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1 Abstract
Fossil fuels are rapidly depleting and the world is in need of an alternate means of obtaining energy, especially in the automotive industry.
A possible solution is hydrogen, the most abundant element in the universe. Hydrogen fuel cells take hydrogen and create energy, and can be
stacked in series to produce the maximum amount of power. In this
project I discovered that fuel cells can emit just as much power as regular batteries and are reusable as well. If hydrogen fuel is established
in the automotive industry, the use of petroleum can be obsolete. This
would not only alleviate the United States’ dependency on foreign oil,
but also aid the environment by significantly lowering the emission of
greenhouse gases.
2 The Big Idea
The modern world is no longer a collection of isolated, self-sufficient
agrarian societies. Rather, it has become an industrial environment that
revolves around cities and the intensive use of fossil fuels. A fossil fuel is
a fuel formed by natural resources such as the decomposition of plants
and animals that lived over 300 million years ago. [1] These produce
energy through the process of combustion, but this energy is not renewable and is running out. Over 85% of U.S. energy demands are met
by the combustion of fossil fuels. [2] In other words, fossil fuels have
become the lifeblood of our economy. What is going to happen when
they run out? That is the true problem facing society.
The answer to energy needs may come in the form of green energy:
energy that is sustainable, renewable, and most importantly does not
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harm the environment. One may argue that green energy cannot produce as much energy as fossil fuels, and currently that is true, but in the
future green energy could possibly top the charts of our energy consumption. Technology is improving day by day, and already one aspect
of green energy that will never be met by fossil fuels is the fact that
green energy is renewable. The investment in green energy isn’t just a
matter of power, but rather a matter of the preservation of humanity
and the way of life we have become accustomed to.
The work described in this paper focuses specifically on transportation
and how cars, something that almost everyone in the world has or will
have in the near future, can be the foundation of a shift to a green world.
Currently cars use gasoline, a by-product of petroleum, to power their
motors. But petroleum is a fossil fuel and a source of greenhouse gases,
and we are rapidly depleting its supply. The answer to this might come
in the form of the most abundant resource in the universe, hydrogen.
While it doesn’t exist in its pure form on earth, we can produce it by
means of electrolysis and a device called a fuel cell. [3]
3 Introduction
Facing a fossil fuel shortage, global warming caused by greenhouse
gases, and the consequent threat to our urbanized, industrial way of
life, the world needs to find alternative resources to take the place of
petroleum. But first let’s explore the problem. In 2000 the United States
consumed more energy than it produced, meaning that we had to supplement domestic production with imports, especially of crude oil. [5]
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Figure 1: 2000 U.S. energy overview. The U.S. produced 72 quadrillion Btu of
energy, exported 4 quadrillion Btu, consumed 98 Btu, and required imports
of 29 quadrillion Btu. [5] (For full-color versions of all figures, go to
http://roundtable.menloschool.org.)

On the other hand, in what sectors is this energy being consumed?

Figure 2: 2000 energy consumption by end use in four major sectors: industrial,
transportation, residential, and commercial. The largest share goes to industry,
but use by all four categories is increasing steadily over time. [5]
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Figure 3: 2000 industrial energy consumption. Topping the charts are petroleum
and natural gas, which both are fossil fuels. About three-fifths of the energy
consumed in the industrial sector is used for manufacturing. [5]

As noted in Figure 2, the majority of U.S. energy consumption is in
industry, which is not a surprise for an industrial nation. The major resources that power industries are petroleum and natural gas, which are
both fossil fuels. Ultimately the United States is dependent on foreign
petroleum to power its economy, the use of which also contributes to
greenhouse gases and global warming.
Over the last few years, the temperature of the earth’s surface has gradually risen along with the amount of carbon dioxide in the atmosphere.
The gradual rise in both is having an all too visible impact on the environment: an example is the melting of the polar ice caps. The combustion of petroleum and other fossil fuels that drives modern society
produces carbon dioxide, methane, nitrous oxide and other greenhouse
gases. These gases enter the atmosphere and emit infrared radiation
that cause the temperatures to rise. [6] If not halted, this trend could
devastate human societies and even wipe them out entirely.
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Figure 4: Global fossil carbon emissions with respect to petroleum, coal, natural gas,
and cement production. [7]

