is that of the fuel cell. Your values may vary.
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4. Next, rotate the solar panel facing down again until the voltage drops below 1.5 volts and
observe the point where the current and power go back to zero as shown in Figure 2.3.

Figure 2.3 — Electrolysis Halted

5. Finally, place the solar panel directly into the light source and observe that the voltage,
current and power levels indicate the resumption of electrolysis.
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Analysis:

In terms of the electrolysis process, the minimum voltage at which water can be split into
hydrogen and oxygen is called the “decomposition voltage”. This experiment demonstrates that
water can be split at a voltage of approximately 1.5 volts; the theoretical voltage is 1.23 volts.

History

Splitting water by passing an electric current through it was first done by Nicholson and Carlisle in
1800. Water was the first substance to be "electrolyzed" using the battery which had just been
invented by Signor Volta to produce the electric current.

Chemistry

The equation for the cathode half-reaction in the electrolysis of water is:
4 H;O" + 4 e --> 2 H, + 4 H,0 reductions, at the cathode

The equation for the anode half-reaction in the electrolysis of water is:
6 H,O --> O, + 4 H;0+ + 4 e oxidation, at the anode

The equation for the net reaction is the sum of the half-reactions:

2 H,0 (liquid) --> 2 H, (gas) + O, (gas) DG¥xn = + 474.4 kJ

Water electrolysis requires energy to break the oxygen-hydrogen-bond. This reaction is driven by
the voltage applied across the electrodes. The electrochemical decomposition of water cannot
occur unless the voltage is high enough to overcome the strength of the hydrogen-oxygen bonds.

Electrical

The minimum voltage necessary to electrochemically decompose a sample of water is called the
decomposition voltage. The minimum decomposition voltage for water at 25T is 1.23 volts. The
difference between the theoretical decomposition voltage and the measured voltage is called
“overpotential”. Overpotential is a function of the fuel cell’s inability to expel the hydrogen and
oxygen gasses that form on the metal electrodes below a certain voltage; in this case, about 1.5
volts as compared with 1.23 volts. Many other factors are involved in this difference of
decomposition voltage; however, the reasons for these differences are beyond the scope of this
experiment. Please refer to the following link for more detailed information...

http://en.wikipedia.org/wiki/Electrolysis of water
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Experiment #3 Fuel Cell Efficiencies

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.

Equipment:

Fuel Cell Interface Circuit Board

USB cable

10 ohm resistors

DC power source (3 volt solar panel, battery or power supply)
Reversible fuel cell

PC computer with graphic software installed

Setup:

Setup the equipment as shown below with two 10 ohm resistors in parallel on the load terminals:

3 volt
Solar Panel

EEJEE, /_\

- Push to
Electrolyze

Figure 3.1 — Fuel Cell Efficiency Experiment Setup
1. Connect the cable between the circuit board and the computer’s USB connector.
2. Onthe computer Desktop double click on the REEL Power icon.

3. Click on
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4. On the graphic display, click on the Connect button at the lower-left on
the screen and verify that the connected icon appears validating the
Comm port selection.

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]

Procedure:

Hold the red button down in order to fill the hydrogen cylinder to 6 mL. Figure 3.2 shows
a typical time for the fuel cell to fill this amount (approximately 3.5 minutes). Your time
may vary depending on your fuel cell and electrolyzing power source. Note: each vertical
line represents 30 seconds as the default screen setting; this can be changed by clicking
on the left or right arrows.

Figure 3.2 — Electrolyzing time to fill Hydrogen cy  linder to 4 ml
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2. While still holding down the button, click on the Reset Plot icon to clear the

plot area. If the plot does not immediately begin, click on the Reset Plot icon
again.

Release the red button and allow the fuel cell to dissipate power into the two 10 ohm

resistor pair (5 ohms total). The beginning plot should look like Figure 3.3. Record the
voltage and current at the base of the knee of the green plot line.

Figure 3.3 — Start of Voltage Recording with 5 ohm Load

4. 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.

Figure 3.4 — Timed End of Voltage Recording with5  ohm Load
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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 3.1 illustrates these averages based on the data taken.

