Experiments with Alternative Energy
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For Nuts and Volts Magazine — June, 2010

Part 11 — Fuel Cell Polarization States and Efficiecies

Last time | introduced you to the reversible PEMIfcell and described its fundamental
Electrolysis and Fuel Cell modes along with theimimm water decomposition voltage
needed to electrolyze water into hydrogen and axyge&his time I'll delve deeper into
the characteristics of the fuel cell by describisghree primary operational conditions
called Polarization States along with two ways that cell efficiencies are defined and
measured. From this description you'll see thREM fuel cell operates much like a
rechargeable battery which, in effect, it is witle primary difference being that a battery
stores its fuel internally while a fuel cell storeexternally. Aside from that, the
similarities are quite remarkable.

Polarization Characteristics

Let’s start with a fuel cell’s polarization charagstics. In an ideal world the fuel cell’s
optimum theoretical voltage of 1.23 V would be izad at all operating currents; this is
thewater decomposition voltageou learned about iRart 10. However, like batteries,
the output voltage is at maximum only at open ¢girconditions, and the voltage drops
with increasing load along with the resultant catrdraw. This is known g®olarization
and is represented by an example polarization cas\@&own irFigure 1.
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The polarization curve characterizes the fuel selbltage as a function of current (and
visa versa), and as the load changes so doesittemicuup to the point of what the
“fuel” can supply-in this case hydrogen and oxygamd any more current demand
causes the voltage to drop dramatically to zenoeffiect, the polarization curve
illustrates the electrochemical efficiency of thielfcell at any operating current, since
one efficiency is the ratio of the actual cell agi¢ divided by the theoretical maximum
of 1.23 V. This is called thEnergy Efficiencythat we’ll examine later. There is also
something else called tl&@raday Efficiencywhich we’ll cover, as well. Plus, we’ll do
experiments to measure each one.

As | mentioned in the beginning, batteries havepohtion curves very much like fuel
cells as both batteries and fuel cells exhibit #goepartial load performance since
voltage increases as the load decreases and vi&a v&nd like batteries fuel cell
polarization is caused by chemical and physicdbfacassociated with internal
components, mainly the MEA (Membrane Electrode Addg) that you learned about in
Part 10.

Polarization States

There are three polarization states:
Activation
Ohmic
Mass Transport

Activation

Activation polarization is related to the energyrlsa that must be overcome to initiate a
chemical reaction between reactants. At low curdeaw the electron transfer rate is
slow and a portion of the electrode voltage is losirder to compensate for the lack of
electro-catalytic activity. As you can seeHigure 1 this is the steep part of the voltage-
current curve on the left. Due to the chemicargy®arrier the internal resistance at the
very beginning is very high which accounts for ki current. Once this barrier is
overcome the resistance drops allowing for moreeciflow and voltage drop. It's kind
of like overcoming the starting friction in a medial system except on a chemical
basis. Our experiments will confirm this part o# turve in a slightly different manner
since the REEL Power software does not plot voltggnst current but, rather, voltage,
current and resistance against time. Neverthelassnteresting to see just how this part
of the fuel cell operates.

Ohmic
Ohmic polarization occurs due to resistive losaahe cell. Since the MEA (Membrane
Electrode Assembly) obeys Ohm’s law (V=IR) the amtaaf voltage lost in order to

force conduction varies linearly throughout thigiom. The Ohmic region is really the
working area of the fuel cell where, with enoughitogen and oxygen fuel, the voltage
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and currents remain constant for a given load.s ©the flat part of the curve as
illustrated inFigure 1 and just like a modern lithium ion or nickel meltgtride battery
(Part 3) the output voltage and current remain stable twex as long as long as the load
remains the same and fuel is available. Againeaperiments will illustrate and

confirm this performance area.

Mass Transport

In this region, the reactants become consumedeatgrrates than they can be supplied
as the fuel begins to run out. Ultimately thedeas$ inhibit further reaction altogether
and the cell voltage and current drop to zero vapydly. There’s a lot more chemistry

in all of these above processes, but it's beyordstiope of this article. The main points
to realize are that the fuel cell behavior resesbBlenodern rechargeable battery and that
it usefulness for powering electrical systems isegally equivalent to batteries.