Figure 5: Top: Increasing atmospheric carbon dioxide levels as measured in the
atmosphere and correlation with ice core. Bottom: Amount of carbon increase
compared to carbon emissions from burning fossil fuels. [7]
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Every sign points to the way fossil fuels are destroying our environment
and to how dependent on them we are. They are cheap and are getting
the job done, but will they run out first or will we? Rather than face that
dire question, the global economy needs to put an alternative action
plan into place.
The alternative is green energy: renewable and sustainable energy that
does not harm the environment. Green energy comes in several forms,
including wind, solar, moving water, geothermal, and nuclear. All of the
methods have the capability to match or even surpass the energy produced by fossil fuels, if not currently then certainly in the near future,
as suggested by the progress of Tesla Motors and various wind turbine
companies.

Figure 6: Carbon emissions by coal, gas, solar, wind, nuclear, and hydro. [8]

Green energy produces almost no carbon emissions, which will help us
meet the threat of global warming. But the focus of this project, and the
area that produces the least amount of carbon, is hydrogen. Hydrogen,
the most abundant resource in the universe, can be harnessed using
a device called a fuel cell. The fuel cell basically takes hydrogen and
oxygen and converts them into electricity and water. These cells could
power cars and even replace existing power sources such as batteries.
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To power a car with a fuel cell would be a remarkable feat because they
would surpass modern hybrids by solely relying on hydrogen rather
than a mix of electrical and gas motors. Cars are a part of everyday life,
but as shown in Figure 2, transportation and cars are the second largest
consumers of energy and almost all cars run on gasoline, a fossil fuel.

Figure 7: 2000 transportation energy consumption in U.S.; total vs. petroleum. The
amount of petroleum energy is almost equivalent to the total amount consumed by
transportation. [5]

To sum up, what we will accomplish by changing to green energy will
be the preservation of the earth for future generations and a smarter
and cleaner society. The first step will come in the form of the hydrogen
car and is the focus of my project.
4 History
Today fuel cells are perceived to be new, part of the high-tech age, but
fuel cells have in fact been around since the early 1800s. The pioneer was
William Robert Grove, a Welsh lawyer turned scientist, who believed
that if we could break down water into oxygen and hydrogen using electricity then it should be possible to reverse this and generate electricity by combining hydrogen and oxygen. Grove developed an improved
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version of the wet-cell battery or Grove cell, as it was frequently called.
The Grove cell used a platinum electrode immersed in nitric acid and a
zinc electrode in zinc sulfate to generate 12 A of current at about 1.8 V.
Specifically, he arranged two platinum electrodes with one end of each
immersed in a container of oxygen and hydrogen, with a continuous
flow of current between the electrodes. The sealed containers also held
water, and he noticed that the water level rose in both tubes as the current flowed. He then took it one step further and combined several of
these electrodes in series, creating the gas battery, the first fuel cell. [9]
But as technologies advanced and the understanding of chemistry
and physics improved, new types of fuel cells emerged: alkali, molten
carbonate, phosphoric solid oxide, and proton-exchange membrane
(PEM). Those used in my project are PEM fuel cells.
General Electric invented the proton-exchange membrane fuel cell in
the early 1960s, specifically through the work of Thomas Grubb and
Leonard Niedrach. GE announced initial success in the mid-1960s
when the company developed a small fuel cell for the U.S. Navy’s Bureau of Ships and the U.S. Army Signal Corps. It was fueled by hydrogen and generated electricity by mixing water and lithium hydride, but
its platinum catalysts were expensive. Next GE provided its PEM technology to NASA’s Project Gemini, but under testing the cells revealed
technical difficulties; the interior of the cell contaminated itself and the
membrane leaked oxygen. Next GE created the P3 PEM fuel cell, but it
too failed to power the needs of NASA in the Gemini and Apollo missions. GE kept researching and developing new PEM fuel cells and in
the mid-1970s developed one for the U.S. Navy that allowed PEM water
electrolysis and produced oxygen for undersea life support. The PEM
fuel cells available to the general public today are all ultimately based on
the research and designs of GE. [9]
Radio waves also have a long history, having been a part of everyday technology since the early 20th century. Today, almost everything
around you is wireless, functioning via the transmission of radio waves.
The first step toward their discovery was taken by the English chemist
and physicist Michael Faraday in 1831. Faraday discovered electromagnetic induction when he ran experiments like passing a magnet through
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a coil of wire and spinning a coil near a magnet. He described the results as lines of force inducing transient currents. [24] But in his time
scientists rejected his theory of lines of force simply because there were
no mathematical equations behind them until James Clerk Maxwell, a
Scottish physicist, formulated them in the 1870s. Maxwell noticed that
Gauss’s, Ampere’s, and Faraday’s equations were all trying to explain the
same phenomenon, which he named electromagnetism. He went on to
add to the three original laws by adding to Ampere’s Law the notion
that a changing magnetic field will induce a current and vice versa; the
combination of the various laws by Maxwell became known as Maxwell’s Equations. [20, 25] Maxwell went on to use them to calculate the
speed of light, and hypothesized that since light is a visible wave originating from a vibrating particle that creates an electromagnetic wave,
there must be more waves both below and above the visible range. [21]
A German physicist named Heinrich Hertz in the late 1880s provided
evidence for these theories by discovering radio waves. Hertz used two
rods as a receiver and a spark gap as the receiving antennae. When the
waves were picked up, a spark jumped, revealing that something actually was going on. He went on to prove these waves had all electromagnetic wave properties and demonstrated that the velocity of the waves
was equal to that of visible light, and that electric and magnetic fields
could detach themselves from wires and travel freely. [20, 22]
Then, just before the turn of the 20th century, radio waves began to be
harnessed and used. The first demonstration of the practical power of
radio waves came in 1898 when Nikola Tesla, in a presentation in Madison Square Garden, demonstrated a small boat that apparently obeyed
commands from the audience but was actually controlled by Tesla, who
interpreted the verbal requests and sent appropriate frequencies to tuned
circuits on the boat. Later that year he patented his design. [23] Radio
waves began to be used more extensively and saw considerable action and
use in the Second World War. The Luftwaffe (the German air force) used
controllable winged bombers to target Allied ships. [23] But just as the
militaries of the world began using radio waves, so too the general public
began to be exposed to this new technology. The Good brothers in 1930
created a valve vacuum tube-based control in remote control (R/C) hobbies and today their “Guff ” model plane sits in the National Aerospace
Museum as one of the first radio-controlled hobby models. [23]
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By the start of the 21st century, all the before-mentioned discoveries began to be implemented together: hydrogen producing electricity that
runs a wirelessly remote-controlled toy car. Even today these technologies are breaking new ground, and one day hydrogen might run everything from our cars to houses.
5 CAD Drawings

