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A s the world population continues to escalate, the de
mand and consumption of energy also increases. 
While conventional means of energy production may 

meet current demand in the short term, there are environ
mental implications as energy demand increases. Pollutants 
such as photochemical smog, NOxs, SOxs, and CO

2 
contrib

ute to the rising problems of urban-air quality, acid rain, and 
global warming. For this reason , fuel-cell technology is 
emerging as a preferred method of power generation. 

Fuel cells represent a class of electrochemical power sources 
that can be continuously refueled, have higher efficiency (~40-
60%) and reliability, allow for modular design , and can be 
used in cogeneration systems. They represent an ideal prod
uct for distributed generation systems that hold the promise 
of higher electrical reliability and greater energy efficiency. 

Potential applications for fuel cells range from micro cells 
for cell phones and pagers to portable fuel cells for backup 
and portable power to stationary systems for residential and 
large-scale power generation. The most promising applica
tion for 'polymer electrolyte membrane' (PEM) fuel cells is 
in the transportation sector. Many prototype buses and cars 
are already in service, and most major vehicle manufactures 
have a prototype on the road. PEM fuel cells have been un
der development for many years. When compared to other 
fuel cell technology, their major advantages are their solid 
electrolyte and low operating temperature (25 to 90°C). 

There are numerous text books and other information avail
able with respect to fuel cells, but this paper will recommend 
only two literature sources-they provide a good overview 
of the theory and technology as well as being readily avail
able to undergraduate students on the internet. Sharon and 
Zalbowitz111 provide a brief overview of the technology suit
able for providing an introduction to the field, and the Fuel 
Cell Handbook121 provides more in-depth information as well 
as the electrochemistry and thermodynamic basics with 
sample calculations. 

Since PEM fuel cells are an emerging technology that will 
dominate the power generation sector of the future, it is im
portant that graduating chemical engineers have a good un
derstanding of the fundamental principles of fuel cell opera
tion and the supporting electrochemical principles. A fuel cell 
laboratory experiment is a good way to achieve this educa
tional objective. This paper will describe the design and con
struction of a PEM fuel cell and a fuel-cell test station for an 
undergraduate laboratory experiment, a project was under
taken by a group of five undergraduate students at the Uni
versity of Waterloo. 

POLYMER ELECTROLYTE MEMBRANE 
FUEL CELL 

A PEM fuel cell uses hydrogen as a fuel and air as an oxi
dant, which are supplied at the anode and cathode, respec
tively-a schematic of a PEM fuel cell is shown in Figure 1. 
The basic operation of a PEM involves a hydrogen-rich fuel 
stream that flows across the porous anode electrode where 
the following half-cell reaction occurs: 

(1) 

The separated electron flows through an external circuit re
turning to the cathode. The proton, solvated in water, dif
fuses through the membrane to the cathode. An oxidant, usu
ally air, oxygen, or helium/oxygen, flows across the cathode. 
The following is the half-cell reaction that occurs at the cath
ode: 

(2) 
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The proton and returning electron combine with oxygen to 
form water. The net reaction is 

(3) 

The membrane electrode assembly (MEA) consists of a 
polymer electrolyte membrane, electrodes, and a gas-diffu
sion layer. Within a fuel-cell stack, the MEA is compressed 
between two bipolar plates. Therefore, the key components 
of a PEM fuel cell are 

• A polymer electrolyte membrane 
• An electrode 
• A gas diffusion layer (GDL) 
• Bipolar plates 

In designing a PEM fuel cell, the objective was to select an 
appropriate "scale" for the active area so the students would 
be able to generate a reasonable current, could vary the vari
ous parameters, and could observe the operational variabil
ity. A further constraint was a very limited budget for the fuel 
cell and test station. 

Ultimately, the design group developed a test station for 
the operation of a PEM fuel cell with an active area of 50 cm2 

(a 100-cm2 cell was also designed and constructed by stu
dents). Note that a "stack" of a number of cells, or a larger 
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Figure 1. Operational schematic of PEMFC. 
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cell , would also be interesting, but would be cost prohibitive 
in capital and operating costs for most undergraduate labs . 
The PEM fuel cell design consists of the following major 
components: a polymer electrolyte membrane, a gas diffu
sion electrode, a gasket, graphite plates, current collectors, 
end caps, and bolts. A schematic is shown in Figure 2. 