The Fuel Cell's Power Curve

Another interesting thing about the fuel cell’'sfpemance is the power curviigure 1
shows it to be nearly linear right up to when thel fruns out, which means that the fuel
cell can supply a load (an electric motor, for amste) strictly based on demand. No
power is lost or expended “getting to” the maximpawer point. In contrast, internal
combustion engines operate most efficiently onljuiioad and exhibit a rapid decrease
in efficiency at partial loading. This fact alomay create the basis for the popularity of
the electric car once it's introduced and has acb&o mature in the market place —
whether it's powered by batteries or a fuel cela@mombination of both.

Fuel Cell Efficiencies

A fuel cell’s efficiency — basically the ratio obwer out versus power in or fuel
consumed versus fuel supplied — can be definedraasured in two ways. One is called
Energy Efficiencyand the other iBaraday Efficiency The symbol used to express
efficiency is generally the Greek lower-case lettta (). We’ll measure both
efficiencies in our experiments but here’s a prevod what we’ll be measuring.

Energy Efficiency

The Energy Efficiency of a fuel cell is the ratibtbe electricity produced by the
consumed hydrogen compared with the calculatedetieal energy contained in the
consumed hydrogen, expressed as a percentagaure this out we need to express a
few equations in chemical nomenclature in ordatdtermine the theoretical energy
contained in hydrogen, so get out your high sclebeimistry book if you're not familiar
with some of the following chemistry terms.
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The energy content of hydrogen is calculated bggiie amount of energy given off
when hydrogen is combusted. This is a given vaf&g86,000 Joules/mol of hydrogen
(exothermic; i.e. a chemical reaction where heliss. This is called the molar enthalpy
of hydrogen at standard temperature and presswal¥s have the given value for the
amount of space H2 takes up per mol. H2 has a molame of 24,000 mL/mol and an
energy content of 286,000 Joules/mol (1 Joule matt-second). Use the following
equations to calculate the Energy EfficiencyH).

E = Electrical energy in Joules of H2 / Energy conterof consumed H2

where
Electrical energy in Joules H2 = E (average) x | (grage) x time (Ss)
Volume of H2 consumed in mL / 24,000 mL/mol, thereire...
Energy content of consumed H2Theoretical = xxx mol H2 * 286,000J/mol
(wherexxx is the number of H2 mols consumed)

Faraday Efficiency

The Faraday Efficiency is a percentage that tellaaw much of the hydrogen gas is
being used for intended electrical energy producéiod how much is lost to other
factors. It is the ratio between the theoreticalticulated volumes of hydrogen consumed
by the loadat a certain currenversus the experimentally calculated volume ofrbgdn
consumed. The equation for Faraday Efficiencyyjis...

F= H2 Volume theoretical / H2 Volume (experimental)

This phenomenon was originally understood througthi®l Faraday’s work and
expressed in his laws of electrolysis. In efféceascribes the efficiency with which
charge (electrons) are transferred in a systeraditithte an electrochemical reaction.
The word "Faraday" in this term has two interredadspects. First, the historic unit for
charge is the faraday (look at any capacitor's ghaalue if you're not sure), but has
since been replaced by the coulomb- a unit of Btadtcharge equal to the amount of
charge transferred by a current of one ampere@senond. Secondly, the related
Faraday's constant correlates charge with molesattier and electrons.

Now to the Experiments

Given this background information we can now proceéh the experiments in
confidence that we know what we want to measureeapéct to see. We'll be using
both the Parallax BS2 and PicAxe 28X2 microcongrslin our test bedd-igure 2 and
Figure 3 show their initial schematic hookups. You camlfihe complete experiments
including detailed hookup information and procedu these two micros on my
website atvww.learnonline.com Experimenter Kits Parallax or PicAxe
Hydrogen Experiments Polarization Characteristics and Fuel Cell Efimies. And
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as before you’ll also need the REEL Power grapbitare to witness what's happening
on your computer; and you'll need a reversible fiedl like the one in the Horizon
Hydrocar or your own reversible PEM fuel cell. tBof these are available in the Nuts
and Volts store in this publication.