Figure 8: Cross views of the prototype 1, or Hydrogen Truck, which was made from
a four-wheel drive chassis kit from Tamiya and body frame from a metal sheet. The
truck bed holds four fuel cells. Two wires connected to the motor exit through the
cabin to connect to the cells. Dimensions: height 4.5”, length 7.156”, and width 4.875”.

Figure 9: Top and bottom view of hydrogen truck. Bottom view shows gearing and
housing. Top shows the bed where fuel cells are held. Dimensions: height .5”, length
4”, width 3.1875”.
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Figure 10: The main gears connect the motor to the drive shaft inside the housing.
This is located in the center of the truck and the motor connects to the gears through
the hole at the top.

Figure 11: Front and back view of prototype 2, or the Racer. made from parts
from Tamiya USA and Tamiya Racing Wheels, showing progress as of February.
Unfinished: missing motor and wheels. Dimensions: height 8.6 cm, width 5.3 cm,
and length 16 cm.
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Figure 12: Cross-sectional view of prototype 2, or the Racer. Reveals the frame that
holds the motor and protects it. In front is the steering mechanism, spindles and
connecting plate. Dimensions: height 8.6 cm, width 5.3 cm, and length 16 cm.

Figure 13: Front and cross-sectional views of finished prototype 2, or the Racer.
Reveals mounted motor and front steering system. The Racer is connected to a
remote control that controls front steering motor and rear acceleration motor.
Dimensions: height 10.2 cm, width 10 cm, and length 20 cm.
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Figure 14: Cross view of steering system. The motor rotates the small center piece,
which acts like a hand and moves the pin at the center of the steering system either
left or right, allowing the Racer to steer left or right. This is controlled by a remote
control and allows complete control of the Racer.

