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ABSTRACT

lon transport rate of PAFC, AFC, PEMFC, DMFC andF&Cfuel cells under the influence of an electric
field and concentration gradient were evaluatedtatic electrolytes. AFC are the best fuel caltshigher
current applications while direct methanol fuelle®MFC are the best for lower current applicatiams
lower temperatures. An equation for voltage outpfita general fuel cell was obtained in terms of
temperature and partial pressure of reactantsforffence of a 2D fuel cell was analyzed by simofgti
polarization and power curves for a fuel cell opiagaat 6(°C with a limiting current density of 1.5[8n7

2. The maximum power for this fuel cell was 8.4540@livering 82% of maximum loading current density.
When the temperature was increased by one thiit$ @friginal value, the maximum power increased by
6.75% and at 66C for a 10 times increment of partial pressure ottats, the maximum power increased
by 2.43%.The simulated power curves of the fudsagére best described by cubic fits.
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1. INTRODUCTION

A fuel cell, a device that generatéscteic energy by a chemical reaction is a clean
alternative to the conventional fossil fuel basgstems as water is the byproduct. Because of their
low environmental impact, they are currently usedlimost all applications of power especially
those are energy limited. As many of the transpdr®nomena inside a fuel cell cannot be
observed and measured directly, mathematical mugledian effective tool in understanding these
phenomena. The one dimensional models introducededyrugge and Hill [1] and Bernadi and
Verbrugge [2] laid a good foundation for polymerasocells. Springer et al [3] presented
empirical relation for the parameters such as siffa coefficient, electro-osmotic drag
coefficient, membrane conductivity and water absonpisotherms etceteras. Computational fluid
dynamics into fuel cell modeling was introduced Gyraue et al [4] by developing a two
dimensional polymer fuel cell model that includedd flow, mass transfer and electro-kinetics.

The techniques of computational two disienal fluid dynamics models assuming a
single-phase gaseous flow isothermal was develbyedazim et al [5] for the cathode and by
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Singh et al [6] for the whole cell. Three-dimems&bmodels by Dutta et al [7] considered straight
channel flow under isothermal conditions and flomaiserpentine channel. Only few models exist
for liquid water. A model by You and Liu [8] focus@®n the mass transport limitations and water
management in a two dimensional cathode underaswoidl conditions. Most of the models are
validated on a global scale with polarization cstverhich are unable to capture the current
density distributions on a local level. From a segted cell, Lum [9]validated a model with both
global polarization curves and local current dgndistributions.

In this study the ion transport rates (current)arnithe influence of electric field and the
concentration gradient were calculated for fuelscef phosphoric acid (PAFC), proton exchange
membrane (PEMFC), solid oxide (SOFC), alkaline (AR@d direct methanol (DMFC) under
static electrolyte conditions. For a fuel cell cggerg at 80 °C temperature, the polarization losses
namely activation overpotential, ohmic overpotdntoa a Nafion membrane and concentration
overpotential were studied. An equation for voltageput of a general fuel cell was obtained in
terms of temperature and partial pressure of ratetalsing this equation, performance of a two
dimensional fuel cell operating at 60 °C with aitimg current density 1.5 Bm? was analyzed
through simulating polarization and power curvelse best fits for these curves were obtained.
Simulations were done for different temperature padial pressure values.

2. CURRENTS IN FUEL CELLS

A fuel cell generates electric enelogya chemical reaction taking place at a negativel
(anode) and a positively charged (cathode) elees@dth an electrolyte layer carrying electrically
charged particles from one electrode to the othdracatalyst layer speeding up the reactions at
the electrodes (Figure 1). A current created inual fcell due to ion transport through the
electrolyte is given by the equation

Phosphoric Acid and

I — nZF (1) PEM Fuel Celli>

Electron Flow

where n is the molar rate of transfer of ic
through the electrolyte, F is the Faraday

constant and: is the charge number of the i Hydrogen |@ T

The ion transfer through the electrolyte occut 0% .0 |, o =

several mechanisms:a)( mass diffusiof’ & — :|° sff =p @

random thermal motion on a microscopic scald oS ;ﬂvg;ggen
resulting a net flux even though the motior S lEg —

each individual molecule is completely rand |k

(b) due to convection, a result of buoyancy fo b

resulting from a density gradient ang) fue tc

migration of charged species driven by Fig. 1. Phosphoric acid fuel
electrical potential difference. Flux ratgof the cells and polymetectrolyte

specieg is given by Nernst—Planck equation as membrane fuel cells
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whereD; is the mass diffusivity coefficient ar@] is the concentratiom, is the solution velocity@
is the potential T is the temperature in Kelvin aridlis the universal gas constant. The above
equation reduces to simple diffusion and conveciiothe absence of a potential gradient. In an
electrolyte with no convection or concentration digat, Nernst—Planck equation reduces to
Ohm'’s law. An expression for current in an elegti®ican be obtain by using equation 1 and 2