The polymer electrolyte membrane is the most critical com
ponent of a PEM fuel cell. It conducts hydrogen protons from 
the anode to the cathode and acts as an electrical insulator to 
ensure that electrons travel through an external circuit. In the 
test set-up, an integrated membrane electrode assembly 
(MEA) with a perfluorosulfonate ionomer was selected . 
The catalyst layer was composed of a carbon powder 
(Vulcan XC-72, Acetylene Black), precious metal (Pt, Pt
Ru), and Nafion mixture . 

Since PEM fuel cells operate at low temperatures, a cata
lyst is required to achieve sufficient reaction rates for hydro
gen oxidation at the anode and oxygen reduction at the cath
ode. The gas-diffusion layer is composed of porous carbon 
paper or carbon cloth that is treated with polytetra
fluoroethylene . The GDL ensures that reactant gases are dis
tributed evenly and effectively over the catalyst layer, pro
vides effective liquid water removal at the cathode, pro
vides for uniform load distribution on the electrolyte, and 
provides for electrical conduction between the graphite 
plates and the catalyst layer. 

The gasket is composed of Teflon sheeting. It is positioned 
around the membrane electrode assembly to ensure complete 
sealing upon compression. The seal prevents reactant gases 
from escaping into the environment or crossing over from 
the anode to the cathode. Gas-flow channels are machined 
into the plates to provide an inlet and outlet point for reactant 
gases. The depth and width at which each channel is ma
chined can affect gas distribution over the MEA and wa
ter removal at the cathode. The plates also serve as elec
trical conductors . 

Copper current collectors with ports for electrical connec
tions are used. Aluminum end caps and bolts are used to form 
mechanical compression and connection of the fuel-cell com

ponents. This is essential for complete sealing 
and the reduction of contact resistances. 

PEM FUEL-CELL TEST STATION 

In designing the test station, our objective 
was to allow easy monitoring and manipula
tion of the appropriate variables so calculations 
associated with different electrochemical prin
cipals could be conducted. The station provides 
an environment in which a PEM fuel cell can 
operate. It will also enable the testing of fu
ture undergraduate design projects that involve 
the construction of a fuel cell. The test-station 
environment consists of the following systems: 
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gas-flow control, water management, electrical, data ac
quisition , and safety. A schematic of the test station is 
shown in Figure 3. 

The gas-flow system comprises two mass-flow meters and 
two mass-flow controllers. The role of these components is 
to monitor and regulate reactant gas flow, control systems 
pressure and to aid in fuel consumption calculations. The wa
ter-management system comprises two hydrators, a heated 
water bath, and two knock-out drums. The role of the hydra
tors is to add moisture to the reactant gases prior to entering 
the PEM fuel cell because hydration of the membrane is criti
cal to optimal performance. 

Double-pipe Nafion hydrators are used because of their 
transfer efficiency over a small surface area and volume. The 
role of the heated water bath is to control hydration levels 
and to heat and circulate water to the hydrators. The role of 
the knock-out drums is to condense the moisture in the exit 
streams as the water may damage the mass-flow controllers. 

The electrical system comprises a switch, a shunt, and a 
resistor. The switch is used to open the circuit, while the shunt 
allows accurate measurement of high current and the resistor 
enables the application of variable resistance. There is a cur
rent undergraduate project that involves designing a variable 
electrical load for the system. 

The data acquisition system enables fuel-cell performance 
data to be recorded. Lab View software is used for real-time 
monitoring and control of the following parameters: resis
tance, pressure, reactant gas flow, temperatures, power mea
surements, and reactant gas stoichiometric ratio. This soft
ware allows maximum fl exibility for future students to de
sign experimental protocols. Figure 4 is a screen shot of the 
Lab View virtual instrument. 

The safety system enables detection and removal of explo
sive reactant gases (i.e., hydrogen) from 
the test station. A hydrogen detector is 
installed to monitor any leakage that 
may occur during operation. An emer
gency stop button is available on the 
Lab View interface and upon activation, 
the three-way solenoid valve switches 
and purges the station with nitrogen. 
Exhaust gases that exit the fuel cell are 
routed into a fume hood. 