Figure 15: Motor and gears that are on the Racer prototype. This is a high-speed
system and requires a remote control and front steering in order to control speed.
Dimensions: height 2.8 cm, width 5.2 cm, and length 5.2 cm.
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6 Theory
Hydrogen fuel cells are electrochemical devices that combine hydrogen with oxygen from the atmosphere to create electricity and water
vapor. [10] These cells are thermodynamically open systems, meaning
that they consume an external reactant, oxygen, which must be replenished and drives the reaction. [11] Fuel cells vary in size and how much
current/voltage they produce. They also come in several types: protonexchange membrane fuel cells (PEM) and two high-temperature types:
solid oxide fuel cells (SOFC) and molten carbonate fuel cells (MCFC). I
will be using PEM fuel cells in my R/C.
PEM fuel cells are different from other fuel cells in that they run at low
temperatures and require a special polymer electrolyte membrane. Initially the hydrogen fuel enters the cell at the anode or negative end and
oxygen enters the cathode or the positive end. At the anode, a platinum
catalyst ionizes the hydrogen and causes it to split into protons (positively charged ions) and negatively charged electrons. Both the protons
and the electrons are then conducted towards the cathode, but before
reaching it they both come in contact with the polymer electrolyte
membrane. This positively charged platinum plate acts as an insulator,
which allows only the protons to travel through it while the electrons
must travel around an external circuit, avoiding the membrane. The
positively charged ions are attracted to the cathode by oxygen atoms
inside it, which have a strong negative charge. These oxygen atoms are
produced when oxygen enters the cathode and a catalyst inside breaks
them down to ions. At the cathode, the protons, the electrons that traveled through the external circuit, and the oxygen ions all react with one
another to form water vapor and heat, which then flows out the cell. [12]
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Figure 16: PEM fuel cell and the process it undergoes to create current. The cell
consists of an anode, electrolyte, and cathode. Basic equation: hydrogen plus
oxygen enter and water vapor, heat, and electrical energy exit. [13]

Individual fuel cells cannot produce high levels of current, so they are
combined into fuel stacks, multiple cells stacked together to link the
output current. These stacks can produce substantial amounts of energy
and can be used to power machines. They are even being implemented
in cars like the small-scale R/C model used in this project.
The second component in the project is gears. A gear is a rotating machine part with teeth cut around the circumference that mesh with another toothed part in order to transmit torque. When two or more gears
are working in unison they are called a transmission and can produce a
mechanical advantage called a gear ratio. [14] Gears are used to change
speed, torque, and direction of a power source. There are many types of
gears and the teeth can be external or internal, but there are four main
types: spur, helical, bevel, and hypoid gears. In my transmission system
the gears used were external and internal spur gears: four external in
main transmission and one external and one internal on each end of
the crankshaft.
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Circle 2
Circle 1

Figure 17: Formulas and explanation of how gears work. Circle 1 is rotating three
times as fast as Circle 2, but Circle 2 has three times the torque.

The gear ratio can be explained simply. Assume there is one wheel with
radius r and another wheel with radius 3r, joined by a piece of string
wrapped around the two tightly enough that if you rotate one the other moves as well. In other words, when you pull the string or rotate a
wheel, the string exerts an equal force on both wheels. Since torque, the
rotating force, is the radius or lever arm distance times the force, we can
rearrange the equal force statement to compare each of the torques to
their respective radii: Circle 1 equals torque over r and Circle 2 equals
torque over 3r. Eliminating the r’s and cross-multiplying, we find that
Circle 2 has three times the torque than that of Circle 1. Thus the ratio
of the torques can simply be determined by comparing the radii of the
gears: in both cases it is 3:1. [15] In other words, the ratio means that the
smaller gear is rotating three times as fast because the circumference,
or distance around, is three times smaller since C= pi*d. In my specific transmission the gears are 3:1, three times the torque but 1/3 the
speed, and inside the transmission there is a gear train of three gears.
This means the gear ratio in total with four gears is 1:81; for example, if
the first gear rotates at 81,000 rpm, the second will spin at 27,000 rpm,
the third at 9,000 rpm, the fourth at 3,000 rpm, and finally the wheels
would receive a rotation of 1000 rpm.
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Figure 18: A reducing gear train like one used in transmission of Hydrogen Truck.
The ratio of each of the gears is 5:1 and the total reduction is 125:1, resulting in the
initial 100 rpm dropping to .8 rpm in the total system. [16]