Figure 2 — Parallax BS2 Schematic Hookup
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Figure 3 — PicAxe 28X2 Schematic
Hookup

For these experiments we’re using the Horizon Hydraeversible fuel cell and storage
cylinders, so make sure the car's motor switcliised OFF and that the wires going to
the motor are not connected.
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Figure 4 — Transition from Activation
Stateto Olmic State

Figure 5 — Ohmic State with 3 olzn load

Figure 6 — Ohmic State with 33 olm
load

Fgure 7 — Ohmic State with 2.5
ohm load and transitioning to Mass
Transport State

- ﬂ!ﬂﬂ Figure 8 — Mass Trangport State
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Figure 10 — Stylized Exanmple of a Fuel
Cell Stack
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Polarization State Experiment

Let's start by measuring the Polarization Statesu»the Test Bed per the instructions in
the experiments on the LearnOnLine website ande&@al of hydrogen (H2). Then
attach the fuel cell to the Test Bed and witnesg@pid transition from the Activation to
the Ohmic state as shownhkigure 4. With the 10 ohm load this occurs quite quicldy;
higher resistance value will cause it to take loraged, of course, a lower resistance will
be even faster as you'll see next.

Figure 5 shows the initial entry into the Ohmic state whesttage (green plot line) and
current (blue plot line) are flowing to create addfipower (red line). Notice the flat plots
for these data; it illustrates the linearity of thel cell’s ability to supply steady current
and voltage for a given load — 10 ohms in this cd¢éew add another 10 ohm resistor in
parallel with the first one and notice the incremseurrent and power with an attendant
decrease in voltage. This will dissipate the bgén more quickly and get us into the
Mass Transport state even soonéigure 6 andFigure 7 show the plots for three 10
ohm resistors in parallel (3.3 ohms) and four 1thaehsistors in parallel (2.5 ohms).
Again notice the jump in current and power alonthvai decrease in voltage as each
resistor is added to the load. Again, the featnirealize is the flatness of the plots at
each load level. This mimics a rechargeable battea tee.

Figure 7 shows the entry into the Mass Transport state evtiex hydrogen fuel begins to
run out. With a diminishing volume of hydrogen thel cell cannot produce enough
current to supply the 2.5 ohm load so somethingdgsse. In this case it's the voltage
that starts to dropFigure 8 shows the Mass Transport state in full swing asvibitage,
current and power drop quickly due to the lack ydrogen fuel. The computer plots
confirm the polarization curve describedrigure 1 except, of course, that the computer
plots show voltage, current and power plotted agjdime rather than voltage plotted
against current. Nevertheless, the voltage dadtibtes the three Polarization States
quite accurately. You are encouraged to repesietkperiment using al00 ohm
potentiometer instead of the individual 10 ohmgsss to better see how the fuel cell
performs over all three regions at different loa8sart with the potentiometer at
maximum resistance then decrease the resistaneesvial verify other current settings
along with their attendant voltage and power regslin

Efficiency Experiments

Now let’s determine our fuel cell’s efficienciesn@gy and Faraday) by first generating
6ml of hydrogen this time. We want to setup thet'Bed with a 5 ohm load (two 10
ohm resistors in parallel or equivalent). Thenneed to time the rate of hydrogen
consumptions with a wristwatch or your computeltxk. So start by generating the
6ml of hydrogen and when you’re ready connect tie ¢ell to the Test Bed and begin
timing the process. We want to allow the hydrotgebhe consumed over exactly 5
minutes or 270 seconds. When the time is up disacirthe fuel cell from the Test Bed
and visually measure the remaining hydrogen lefbhenstorage cylinder. During the
timing record both the stating and ending voltagyes currents Figure 9 shows the start
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and stop values that | measured; your data magrdiffNow let’s plug in some numbers
to see how efficient our fuel cell performed.