PEM FUEL-CELL 
LABORATORY EXPERIMENT 

Obiective 

The objective of the laboratory ex
periment was to examine fuel cell tech
nology and its associated electrochemi
cal properties, as well as to examine the 
effect of performance characteristics. 
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The PEM fuel-cell test station will be integrated into the ex
perimental portion of a third-year chemical engineering 
course, "Inorganic Process Principles 2," and as a demon
stration experiment in "Chemical Environmental Engineer
ing Concepts 2." Used as a demonstration, students will be 
able to conduct basic mass balances, as well as humidifica
tion calculations, on the gas streams. In the process principles 
course, more advanced electrochemical concepts are covered, 
including polarization and efficiency. Operation of the fuel 
cell provides a practical application of polarization in an elec
trochemical cell. In addition, fourth-year students from chemi
cal, mechanical, or electrical engineering disciplines can use 
the fuel cell and test station for related design projects. 

Basic Fuel-Cell Thermodynamics 

Fuel cells directly convert chemical energy into electricity 
and are thus not bound by the Carnot law as in combustion 
reactions. Heat engines cannot completely convert all the 
available heat energy into mechanical energy due to some of 
the heat being rejected. 

The reversible energy efficiency of the electrochemical cell 
can be found using 

= 6G = I -T 6S 
ll rev 6H 6H (4) 

The direct conversion of chemical energy of a fuel and 
oxidant into electrical energy can be described in terms of 
electrical current output and cell potential. A maximum cell 
potential, also known as the reversible cell potential, is 
achieved when a fuel cell is operated under a thermodynami
cally reversible condition. This can be calculated using 

o 6G 
E =-

nF 
(s) 

The effect of temperature changes on cell potential can be 
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calculated by 

( !~ ) P = - n~ ( a:: \ = ~! (6) 

The effect of pressure changes on cell potential can be cal
culated by 

(aE) I (o6G) 
oP T =- nF ~ T 

6V 

nF 
(7) 

The Nemst equation for a hydrogen oxygen system is de
fined by 

As hydrogen and oxygen are consumed, the partial pres
sures of each decrease respectively. This results in a decrease 
of overall potential , as stated by Eq. (6) . In order to reduce 
these losses, excess stoichiometric amounts of reactant gases 
are supplied. The excess also addresses water management 
issues. The stoichiometric ratio is 

S 
- N;n N;n 

I - . 

N consumed Nin - N out 
(9) 

Figure 4. Lab View screen shot of the fuel-cell test station 
virtual instrument. 
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Typically for a PEM fuel cell , S, for hydrogen is l.l to 1.2, 
and S, for oxygen is 2. Fuel utilization is the inverse of the 
stoichiometric ratio 

( to) 

Electrode Kinetics 

In the practical application of fuel cells , the reversible cell 
potential can never be achieved due to irreversible activa
tion , ohmic, and diffusion overpotentials. The activation 
overpotential is the loss associated with the activation barrier 
that the reactant species mu st overco me . The ohmic 
overpotential is the loss associated with the resistance of cell 
components. The increased mass transfer resistance of reac
tant gases through the electrode structure at high current den
sities causes diffusion overpotentials. Figure 5 is a typical 
polarization curve showing the effect of the losses on the re
versible cell potential. 

The following relation s describe the activation 
overpotential: 

bl .( II ) -2.3RT 1 . ( IZ) b-_2.3 RT ( l3) 
1lac1 =a+ og 1 a=~ og 10 cmF 

Ohmic overpotentials are described by 

11ohmic = iRohm 

where R is the resistance (ohm). 

The concentration overpotential is described by 

RT ( i J ll conc = - en I - -:-
nF 'L 

Experimental 

(14) 

( 15) 

The objective of this experiment is to examine the effect of 
performance characteristics, fuel-cell technology, and the 
associated electrochemical losses. The associated class cov
ers electrochemical concepts such as activation overpotential, 
ohmic losses or overpotential , and co ncentration 
overpotential, with the objective of reinforcing these concepts 
with the student while providing an introduction to the tech
nology. This lab also provides a basic engineering design ex
ercise as well as reviewing physical chemistry calculations. 