E (volts) | (amps) H2 (ml)
Figure 3.3 0.580 0.124 6 (starting vol)
Figure 3.4 0.497 0.114 1 (remaining vol)
0.539 (average) 0. 119 (average) 5 (consumed)

Table 3.1 — 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 =0.539 x 0.119x 27 0=17.3J

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
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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) = | (ave) x time  (sec) =0.119 x 270 = 32.13C

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 lectrical 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 %

Recommendation
The above is only one measure of a fuel cell's efficiency rating. You are encouraged to

repeat this experiment with different loads and different volumes of hydrogen, which may
produce different results.
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Experiment #4 Polarization Characteristics

Purpose:

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

Activation
Ohmic
Mass Transport

Equipment:

Fuel Cell Interface Circuit Board

USB cable

10 ohm resistors

DC power source (3 volt solar panel, battery or power supply)
Reversible fuel cell

PC computer with graphic software installed

Setup:

Setup the equipment as shown below with a 10 ohm resistor on the load terminals:

3 volt
Solar Panel

\

l

- Push to
Electrolyze

Figure 4.1 — Polarization Experiment Setup
1. Connect the cable between the circuit board and the computer’s USB connector.

2. Onthe computer Desktop double click on the REEL Power icon.
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On the graphic display, click on the Connect button at the lower-left on
the screen and verify that the connected icon appears validating the
Comm port selection.

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 (electronic). Since the stack plates and electrolyte obey
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Ohm’s law (V=IR), the amount of voltage lost in order to force conduction varies mostly linear
throughout this region.

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. Push and hold the red button to electrolyze at least 8 mL of hydrogen.

2. Release the red button and verify a plot similar to Figure 4.2 below. The fuel cell rapidly
transitions through the Activation region since the load is somewhat heavy at this point.
Figure 4.2 illustrates the voltage drop from several volts to a stabilized voltage of 0.6 volts
with the voltage and current remaining constant entering the Ohmic region.

Figure 4.2 — Transition from Activation Regionto O  hmic Region with 10 ohm Load
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3. After a few minutes add another 10 ohm resistor in parallel with the one on the load
terminals. This will make the effective resistance 5 ohms, and it will certainly cause the
voltage to decrease as more current is drawn as in Figure 4.3. Notice that the new voltage
and current levels remain constant as this is the Ohmic region.

Figure 4.3 — Ohmic Region with 5 ohm Load

4. Now add a third 10 ohm resistor in parallel and witness the plot in Figure 4.4.

Figure 4.4 — Ohmic Region with 3.5 ohm Load
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5. 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 4.5.

Figure 4.5 — Transitioning from Ohmic to Mass Trans  port Region

5. The core of the Mass Transport region plot should like Figure 4. 6 as the hydrogen
becomes exhausted.

Figure 4.6 — Mass Transport Region with 2.5 ohm Loa d
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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 /
cm?2 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:

Figure 4.7 — Stylized Polarization Curve versus Act  ual Polarization Curve

The Activation region is much sharper as in Figure 4.2. 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.

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.
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Experiment #5 Maximum Power Point

Purpose:

The Maximum Power Point (MPP) is where the internal resistance of the fuel cell is equal to the
electrical resistance of the external circuit. It is at this point that maximum power from the fuel
cell can be transferred to a load. The goal of this experiment is to find the MPP in the Ohmic
Region (see Experiment #4) of the fuel cell's performance curve.

Equipment:

Fuel Cell Interface Circuit Board

USB cable

100 ohm potentiometer

DC power source (3 volt solar panel, battery or power supply)
Reversible fuel cell

PC computer with graphic software installed

Setup:

Setup the equipment as shown below with a 100 ohm potentiometer on the load terminals:

3 volt
Solar Panel

o7

- Push to
Electrolyze

Potentiomenter

Figure 5.1 — Maximum Power Point Experiment Setup
1. Connect the cable between the circuit board and the computer’'s USB connector.

2. On the computer Desktop double click on the REEL Power icon.
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3. Click on

4. On the graphic display, click on the Connect button at the lower-left on
the screen and verify that the connected icon appears validating the Comm
port selection.

Procedure:
Rotate the potentiometer fully counter-clockwise for maximum resistance.
Push and hold the red button to electrolyze at least 8 mL of hydrogen.

Release the red button and allow the fuel cell's voltage and current to stabilize with the
100 ohm applied load.

Adjust the vertical axis so that the power (red plot) is more prominent (about 1.25).

Slowly rotate the potentiometer fully clockwise and witness the power level peaks and
then quickly drop off as in Figure 5.2. .

Figure 5.2 — Finding the Maximum Power Point
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6. Slowly rotate the potentiometer counter-clockwise again until the peak power is
maintained. Note the resistance reading at this power level; it equals the internal
resistance of the fuel cell at this point of hydrogen consumption.