Energy Efficiency Calculations

The energy efficiency of a fuel cell is the ratidtee electricity produced by the
consumed hydrogen compared with the calculatedetieal energy contained in the
consumed hydrogen - expressed as a percentageddnto compute the required values
the average voltage (E) and current (I) must berdehed. The averages are computed
between the readings at time zero and at 270 secorable 1 illustrates these averages
based on the data taken. Your values may be difter

Time E (volts) | (amps) H2 (ml)
1 second 0.580 0.124 6 (starting)
270 seconds 0.497 0.114 1 (remaining)
0.539 (average) 0. 119 (average) 5 (consumed)

Table 1 — Averaging Readings
Entering these values into the equations:

Electrical energy in Joules H2 = E (average) x | (grage) x time (seconds)
Electrical energy in Joules H2 = 0.539 x 0.119 x@% 17.3 J

Therefore, the volume of H2 used can be found as:
Volume of H2 consumed in mL / 24,000 mL/mol = molfdd2
5 mL /24,000 mL/mol = 0.00021 mol H2

The energy content consumed H2 is given by:
Energy content of consumed HZtheoretical) @=mol H2 x 286,000J/mol
Energy content of consumed HZtheoretical) =0.00021 x 286,000 = 59.6 J

Energy efficiency can be computed as:
E = Electrical energy in Joules H2 / Energy conte of consumed H2 theoretical)
E=17.3/59.6 =0.2903 x 100% 29.03 %

Faraday Efficiency Calculations
Faraday Efficiency is the ratio between the thecadly calculated volume of hydrogen

consumed by the load (at a certain currant] the experimentally calculated volume of
hydrogen consumed. Faraday Efficiency is compated

F = H2 Volume theoretical / H2 Volume (experienced) where...
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H2 Volume (theoretical = [Electrical charge in Coulombs (C)] x [H2 Volune per
mol]

Electrical Charge in Coulombs (C) = | (ave) x timgsec) = 0.119 x 270 = 32.13C
H2 Vol (theoretical = (32.13 C / 193,000 C/mol) x 24,000 ml/mol = 9.enl

Therefore, the Faraday Efficiency we measured is:

F = H2 Volume theoretical / H2 Volume xperiencejl

F=3.99/5.0 =0.798 x 100% 79.8 %
A value like 79.8% efficiency looks pretty goodtliucan be better or worse depending
on the electrical current used in the experimdnjoll care to modify the experiment
with a different load resistor and repeat it.

Faraday Efficiency Calculations
Faraday Efficiency is the ratio between the theca#ly calculated volume of hydrogen

consumed by the load (at a certain currant the experimentally calculated volume of
hydrogen consumed. Faraday Efficiency is compaged

F = H2 Volume theoretical / H2 Volume (experienced) where...

H2 Volume (theoretical = [Electrical charge in Coulombs (C)] x [H2 Volure per
mol]

Electrical Charge in Coulombs (C) = | (ave) x timgsec) = 0.119 x 270 = 32.13C
H2 Vol (theoretical = (32.13 C / 193,000 C/mol) x 24,000 ml/mol = 9.enl

Therefore, the Faraday Efficiency we measured is:

F = H2 Volume theoretical / H2 Volume (xperiencel

F=3.99/5.0 =0.798 x 100% #9.8 %
A value like 79.8% efficiency looks pretty goodthiucan be better or worse depending
on the electrical current used in the experiménjoll care to modify the experiment
with a different load resistor and repeat it.
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Fuel Cell Stacks