_ de ZjF do
i =|-D,—+CV-=—_DC —|ZF (3
I dx ) RT ' Jdx)

This is a general expression for curegopropriate for all electrolyte systems. In stati
electrolyte systems [12], only diffusion and migpatterms remain and at open-circuit condition
they balance each other such that no net currsaltre

There are several classes of fuel cells, identifigdheir electrolytes. These are presented

in table 1. For both Phosphoric acid fuel cells KA and polymer electrolyte membrane fuel
cells (PEMFC), the hydrogen molecules splittinghtet anode into hydrogen ions are transport
across the electrolyte to the cathode. Oxygen,liysnathe form of air is supplied to the cathode
and combines with the electrons and the hydroges tio produce water (Figurel).

For a polymer exchange membrane 1,2
cell (PEMFC) of static electrolyte with 25 &m y
active area, 50pm thickness and®o8 cnrs* 11 A
diffusion coefficient of H ions [9], curren 10 /
densities obtained for applied potent —
difference between 0.6-1.0 V at 80 are show ‘\-'E 0.0 S
in Figure 2. = e

The current densitie®rf a phosphor 50'8
acid fuel cell (PAFC) under static electro @
condition having 0,a0° cn?S' diffusion g o7
coefficient with same active area and thick L S S
operating at 170C temperature are shown S 05 D,\,lpﬁc

o .

figure 3.Although PEMFC have lower curre
than PAFC because of their lower operat
temperature allowing rapid start up they are used L oo
in automotive power applications. 06 065 07 075 08 08 0095

Another advantage of PEMFC is tha Potentialdifference (V)
electrolyte is a solid material and is | Figure 2. Current density verses poténtia
expensive to manufacture than the lic difference for PEMFC, AFC and DMFC at 80 °C

electrolyte used in PAFC.
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Table 1.Fuel Cell Types

Fuel Cell Electrolyte Operating Electrode reactions
Used Temperature
Phosphoric acid Phosphoric
(PAFC) acid 150-200 "¢ Anode reaction: B, -~ W'+ &
Polymer  exchange Polymer 70-100 °C

membrane (PEMFC) Membrane typically 80°C  cathode reaction:O, + '+ & - R0

Alkaline (AFC) Potassium Anode reaction: B,+ @H™ - H,0+ ¢
Hydroxide

65-100 °C . -
Cathode reaction:O, + R,0+ & -~ GH

Direct methanol Anode reaction:
(DMFC)
Polymer 30-80°C . ~
Membrane CH,OH +H,0 - CO,+6H" +6e
Cathode reactiongo2 + B+ 66 - BBO
Solid oxide (SOFC) Y|ttr_|a Anode reaction: Bl,+ @ - H,0+ ¢
Stablized
Zirconia 600-1000 °C

Cathode reaction:O, + & - Q@

Alkaline fuel cells use a solution of potassium foydde in water as the electrolyte and a
variety of non precious metals as a catalyst atahede and cathode. The concentration of
potassium hydroxide can be varied with the fudl @gérating temperature. The charge carriers for

an AFC are the hydroxyl ions (Oblthat migrates from the cathode to the anode avtiery react
with hydrogen to produce water and electrons. Wetened at the anode migrates back to the
cathode to regenerate hydroxyl ions (Table 1). Gimeent densities for an alkaline fuel cell of
same active area and electrolyte thickness opgratin80 °C temperature with a diffusion
coefficient of 0,1210°cn?S* are shown in figure 2.