But a remote control car wouldn’t be remote controlled if it was not
using radio waves to transmit commands. These cars vary from manufacturer to manufacturer, but all consist of four basic parts: a power
source, motors, transmitter, and receiver. [17] The power source varies
from rechargeable batteries to regular disposables, but today some are
beginning to use hydrogen fuel cells. The two visible components in the
radio control system consist of the controller and the car.
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Figure 19: A full-function remote control, which originally isn’t transmitting a
signal but then can give all direction commands: forward, backwards, forward
left and right, and backwards left and right. [18]

There are two main types of radio controls, the single-function controller and the full-function controller. The single-function controller
causes the car to run in one direction as soon as it is turned on, after
which the control can only cause a single change: for example, the car
runs backwards at all times and the controller must transmit a forward
signal to overcome the reverse transmission and go straight. On the
other hand, the full-function control originally isn’t transmitting anything and the joystick must be moved in order to make the car move in
the first place. [17] But how does the control transmit a signal? First, on
the control there is typically a joystick or some mechanical device that
when moved completes an electrical circuit connected to the Integrated
Circuit (IC). Let’s say you move the joystick forward, thus telling the car
to go forward. This completes the circuit and the IC tells the transmitter to transmit a wave with the forward command. A transmitter is any
device that generates a sine wave and runs it through a metal wire and
into the air, thus transmitting a signal. [19] In R/Cs the waves transmitted alter on two frequencies, 27 MHz and 49 MHz. But just sending a
constant wave is of no use by itself; the wave needs a pattern/modulation to be recognized and converted into a command.
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Figure 20: A pulse modulated wave. [19]

R/Cs use pulse modulation, turning the wave on and off in recognizable
patterns. A pulse wave has two components: a synchronization segment
and a pulse segment. Synchronization gets the receiver’s attention while
the pulse segment is the actual message being sent. This wave travels
through the antenna and is transmitted in the air. Meanwhile, the receiver in the car is constantly scanning the air searching for the predetermined frequency, either 27 or 49 MHz. [19] The antenna on the car
picks out the frequency, receives it, and then sends it through a tuner,
which isolates out the wave at the tuned frequency of the receiver and
converts the wave back into a pulse sequence. This pulse sequence then
enters another IC in the car and transmits an electrical current to the
specific motor the controller wants to move. [17] This all happens almost instantaneously and allows cars to be controlled from a stationary
position with a handheld device.
7 Results
7.1 Individual Voltage Test
The first test was the individual voltage test. This test was conducted
by first inserting hydrogen into the fuel cell with its power and ground
leads attached to the voltage probe of the Vernier LabQuest.
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Figure 21: Display of the set up used to obtain the potential voltage of a PEM fuel
cell. To start the system, 10 ml of hydrogen were inserted and stored in a tank
consisting of a balloon. A voltage probe and a Vernier LabQuest were used to
obtain the voltage. The probe itself was introduced directly into the circuit.

The PEM fuel cells were left running for an interval of 30 seconds, during which ten samples were taken per second. This test was done once
on each individual fuel cell in order to obtain a spectrum of output voltages and to make sure none of the data was an outlier.

Figure 22: Graph of the voltage that a single fuel cell produces: four different tests
with each accompanied by a best-fit line. The average voltage of the four tests is
0.847 V. The slope is small enough to be negligible.
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All of the data was inside an interval of 1 V, which meant that the outputs were consistent, and also over the total time the output voltage
hardly deviates (see Figure 22). The open circuit output voltage of the
PEM fuel cells resulted to be 0.847 V.
7.2 Dual Fuel Cell Tests
The next two tests done were comparing two PEM fuel cells in series
and in parallel to see which combination produces the highest voltage.
The set up for these tests was two fuel cells connected in unison and fed
the same amount and rate of hydrogen. Then their power and ground
ports were either connected in series or in parallel with respect to the
test being done, and once again a voltage probe was introduced to the
circuit and connected to the Vernier LabQuest.

Figure 23: The set up used to obtain the potential voltage of two PEM fuel cells
connected either in series or parallel with regard to the appropriate test being
performed. To start the system, 10 ml of hydrogen were inserted and stored in a
tank consisting of a balloon. A voltage probe and a Vernier LabQuest were used
to obtain the voltage. The probe itself was introduced directly into the circuit.