Figure 5.3 — Maintaining Maximum Power Point

Analysis:

The Maximum Power Point (MPP) is the optimum point at which to deliver power into a load. It is
never desirable to operate in the range beyond where the power curve drops off as can be seen
in Figure 5.2. Notice that the MPP is maintained only briefly, mainly because the fuel cell quickly
transitions from the Ohmic region into the Mass Transport region where it cannot support the
electron flow demanded by the low resistance at the MPP. Thus, the voltage dropped quickly
causing the power level to decrease correspondingly. By readjusting the resistance level slightly
higher, an acceptable power level is achieved and maintained as in Figure 5.3.

This particular fuel cell has a very unstable MPP since it appears to be at the junction between
the end of the Ohmic region and the beginning of the Mass Transport region.

Fuel cell efficiency decreases with increasing voltage so there is a tradeoff between high power
and high efficiency. Therefore, fuel cell system designers must select the desired operating
range according to whether efficiency or power is paramount for the given application — especially
where the load varies due to outside sources of influence as is a fuel cell that powers a car’s
electric motor.
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0. How Reversible PEM Fuel Cells Work

In principle, a fuel cell operates like a battery. It produces electricity by using chemicals. The
chemicals are usually very simple, often just hydrogen and oxygen. In this case, the hydrogen is
the "fuel" that the fuel cell uses to make electricity. The oxygen needed by a fuel cell is usually
obtained from air. Although the majority of fuel cells use hydrogen as the fuel, some fuel cells use
methane, and a few use liquid fuels such as methanol. However, unlike a battery a fuel cell does
not run down or require recharging. It will produce energy in the form of electricity and heat as
long as fuel is supplied.

Through a single electrochemical process, a
fuel cell produces electricity, water, and heat
using fuel and oxygen in the air. This process
is called the “Fuel Cell Mode”. Water is the
only emission when hydrogen is the fuel. As
hydrogen flows into the fuel cell on the anode
side (a platinum catalyst facilitates the
separation of the hydrogen gas into electrons
and protons (hydrogen ions) in a proton
exchange membrane or PEM fuel cell like the
one in our experiments).

The hydrogen ions pass through the

membrane (the center part of a PEM fuel cell)

and, again with the help of a platinum catalyst,

combine with oxygen and electrons on the

cathode side producing water. The electrons, which cannot pass through the membrane,
flow from the anode to the cathode through an external circuit containing an electric load,
which consumes the power generated by the cell. The overall electrochemical process of
a fuel cell is called "reverse hydrolysis," or the opposite of hydrolyzing water to form
hydrogen and oxygen.

A reversible fuel cell can accomplish
"hydrolysis" through the supply of electricity
to the cell and a supply of water to the
cathode. This process is called the
“Electrolyzer Cell Mode”. Only certain fuel
cell types are reversible, that is, can also
accomplish the electrochemistry associated
with both the production of electricity from
fuel and oxidant and the production of fuel
and oxidant from water when supplied with
electricity.

The Reversible fuel cell concept is one that

incorporates a reversible fuel cell that can

accomplish both hydrolysis and reverse hydrolysis in the same cell. This allows one to
consider the completely renewable production of electricity by using a renewable energy
supply (e.g., solar, wind) to produce hydrogen and oxygen from water which can
subsequently be used to produce electricity through the same fuel cell from the fuel and
oxidant produced previously.
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A Little History

The fuel cell can trace its roots back to the 1800's. A Welsh born, Oxford educated
barrister, who practiced patent law and also studied chemistry or "natural science" as it
was known at the time, named Sir William Robert Grove realized that if electrolysis, using
electricity, could split water into hydrogen and oxygen then the opposite would also be
true. Combining hydrogen and oxygen, with the correct method, would produce
electricity. To test his reasoning, Sir William Robert Grove built a device that would
combine hydrogen and oxygen to produce electricity, the world's first gas battery, later
renamed the fuel cell. His invention was a success, and Grove's work advanced the
understanding of the idea of conservation of energy and reversibility. Interest in Grove's
"gas battery" diminished as the dawn of cheap fossil fuels approached and the soon to be
discovered steam engine captivated the present day society.

