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Design of a Laboratory Experiment to Measure FC Stack Efficiency
and Load Response
The University of _____ is one of a number of institutions of higher education working to train
the next generation of engineers in the realm of renewable energy technology. Fuel cells are one
component of this continually changing and progressing field. The importance of this technology
cannot be overlooked in the overall energy production portfolio and is evidenced by their
prevalence in an increasing number of industry applications. In order to ensure that engineering
students graduating from the University are prepared to contribute to the continued growth of the
utilization of fuel cells, efforts are being made to incorporate fuel cell education into the
engineering curriculum.
The Department of Energy provided five universities with a grant to acquire fuel cell technology
education tools. One of the tools acquired by The University of _____ is an Ulmer
Brennstoffsellen-Manufacturing 600W Proton Exchange Membrane (PEM) fuel cell system.
This fuel cell will be used to compliment the Renewable Energy Systems class with laboratory
experiments. The goal is that the laboratory along with the class will provide the Junior, Senior,
and Graduate level Electrical and Chemical engineering students with hands-on experience. This
allows the student to supplement their classroom background with actual results. These results
can then be examined through comparison with theoretical data.
This paper lays out the design and implementation of two laboratories using the 600W PEM fuel
cell. The first lab illustrates how to determine the efficiency of the fuel cell stack. The knowledge
gained though this lab is important for sizing fuel cell stacks to match the system into which they
are integrated. The second lab will investigate the load response time of the stack. This will
provide students with a better understanding of how fast fuel cells can increase or decrease their
power output to match the demand of the load.
Both of these labs are designed to give students hands-on experience with applications that are
very important in the world of power production. It is through these types of experiments that
students gain the knowledge they need to ensure success in their future endeavors.
Introduction
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A fuel cell is an electrochemical device that turns the chemical energy stored in a fuel directly
into electrical energy. This renewable energy technology is gaining attention as one of the most
versatile options for fulfilling electricity demands in an increasingly energy-hungry world.
However, as the prevalence of alternative energy technologies like fuel cells grows, so must the
number of professionals trained to work with these technologies. Thus, exposure to and
understanding of fuel cells at the university level will be paramount in preparing the next
generation of renewable energy engineers. This lab helps prepare those engineers by exposing
them to basic characteristics of PEM fuel cells such as their efficiency and response to loading.
Teaching students these basic characteristics will help them understand how fuel cells need to be
sized for specific applications. Coupling the efficiency of the fuel cell with its load response
shows what types of applications fuel cells can be used for.

Renewable energy engineering education at the University of _____
Several courses in renewable energy technologies are offered at the University of _____,
including Methods of Hydrogen Production and Storage through the chemical engineering
department, as well as an electrical engineering elective titled Renewable Energy Systems. Both
are open to upper level undergraduates and graduate students in electrical and chemical
engineering, and both feature fuel cell education. Furthermore, a collaborative graduate program
in Sustainable Energy Engineering was recently established at the University. Each of these
educational offerings could likely benefit from increased student exposure to fuel cell
technology. While the research presented in this paper provides a knowledge base for future
student experimentation, further development of a laboratory component for fuel cell education
would provide impetus for its incorporation into the curriculum.
Additionally, the School of Engineering and Mines (SEM) at the University of _____
participates in periodic Accreditation Board of Engineering Technology (ABET) program
assessments to maintain accreditation. The Board requires institutions of higher education to
demonstrate that their students achieve a number of program outcomes5. Several of these
outcomes and objectives address the need for engineers who can apply knowledge from the
classroom to real-world problems. The use of hands-on experiments designed to encourage
student exploration – like the laboratory activities presented in this paper – is one of the ways
SEM prepares students to be successful engineers.
An introduction to proton exchange membrane fuel cells
A fuel cell consists of a positive electrode and a negative electrode, separated by an electrolyte.
Direct current electricity is produced through electrochemical reactions within the cell. The fuel
cell will continue to produce electrical energy as long as it is fed a steady supply of fuel and
oxidant. There are several types of fuel cells, differentiated by the fuel required and the type of
electrolyte. The focus of the experiment in this paper is a proton exchange membrane (PEM)
type fuel cell. A PEM fuel cell uses highly purified hydrogen gas as its fuel (anode side) and
oxygen from ambient air as its oxidant (cathode side). The figure below represents the flow of
reactants and products in a basic fuel cell.
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where VC is the individual cell potential after subtracting the voltage drop due to internal
resistance from the ideal individual cell potential, VOC is the ideal open circuit potential, R is the
universal gas constant (8.313 J/K mol), T is the temperature in degrees Kelvin, n is the number
of electrons required for each mole of hydrogen consumed, F is Faraday’s constant (the number
of Coulombs per mole of electrons, which is 96,485 C/mol) and Pp /PR is the partial pressure of
the products divided by the partial pressure of the reactants.
Eq. 5: VS = (N)(VC)
Where VS is the stack voltage, VC is the cell voltage , and N is the number of cells comprising
the stack.
Experimental setup
The fuel cell system examined in this paper is an Ulmer Brennstoffsellen-Manufacturing 600W
proton exchange membrane (PEM) fuel cell stack, with twenty-four individual cells connected in
series. The system consists of the hydrogen supply, 600W fuel cell stack, cooling system,
hydrogen regulator, DC/DC converter, backup battery, DC/AC inverter, and HP 600 controller.
The entire system, shown with computer connected, can be seen below.