Data was taken again over 30 seconds at a rate of 10 samples per second.
For both combinations the data fell within an interval of 1 V, meaning
that once again there were no outliers.
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Figure 24: Graph of the voltage of two fuel cells in series in open circuit; two
different tests accompanied with a best-fit line. The average of the two tests is
1.701 V. Slope is once again negligible.

Figure 25: Graph of the voltage of two fuel cells in parallel open circuit; two
different tests accompanied by a best-fit line. The average of the two tests is 0.825 V.
Slope is negligible.
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The results for the series combination were an average voltage of 1.701
V, which is what we expect since a circuit in series amplifies the voltage
(see Figure 24). The result for the parallel test was an average voltage of
0.825 V, which too is what we expect because parallel circuits maintain
the same voltage (see Figure 25).
The following tests were done to find the power of the two combinations of PEM fuel cells using a 100 Ω resistor. Power is the rate at which
energy is converted. It is calculated by the product of current and differential voltage or the square of differentiable voltage divided by the
resistance. The same set up for the fuel cells as mentioned previously
was used except that this time the current from the fuel cell was transferred directly into a 100 Ω resistor and the voltage probe was set up to
measure the voltage differential across the resistor (see Figure 23 for set
up). For the two fuel cells in series the differential voltage was 1.412 V,
meaning that the power was 0.019 W (see Figure 27). As for the two in
parallel, the differential voltage was 0.858 V and the power was 0.007
W (see Figure 28).

Figure 26: Graph of voltage across 1 Ω resistor connected with two fuel cells in
series, accompanied by a best-fit line. The average of the two tests is 0.064 V and
the power is 0.004 W. Slope is negligible.
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Figure 27: Graph of voltage across 100 Ω resistor connected with two fuel cells in
series, accompanied by a best-fit line. The average of the two tests is 1.412 V and
the power is 0.019 W. Slope is negligible.

Figure 28: Graph of voltage across 100 Ω resistor connected with two fuel cells in
parallel, accompanied by a best-fit line. The average of the two tests is 0.858 V and
the power is 0.007 W. Slope is negligible.
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7.3 Four Fuel Cell Tests
Next came two tests comparing four PEM fuel cells in series and in parallel to once again see which combination produced the highest voltage.
The set up for these tests had the four fuel cells once again connected
in unison and being fed the same amount and rate of hydrogen. Then
their power and ground ports were either connected in series or parallel depending on the test being done. Once again a voltage probe was
introduced to the circuit and connected to the Vernier LabQuest.

Figure 29: The set up used to obtain the potential voltage of four PEM fuel cells
connected either in series or parallel. To start the system 10 ml of hydrogen were
inserted and stored in a tank consisting of a balloon. A voltage probe and a Vernier
LabQuest were used to obtain the voltage. The probe itself was introduced into the
circuit directly or across the resistors.

Data was taken over 15 seconds at a rate of 10 samples per second. For
both combinations the data fell within an interval of 1 V, meaning that
once again the data contained no outliers.
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Figure 30: Graph of voltage of four fuel cells in series in open circuit: three different
tests accompanied by a best-fit line. The average of the three tests is 3.298 V.
Slope is negligible.

Figure 31: Graph of voltage of four fuel cells in parallel in open circuit, two
different tests accompanied by a best-fit line. The average of the three tests is
0.821 V. Slope is negligible.
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The results for the four fuel cells in series yielded an average of 3.298
V, which is what we expect because series amplifies the voltage, thus
being four times the voltage of one cell (see Figure 30). The results for
the four in parallel yielded a voltage of 0.821 V, which too is what we
expect since a circuit in parallel maintains the same voltage throughout
(see Figure 31).
The following tests were done to find the power of the two combinations of four PEM fuel cells using a 1 Ω resistor. The set up for this
experiment was the same as above except that the current from the fuel
cells was transferred directly into a 1 Ω resistor and the voltage probe
was set up to read the voltage differential across the resistor (see Figure
29 for set up). For the four fuel cells in series the differential voltage was
0.051 V, meaning that the power was 0.003 W (see Figure 32). For the
four in parallel the differential voltage was 0.080 V and the power was
0.006 W (see Figure 33).