In direct methanol fuel cells (DMFC), takectrolyte is a polymer and the charge carriers
are the hydrogen ions. However, the liquid meth&86l;0H) is oxidized in the presence of water
at the anode generating gydrogen ions and electrons. The hydrogen icmgeliing through
the electrolyte react with oxygen from air and tbge with electrons travelling through the
external circuit, form water at the anode compbetime circuit (Table 1). The current densities for
the direct methanol fuel cell of same active ared alectrolyte thickness operating at 80 °C
temperature are shown in figure 2. These are |thaer the other fuel cell types.
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Figure 3: Curent density verses potential  Figure 4: Cuwrrent density verses potential
difference for PAFC at 170°C difference for SOFC at 700°C

The solid oxide fuel cell (SOFC) is thighest temperature fuel cell that can operate over
a wide temperature range between 600 °C to 1000rR€.electrolyte uses in SOFC is a thin
solid ceramic material (solid oxide). The chargeriees, oxygen ions conducted through the
electrolyte combine with hydrogen at the anodeasatey four electrons. The electrons travel
through an external circuit providing electric povaed producing by product water.

The current densities for SOFC of samBveacarea and electrolyte thickness with
operating at 700 °C temperature with a diffusionfficient of 0,110° cn?S* are shown in
figure 4. The current is less compared to othel ¢edls due to smaller diffusion coefficient of
oxygen ions and larger molar volume caused by hitgraperature. The current density can be
increased bydecreasing the thickness of the membran

3. CELL POTENTIAL

The electrochemical energy conversiba,conversion of the free energy associated with
a chemical reaction directly into electrical eneigya measure of the maximum electrical work
Wee that a system can perform at a constant temperand pressure. This is given by the
negative change in Gibbs free enétgyG. This relation is valid at any constant tempe@md
pressure for most fuel cell systems. The standarersible cell potential can be written as

A AH -TA
W, = -AG = —nFE, = E =-28=_ >
nF nF

(4)

whereH is the enthalpyT is the absolute temperatui®js the entropyn is the number of moles
of electrons transferred per mol of fuel consunfers, the Faraday’s constant (96,485 coulombs
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per mole of electrons) arff is the standard reversible voltage. Since the gdam entropy is
negative, the open circuit output voltage decreasts increasing temperature. For a chemical
reactionaA + bB - cC + dD the change in Gibbs free energy between the ptedund reactants
can be written as

AG =cG, +dG, —aG, -bG, 5)
Often it is advantageous to operate & da# above atmospheric pressures. The typical

pressure range used for fuel cells is atmosphaesspre to 6 or 7 bars. For the reaction
considered, the change in Gibbs free energy wigggure can be obtain by Nernst equation

o313 /3(3]] o
I:)O I:)O I:)O I:)O

whereP is the partial pressure of the reactant or prodpeties, anB is the reference pressure.
For the hydrogen-oxygen fuel cell reaction, therseequation read

G = G, +RTIn(R, xR°/R,) (1)

2

Then the cell potential as a function of temperaand partial pressure of reactants is
0.5
AH -TAS R, XR
E (T,P) = (—j+RT In| 22 (8)
nk Fio
The maximum electrical energy output] #me potential difference between the cathode

and anode is achieved when the fuel cell is opegainder the thermodynamically reversible
condition. Therefore the maximum possible cell ptigd is the reversible cell potential.

4. POLERIZATION LOSSES

In practice the open circuit potentiasignificantly lower than the theoretical potentiaile
to losses in the fuel cell even when no externalett is generated. There are three main losses,
activation polarizationVae, ohmic polarizatiorVonmic and concentration polarizatiofione. The
irreversible voltage los¥ie, 0ccurring at the fuel cell is

\/irrev = (Vact +Vohmic +Vconc) (9)

The voltage overpotential required t@m@ome the energy barrier for the electrochemical
reaction, called activation polarization [10] mea&su the catalyst effectiveness at a given
temperature. This can be derived from the Butldrdr equation as

= I+, :i{—exp(—%g]+ exp{%ﬂ'ﬁ”ﬂ 10)
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where I and I, are cathodic and anodic current densities respgtiand i, is the reaction
exchange current density, andaa are the charge transfer coefficients at the catlzodl anode
describing the amount of electrical energy applieathanging the rate of the electro chemical
reaction,n is the number of exchange protons per mole oftaedcands is the activation
overpotential term. Assuming thathas a higher negative value, ilg>> 14, an expression for the
activation overpotential can be obtained as