Figure 2. Ulmer Brennstoffsellen-Manufacturing 600W PEM fuel cell system and computer
setup
Hydrogen is stored either as a metal hydride in a tank or as compressed gas in a separate storage
tank, as shown in Figure 3, below.
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Figure 3. Compressed hydrogen gas supply tank
For this experiment, compressed hydrogen gas was utilized as fuel, entering the system at
approximately 15 bars (the manufacturer of the fuel cell system recommends 2 to 17 bars as an
acceptable range)8. Oxygen is drawn into the stack from the ambient air.

Figure 4. Close-up of the fuel cell stack and hydrogen supply control system
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Figure 5. Data display of user interface for HP600 Fuel Cell System8
The HP 600 software is mostly used for monitoring the system and logging data. Most variables
cannot be modified by the software but two values that can be adjusted are the set point
temperature and the set point humidity.
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Figure 6. Data display of user interface for Chroma programmable DC load 3
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Figure 7. Panel display of user interface Chroma programmable DC load 3
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Recommendations and future plans
The experiments performed and presented in this paper provide an example of the type of
laboratory investigation that could be incorporated into a fuel cell education curriculum. While
these and many other experiments can be followed precisely, encouraging students to design
their own labs or to add variations on the current design is advised.
Finally, with regard to fuel cell and hydrogen education at the University of _____, a strong
recommendation is made for development and inclusion of a Hydrogen/Fuel Cell laboratory
component to accompany such classes as Renewable Energy Systems and Methods of Hydrogen
Production and Storage. It is the hope of the authors that this research will serve both as a
motivation and as a reference for development of such a course, to be incorporated into
engineering curriculum.

Page 15.357.14

Bibliography
[1] Bacharach, Inc. 2009. [Online]. Available: http://www.bacharach-inc.com/leakator-10.htm.
[2] Barbir, Frano. PEM Fuel Cells. Burlington, MA: Elsevier Academic Press. 2005.
[3] Chroma Ate Inc. 2010. [Online]. Available:
http://www.chromaate.com/product/63200_series_High_Power_DC_Electronic_Load.htm.
[4] EG&G Technical Services, Inc., Fuel Cell Handbook (Seventh Edition). Prepared for the U.S. Department of
Energy. 2004. [Online] Available: http://www.netl.doe.gov/technologies/coalpower/fuelcells/seca/refshelf.html.
[5] Engineering Accreditation Commission. (Accreditation Board of Engineering Technology), Criteria for
Accrediting Engineering Programs. Baltimore, MD: ABET, Inc. 2009. [Online] Available:
http://www.abet.org/forms.shtml#For_Engineering_Programs_Only.
[6] Ryan O’Hayre, Suk-Won Cha, Whitney Colella, and Fritz B. Prinz, Fuel Cell Fundamentals. Hoboken, NJ:
John Wiley & Sons, Inc., 2006.
[7] Tektronix. 2010. [Online]. Available: http://www.tek.com/products/oscilloscopes/tds1000_tds2000/.
[8] Ulmer Brennstoffzellen-Manufaktur GmbH, Operation Guide HP 600 Fuel Cell System. 2008.

Page 15.357.15