Now that you know what an individual fuel cell spable of and how it performs, it's
time to learn a little about fuel cell “stacks”aths, combinations of multiple fuel cells
wired in series and parallel for more voltage andent capability figure 10). Again,

this is like hooking up batteries or solar cell$ With important differences relative to

the fuel cell’'s unique physical geometry and fugliequirements. Depending on the fuel
cell type Part 10) and power requirements each stack is differarttfi®e idea is still the
same — take something that generates about 0 $atolarious currents depending
mainly on physical size and scale it up to produseful voltage, current and power —
just like a battery pack or solar module. Agde similarities between fuel cells and
batteries are amazingly close and, | guess, wehraw in solar cells, as well.
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Fuel cell stacks are used for stationary, portab mobile applications. As of this
writing the most hyped of the stationary fuel cédlshe Bloom BoxKigure 11). The
Bloom Box is a solid oxide fuel cell stack that paoirts to be the solution for independent
power for small homes to large buildings and eveng else in between, and it uses
anything from natural gas to bio gas for a fuelrseu Right now it's very expensive and
big and is only capable of powering large facititike the Google headquarters and
similar installations. If it can be scaled dowratemaller size it may be able to power
homes, but this is yet to be realized even in dpmral prototype form.

On the other end of the size and power spectruimebtcell stacks you find a few that
can power your cell phone directly or, at leasppdy power to charge your cell phone’s
battery. MBI Micro has one that may be somethjog're after Figure 12). The
Company’s Mobion, 100% methanol feed, passive DN#&bnology has been
demonstrated in fully-functional prototypes and @ept models in three primary product
directions: external cord-free rechargeable poveekg, attached fuel cell power sources
and embedded micro fuel cell designs. They (cdgieclaim that your lithium ion
battery looses its’ charge capacity after a fewyeso why not replace it with a fuel cell
instead. However, who keeps their cell phone noyar two year these days, and who
wants to carry around a bottle of methanol to regdgour cell phone. Try getting it
passed the TSA at the airport and see what happéeertheless, it looks like it can be
done and it's a neat concept.

For mobile fuel cell stacks Honda has one for @XFClarity car that is as functional and
sleek as the car itselfFigure 13). For mobile applications fuel cell stacks ane finel
itself must be designed for both performance afetya mind and Honda has done
both very well. Honda has been the pioneer foryreamerging technologies like
robotics (Azimo), hybrid cars (the Insight) and nfuel cell powered vehicles.
Hopefully, the Hydrogen Highway initiatives will ogr to make the FCX a reality.

Summary

This time you learned more about the essentidi®wafa fuel cell works and what can be
done with them in terms of fuel cell stacks. Ybuoted this background information for

our next fuel cell article. In it, I'll put our &l cell powered Hydrocar through the paces
to see how we can apply most of what we’ve leaat®uiit fuel cell technology to a neat

mobile fuel cell project. So until next time conseenergy and stay green.
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Breakthrough Producing Hydrogen from Water Sunlight
Sunlight + Water = Hydrogen Gas

Scientists at the University of East Anglia, ledxyy Thomas Nann, report a
breakthrough in the production of hydrogen fromewvaising the energy of sunlight.
Amidst all the hype about a potential hydrogen ecoy one of the big questions has
been whether sufficient hydrogen can be producddowt using yet more energy to
create the hydrogen (the main stumbling block thats Typical production methods
include stripping hydrogen from other fuels likethene (called reforming) or using
electrolysis to split the hydrogen out of water\{@shave done). But with efficiencies
between 20 and 40% for producing energy from ti@aat photovoltaic processes, the
hydrogen economy cannot be solar powered. Or @an it

Dr. Namm'’s group has discovered a more efficieng Wwedo this using a gold electrode
coated with nanoclusters of indium phosphide absabming photons of light (that is
the wavy line marked "hv" in the image). The nanstdrs then pass electrons liberated
by the sun's energy into an iron-sulfur complexclihacts like a match-maker between
the negatively charged electron and a hydrogeropnot the surrounding water
molecules. Gaseous hydrogen is generated and thesodt is a 60% efficiency for a
process in which hydrogen is produced from watethieyphotons in light that strike a
specially designed submersed electrode. The textisto demonstrate the process with
cheaper materials. The scientists report there special reason to use gold nor platinum
which was used as the second electrode to contpketarcuit, other than that these
noble metals happened to be lying about the lamédab!).

Source: Christine LepistdreeHugger.comvith edits by John Gavlik
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