The undergraduate experiment involves development of a 
polarization curve (voltage vs . current density) at various tem
peratures (kept low so as to not stress the cell , 20-70°C), vari
ous cathode and anode pressures (once again, kept low to 
avoid stressing the membrane, 5-15 psig). The apparatus also 
allows the students to explore operation at various stoichio
metric ratios for hydrogen and oxygen. Changes in perfor
mance against a baseline polarization curve are examined and 
analyzed. Actual student data of the effect of variations in 
temperature and pressure can be seen in Figures 6 and 7, re
spectively. With advancement in technology and as "com-
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mercial" single cells and membranes become more widely 
available, better performance of the cell can be expected, and 
students can discuss how their performance compares to pub
lished results . Post-experimental tasks include: examination 
of the overpotential regions that the polarization points are 
within; determination of the maximum power output; calcu
lation of voltage and overall efficiencies; stack sizing for a 
75-kW and 42-volt system; and hydrogen storage tank sizing 
for a vehicle running at peak power (75 kW) for two hours. 
Students are then asked to take the collected data and design 
a cell for a 1-kW application (e.g ., simple calculation of the 
number of cells, stacks, and active area of the cell). These last 
two calculations provide simple "engineering design tasks" that 
are a critical component to educational programs. 

CONCLUSIONS 

The addition of a PEM fuel-cell test station and laboratory 
experiment into an undergraduate chemical engineering cur
riculum can have the following benefits: 

• Students are exposed to significant new technologies that are 
being developed and produced. By providing laboratory 
experiments that are relevant to operational technology, we 
are able to teach pertinent concepts and skills. Students also 
use software and research tools that are widely used in 
industry. 

• Students are introduced to the emerging hydrogen economy 
and the use of hydrogen as an energy vector. 
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Figure 7. Effect of temperature on performance 
(student-collected data). 

... 

• Students gain a working knowledge of PEM fuel- cell 
operation, optimization, and equipment sizing. 

• Students gain a better understanding of electrochemical 
properties and the effect of performance characteristics on a 
fuel cell. 

• Students are able to examine the materials and functionality 
of PEM fuel- cell components. 

• Students gain an understanding of the various systems that 
enable a fuel cell to operate. 

• The test station can facilitate future projects relating to PEM 
fuel cells at both the graduate and undergraduate levels. 

• Co-operative education and graduate employment are 
assisted by providing students with education and experience 
in a growing industry secto,: 

Should the reader wish to construct a similar lab, more de
tailed information and specifications can be obtained from 
the authors. 

NOTATION 

~G change in Gibbs free energy 
~H change in enthalpy 
~S change in entropy 
~ V change in volume 
a electron transfer coefficient 
E' reversible cell potential 
F Faradays Constant (96,487 Coulomb/mo) electron) 

actual current density (A) 
iL limiting current density 
i

0 
exchange current density 

n mols of electrons/mo( of fuel 

Nin molar flow rate of reactants supplied 

N out 

PH2 

PH20 

po2 
R 

R Ohm 

T 

molar flow rate of reactants exiting. 
hydrogen partial pressure 
water partial pressure 
oxygen partial pressure 
universal gas constant 
resistance (ohm) 
temperature (K) 

ACKNOWLEDGMENTS 

Funding for construction of the PEM fuel-cell test station 
was provided in part by the Waterloo Engineering Endow
ment Fund and the Department of Chemical Engineering at 
the University of Waterloo. We also acknowledge the remain
ing members of the group that designed and built the station: 
Erik Wilhelm, Rob McArthur, Dave Chen, Dara Jahani , Jon 
Shui, and Sumit Kundu . 

REFERENCES 
I . Sharon, T. , and M. Zalbowitz, Fuel Cells: Green Power, Los Alamos 

National Laboratory ( 1999) <http://www.osat.umich.edu/fuelcells
GreenPower. pdf> 

2. EG&G Services Parsons, Inc., Science Applications International Cor
poration, Fuel Cell Handbook, 5th ed., U.S. Department of Energy 
(2000) <http://www.fuelcells.org/fchandbook/pdf> 0 

Chemical Engineering Education 