Figure 32: Graph of voltage across 1 Ω resistor connected with four fuel cells in
series, two different tests accompanied by a best-fit line. The average of the two
tests is 0.051 V and the power is 0.003 W. Slope is negligible.
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Figure 33: Graph of voltage across 1 Ω resistor connected with four fuel cells in
parallel, two different tests accompanied by a best-fit line. The average of the two
tests is 0.080 V and the power is 0.006 W. Slope is negligible.

Then came the test to find the power of the two combinations of four
PEM fuel cells using a 100 Ω resistor. The set up for this experiment was
the same as previously described except that the current from the fuel
cells was transferred directly into a 100 Ω resistor and the voltage probe
was set up to read the voltage differential across the resistor (see Figure
29 for set up). For the four fuel cells in series the differential voltage was
2.704 V, meaning that the power was 0.073 W (see Figure 34). For the
four in parallel the differential voltage was 0.844 V and the power was
0.007 W (see Figure 35).
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Figure 34: Graph of voltage across 100 Ω resistor connected with four fuel cells in
series, two different tests accompanied by a best-fit line. The average of the two tests
is 2.704 V and the power is 0.073 W. Slope is negligible.

Figure 35: Graph of voltage across 100 Ω resistor connected with four fuel cells in
parallel, two different tests accompanied by a best-fit line. The average of the two
tests is 0.844 V and the power is 0.007 W.
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7.4 Special Combination of Four Fuel Cells
(two series with two in parallel)
Next came the tests where an arrangement of two PEM fuel cells in
series were combined with two in parallel to see if this combination
produced a higher voltage than the four in series. The set up for these
tests placed the four fuel cells in the special combination connected in
unison and fed the same amount and rate of hydrogen. Then their power and ground ports were connected with respect to the combination,
first two series and next two in parallel; and once again a voltage probe
was introduced to the circuit and that was connected to the Vernier
LabQuest.

Figure 36: The set up used to obtain the potential voltage of the special
combination of fuel cells: first two in series and then two in parallel, total of
four cells. To start the system 10 ml of hydrogen were inserted and stored in a
tank consisting of a balloon. A voltage probe and a Vernier LabQuest were
used to obtain the voltage. The probe itself was introduced into the circuit
directly or across the resistors.

Data was taken over 15 seconds at a rate of 10 samples per second. For
the special combination the data fell within an interval of 1 V, meaning
that once again there were no outliers.
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Figure 37: Graph of the voltage of the special combination in open circuit,
two tests accompanied with a best-fit line. The voltage is 2.529 V.

The result for the special combination was a voltage of 2.529 V (see
Figure 37).
The following test was done to find the power of the special combination of PEM fuel cells using a 1 Ω resistor. The set up for this experiment had the same fuel cell arrangement as previously described except
that the current from the fuel cells was transferred directly to a 1 Ω
resistor and the voltage probe was set up to read the voltage differential
across the resistor (see Figure 36 for set up). For the special combination the differential voltage was 0.067 V, meaning that the power was
0.004 W (see Figure 38).
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Figure 38: Graph of voltage across 1 Ω resistor connected with special combination
of fuel cells, three tests accompanied by a best-fit line. The resulting voltage is 0.067
V and the power is 0.004 W.

The following test was done to find the power of the special combination of PEM fuel cells using a 100 Ω resistor. The set up for this experiment had the same fuel cell arrangement as previously described except
that the current from the fuel cells was transferred directly into a 100 Ω
resistor and the voltage probe was set up to record the voltage differential across the resistor (see Figure 36 for set up). For the special combination the differential voltage was 2.332 V, meaning that the power was
0.054 W (see Figure 39).
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Figure 39: Graph of voltage across 100 Ω resistor connected with special
combination of fuel cells, two tests accompanied by a best-fit line. The
resulting voltage is 2.332 V and the power is 0.054 W.

