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Abstract

This paper describes an experiment used for teaching undergraduate student in hydrogen fuel cell technology. A Proton Exchange Membrane (PEM) fuel cell is employed which offers capabilities to acquire voltage-current and power-current data. In addition, the students measure the current, voltage, and energy efficiency of PEM fuel cells. The experiment illustrates the principles and the major components of the cell. 
Keywords
Hydrogen fuel cell (HFC), proton exchange membrane (PEM), characteristics of HFC

Prerequisite Knowledge
One quarter of College Physics or one quarter of College Chemistry is required prerequisite
Objectives
The major objective is to teach the students the principles of a Proton Exchange Membrane (PEM) hydrogen fuel cell and to provide them with an experimental opportunity to practice this knowledge. In addition, the students are required to acquire voltage-current and power-current data, as well as to measure, calculate and plot the current, voltage, and energy efficiency of a PEM fuel cell.
Equipment and Materials
The unit is commercially available [1-4], compact, safe, and user friendly. The operations and data acquisition is computer controlled. A picture of the PEM fuel cell rack used in the experiment is shown in Figure 1, and a closer look at the facility is shown in Figure 2 and 
Figure 3. LabView is used to acquire the controlled data including, voltage, current, temperature, hydrogen gas flow and electrical power for fans which provide oxygen from the air. Ultra High Purity hydrogen (99.999 %) is required to charge the hydrogen storage which is based on metal hydrides. Compromising with the H2 purity may harm the proton exchange membrane.
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Figure 1. PEM fuel cell used for teaching at UC
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Figure 2.  The major hydrogen fuel cell rack components
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Figure 3. The eclectic load for the HFC

Introduction
Students attending the class come with diverse background. Some are freshmen and for them are required basic explanations including lecturing about the principles of the HFC. Their task ends with generating of the voltage and power plots as a function of the measured current included in a short report. The objectives are more complicated for sophomores and juniors. They are expected to study the experiment based on the available manual, to research the HFC topic in the literature, and to come with a short proposal for the experiment. The proposal is approved by the Teaching Assistants (TAs). In addition to the freshmen’s task, the sophomores and juniors are supposed to measure more parameters such as the hydrogen flow, and calculate/plot the current, voltage, and energy efficiency of PEM fuel cell. Finally, they have to write detailed report and to defend it at a meeting attended by all the students, the TAs and the professor.
Procedure
After the HFC is conditioned at 40ºC through the air fan electrical load, the students start setting different current points from 0 to 8 A by using the electric load incorporated into the system. The measured current, voltage and hydrogen flow are observed and recorded in Table 1 shown below.
Table 1.Required data recording for the experiment

	Set Current
(A)
	Measured Current (A)
	Voltage
(V)
	H2 Flow (mL/min)

	0
	
	
	

	0.2
	
	
	

	0.5
	
	
	

	1.0
	
	
	

	1.5
	
	
	

	2.0
	
	
	

	3.0
	
	
	

	5.0
	
	
	

	6.0
	
	
	

	7.0
	
	
	

	8.0
	
	
	


The obtained data including Set Current, Measured Current, Voltage, and H2 Flow are entered into Excel. The following calculation steps are required:
1. The theoretical current for each of the data points is calculated using the following equation:
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Where:
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 = H2 flow (L/s), at 0° C

F = 96,485 Coulombs/mol

z = number of electrons in reaction=2

Vm = Standard molar volume at 0°C = 22.4 L/mol

n = number of cells in the fuel cell stack=10

Note: F is known as the Faraday’s constant.  It is defined as the amount of the electric charge in one mole of electrons. F is calculated from the charge of one electron multiplied by the Avogadro’s number:


[image: image5.wmf](

)

(

)

mol

C

mol

C

F

/

485

,

96

10

*

022137

.

6

10

*

6021773

.

1

1

23

19

=

=

-

-


2. The current efficiency, (I for each data point is calculated based on the following equation:
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3. The voltage efficiency, (V for each data point is calculated based on the following equation:
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Where:

V = Measured voltage (volts)

Vref = 1.23 is reference voltage
n = number of cells in the fuel cell stack

The reference voltage is the theoretical voltage per cell.  This number is based on the theoretical open circuit voltage produced when one mole of hydrogen reacts with half mole of oxygen to give one mole of water at 25°C.

4. The power of the system in watts for each data point is calculated using the following term:
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Where:

V = Measured voltage (volts)

I = Measured current (A)

P= Calculated power (watts)

4. The energy efficiency, (E for each data point is calculated by the equation below:
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Results
From the obtained and calculated data the students are required to plot the voltage-current curve and the power-current curve shown in Figure 4. Next step in preparation of the student’s report includes plots of the current, voltage and energy efficiencies versus the measured current, and they are revealed in Figure 5. Finally, a plot of the power versus the measured current and the energy efficiency versus the measured current is required to be accommodated on one graph with two vertical axes, as shown in Figure 6. The students are also asked to interpret the obtained curves.

[image: image10.wmf]V-I Characteristic Curve

0

2

4

6

8

10

0

2

4

6

8

10

Current (A)

Voltage (Volts)

V-I

Characteristic

Curve

[image: image11.emf]Power Curve

0

5

10

15

20

25

30

35

40

45

50

0 2 4 6 8 10

Current (A)

Power (W)

Power Curve


Figure 4. Performance Characteristic Curves
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Figure 5. Voltage, current and energy efficiencies versus the measured current
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Figure 6. Power and energy efficiencies versus the measured current
Discussion
Working with this experiment, the students learn the major components of a hydrogen fuel cell system, which is an enjoyable experience for them. They also prove experimentally the high energy efficiency of the PEM fuel cell, and convince themselves in the advantages of the hydrogen technology for power generation that is friendly to the environment and very efficient. The students are introduced to some safety issues related the hydrogen properties and the recommended handling.

Conclusions
Production of sufficient energy to meet the growing world demand is the most significant problem we are facing as humankind during the 21st century. This experiment teaches an important approach for power generation as an alternative to the fossil fuel burning and related carbon pollution. The hydrogen fuel cell is an emerging technology and the academia is responsible to prepare the workforce for the future hydrogen economy.
References:
The hydrogen fuel cell used in this experiment can be purchased from the following commercial sources:

1. FuelCellStore: www.fuelcellstore.com
2. FisherScientific: www.fishersci.com
3. Utoypia: www.utoypia.com/fuelcellcar.php
4. Heliocentris: www.heliocentris.com/products/genius.html#
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