Fast-forwarding to the 1960's, a new government agency was about to undertake the first
step in maturing fuel cell technology. The National Aeronautics and Space Administration
(NASA) was developing the mission critical systems for the first prolonged manned flight
into space. Once in space, the orbiter needed a source of electricity. Batteries were ruled
out due to the size, weight and toxicity necessary to support a mission of eight days in
space. Photovoltaics were not practical, at the time, due to the size and weight of the
solar panels necessary. The once obscure fuel cell became the technological solution to
NASA's dilemma of how to provide power for extended missions to space. The earlier
problems of cost and fuel supplies that plagued fuel cells became irrelevant as the
spacecraft was already carrying liquid hydrogen and oxygen. An additional benefit of fuel
cells over other technology was that the astronauts could consume the fuel cell's water
by-product. On the early missions powered by fuel cells, there were problems with the
systems that required attention. On each subsequent mission the fuel cells became
increasingly reliable and today NASA's space shuttle relies on fuel cells for electricity and
drinking water once in orbit.

NASA and the space program provided fuel cells with the initial research and
development the technology required. Since their adoption by the space program, fuel
cell technology has achieved widespread recognition by industry and government as a
clean energy source for the future. With this in mind, the amount of interest in fuel cells
has expanded exponentially to where 8 of the 10 largest companies in the world are
involved with fuel cells in some respect. Today, billions of dollars have been spent on
research and the commercialization of fuel cell products. Over the next couple of years,
the products that have been in the commercialization process will begin to be available to
consumers.

Fuel Cell Environmental Benefits

High Fuel Efficiencies

By converting fuel directly into energy through an electrochemical reaction, fuel cells
extract more power out of the same quantity of fuel when compared to traditional
combustion. This direct process results in a reduced amount of fuel being consumed and
greater efficiencies, 30% to 90%, depending on the fuel cell system and if the surplus
heat is utilized. Combustion-based energy generation first converts the fuel into heat,
limited by Carnot's Law of Thermodynamics, and then into mechanical energy, which
provides motion or drives a turbine to produce energy. The additional steps involved in
combustion generation allow energy to escape as heat, friction and conversion losses,
resulting in lower overall efficiencies.
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Low Emissions

When hydrogen is the fuel - water, heat and electricity are the by-products of the
electrochemical reaction in a fuel cell generating electricity, instead of carbon dioxide,
nitrogen oxides, sulfur oxides and particulate matter inherent to fossil fuel combustion.
When fossil fuels are reformed into hydrogen, emissions of carbon dioxide, nitrous
oxides, sulfur oxides and other pollutants are a fraction of those produced through the
combustion of the same amount of fuel.

Reduction in Environmental Damage Inherent to Extra  ctive Industries

Fuel cells avoid the environmental damage associated with the extraction of fossil fuels
from the Earth when the hydrogen is produced from renewable sources. If a hydrogen
spill occurred, it would evaporate instantly because hydrogen is lighter than air, leaving
only water behind. This is a dramatic departure from the legacy that oil drilling,
transportation, refining and waste products have left on the Earth.

Credits

The following organizations are recognized here for their contributions to this section and for
permissions to use selected photos and text:

Eco Soul, Inc. www.ecosoul.org
FuelCellStore www.fuelcellstore.com
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10. Troubleshooting

If the software does not respond after starting or if it should produce unexpected results, please check
the following possible causes:

Connecting

Before any plots can occur, the graphic software must connect with
the attached circuit board that is transmitting data. To do so, first
select the correct Comm port number. Click on the arrow next to
the number to see if a higher number Comm portisd  isplayed . If
so, it's probably the one to use.  When in doubt, find the correct
Comm port on your PC by going to Control Panel -> System ->
Hardware Manager -> Device Manager then click on Comm port.
The number displayed is the correct Comm port to type into the
number area here . Then click the connector icon — the one with
the red x. Since you are using a USB connection rather than the
traditional RS-232 connection, the Comm port number is not
dependent on hardware so much, but rather on software settings in
the Control Panel of the Windows operating system.

If correct, the Connect icon will show that the connection is made. If the

Comm port is not correct an error message will be displayed, which is usually
due to the Comm port already in use.

You can also use determine the correct icon number by using your computer’s Control Panel
(PCs only) by the following:

Click on Start ~ Control Panel System  Device Manager Ports  USB Serial Port (x)
where x is the number that should be entered into the Comm Port select icon. Then (using the

keyboard) enter the number of the USB Serial Port you found from the Control Panel. Then click
on the “X" in the icon below.

Finding the Data

After clicking on either the Capture Image icon (left) or
Start Data Log icon (right), the captured data can be
found on your hard drive by searching the following
path:

CA My Documents  REEL Power -> data
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