7.5 12 W Fuel Cell Pack Tests
The final tests were done on the 12 W fuel cell pack ordered from Horizon Fuel Cell Technologies. The set up for these tests consisted of the
12 W fuel cell pack connected to a 20 L hydrogen storage tank on the
input pin, and the output pin plugged up. The 20 L tank had a 1200
μ-bar pressure valve that controlled the steady rate of flow of hydrogen.
Since there is only one power and ground port, there was no special
combination of them as in previous tests. Once again a voltage probe
was introduced to the circuit and connected to the Vernier LabQuest.
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Figure 40: Display of the set up used to obtain the potential voltage of the 12
W fuel cell. To start the system 1200 μ-bar of hydrogen was inserted via a 20 L
hydrogen tank with a pressure release valve and the second pin was plugged with a
stopper. A voltage probe and a Vernier LabQuest were used to obtain the voltage.
The probe itself was introduced into the circuit directly or across the resistors.

Data was taken over 15 seconds at a rate of 10 samples per second. For
the special combination the data fell within an interval of 1 V, consistent
with no outliers.

Figure 41: Graph of the voltage of the 12W fuel cell pack in open circuit, single tests
accompanied with a best-fit line. The voltage is 8.161 V.
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The result of the 12 W fuel cell pack was a voltage of 8.161 V (see
Figure 41).
Then a test was done to find the power of the 12 W pack of PEM fuel
cells using a 1 Ω resistor. The set up for this experiment had the same
fuel cell arrangement as previously described except that the current
from the fuel cells was transferred directly into a 1 Ω resistor and the
voltage probe was set up to record the voltage differential across the
resistor (see Figure 40 for set up). For the special combination the differential voltage was 0.043 V, meaning that the power was 0.002 W (see
Figure 42). But when taking this data the fuel cell did not run to its
complete potential, a fact noticeable because the fan that keeps the system cool didn’t spin at all. So while this data was obtained it, cannot be
held to the same level of certainty as the rest.

Figure 42: Graph of voltage across 1 Ω resistor connected with 12 W fuel cell pack,
accompanied by a best-fit line. The resulting voltage is 0.043 V and the power is
0.002 W. Slope is still negligible.
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The following tests were done to find the power of the 12 W pack of
PEM fuel cells using a 100 Ω resistor. The set up for this experiment had
the same fuel cell arrangement as previously described except that the
current from the fuel cells was transferred directly into a 100 Ω resistor
and the voltage probe was set up to read the voltage differential across
the resistor (see Figure 40). For the special combination of cells, the
differential voltage was 6.597 V, meaning that the power was 0.435 W
(see Figure 43).

Figure 43: Graph of voltage across 100 Ω resistor connected with 12 W fuel cell
pack, accompanied by a best-fit line. The resulting voltage is 6.597 V and the
power is 0.435 W. Slope, although not as small, is still negligible.
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7.6 Chart of All Results
Fuel Cell Type

Voltage

Power

Single FC
Open circuit

0.847 V
Double FC (series)

Open circuit

1.701 V

1Ω

0.064 V

0.004 W

100 Ω

1.412 V

0.019 W

Double FC (parallel)
Open circuit

0.825 V

1Ω
100 Ω

0.858 V

0.007 W

Quad FC (series)
Open circuit

3.298 V

1Ω

0.051 V

0.003 W

100 Ω

2.704 V

0.073 W

Quad FC (parallel)
Open circuit

0.821 V

1Ω

0.080 V

0.006 W

100 Ω

0.844 V

0.007 W

Special Combination
(two single & two double)
Open circuit

2.529 V

1Ω

0.067 V

0.004 W

100 Ω

2.332 V

0.054 W

12 W Fuel Cell Pack
Open circuit

8.161 V

1Ω

0.043 V

0.002 W

100 Ω

6.597 V

0.435 W

Figure 44: Chart displaying all test results.
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8 Conclusion
What, then, does all this data say about the combination of PEM fuel
cells that should be used in the R/C? As can be seen in the chart above,
the maximum amount of voltage and power in the various combinations of four PEM fuel cells came from the four connected in series.
This was further proved by the tests with the 12 W fuel cell pack because
the cells in it are also connected in series and it had the greatest voltage
and power overall. Even though in the beginning one might speculate
that parallel connections would result in more power, the actual strongest combination is in series, and this is what should be used in the
future to power toy cars and eventually automobiles.
PEM fuel cells combined in series may eventually run every car on
earth and are already being tested by major automotive companies. Hydrogen, the most abundant resource in the universe, will one day be
harnessed in quantities and produce amounts of power now only imaginable. As man progresses forward, the hydrogen fuel cell industry will
advance to power the world.
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