RT i
AV,, =n =-——In| — (12)
na.F l,

For a fuel cell operating at &D°
temperature with a transfer coeffici o —
of 0.5 activation losses for differe F__,.lﬂf————y‘——"_::::s_
exchange currentare shown in figui = ol — e[ |
5. For the same fuel cell with 107 k=t
exchange current density of 30 E os N =
A@m?, activation losses for differe : Vel
transfer coefficients are shown E”{ 107
Figure 6. The variation in thectivatior § .l T
overpotential for small currer <
densities is large indicating that o 107
activation overpotentialdominates ' —1
low current density values. . /

FOI’ |al'ge eXChange curre o o1 0.2 0.3 0.4 I!I.E. o6 0.7 0.5 0.5 1
densities the system has insignific Current Density (Alom’)
activation overpotential. The excha Figure 5: Activation loss as a function of
current can be viewed as an “ic current density
current for charge exchange across
interface. If only a small net curren 04 —
drawn from the fuel cell, only a ti 035 :3ﬁ3-
overpoential will be required to obte 0d A s
it. If a net current is required ti 03 '__‘_,_..-r‘
exceeds the exchange current, %m ] L —
system has to be driven to deliver Ly 2
charge at the required rate, and this §" / P B T
only be achieved by applying %m et ] -
significant overpotential. This is < / f,——r“—'—"‘_"_—
measure of the system’s ability e
deliver a net current with significe 00
energy loss. When the trans
coefficient is low, the activatic %087 0z 03 @4 05 06 a7 08 03
overpotential is large for any partict Current Density (Alcm’)
net current (figure 6). If the trans Figure 6: Activation loss as a function of
coefficient is large, the system Iwi transfer coefficient

supply large currents with sm
activation overpotential.
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Brery material has an intrinsic resistance
charge flow causing an ohmic polarization, w|
results in a loss in cell voltage called Ohmic |
This loss due to the electroni®fg and ionic Rinic)
fuel cell resistances can be written as

Vohmic = IRohmic = I(&Iec + Ronic) (12)
lonic resistance represents the ionic resistandie
electrolyte while electronic resistance includes
total electrical resistance of all her conductiv
components, including the bipolar plates,
interconnects and contacts. The largest ohmic
occurs during the transport of ions through
membraneThis resistance strongly depending or
membrane water content is described by
parameterA

= 0.043+ 17.8f, - 39.98 + 36

where ¢, is the membrane relative humidityate|
uptake results in membrane swelling, which che
the membrane thickness along with its conduci
[3].

Therefore the resistance of the memt
changes with water saturation and thickr
Therefore the ionic resistaride given by

_T dz i)
- (0.005139(2) - 0.00326!28W3034T)

parametet,, is the membrane thickness ah
temperature of the membrane. The denominator
the ionic conductivitys correlated to wateconten
and temperature.

Fuel cell's electrode electronic resistance ce
written as,

—_ 2><|d

Rie (15)

Ty

wherely is the diffusion layer thickness awmg is the
diffusion layer electronic conductivity.
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For a polymer exchange fuel cell witNafion membrane of 50n thicknessoperating at
80 °C, the water content across the membrane wamassas\(z) = 5 + 2&°%2 The conductivity
o(z) = 0.0411 + 0.00188¥7|ead to a resistance of 0.07662Q&8m?. This value depends on the
temperature. With the increase in temperature odidty increases and the resistance per unit
area in the membrane reduces. For the same fugbbsalic losses for current densities are shown
in figure 7. The ohmic loss increases with curgrisity linearly.

Concentration polarization occurs due thearease in the concentration of the reactants at
the electrode-electrolyte interface. A steady symflthe reactants is required at the electrode-
electrolyte interface to maintain the flow of elextcurrent. Due to diffusion or convection
problems in the electrolyte, the concentrationhef teactants is not maintained at the initial level
Reaction product accumulation can also cause dilubioreactants. The concentration gradient
thus formed, causes a drop in electrode activityg #me terminal voltage is reduced. The
concentration overpotential is

V =——In|1-— (16) S NN SRS SN SN S S N
|

o

t .
H b 1
i et e
1 H i T
i i
H |
H |
RS SN R
3 T v
. | :
T i H
4. i

H
i
H
1

]
ko am

where i. represents the limitir
current density which describes
maximum current density that ¢
flow out from the electrode of a f
cell.

A fuel cell operating
temperatie 60 °C was consider =
with the assumption that [limiti
current densityi() was 1.5 Acrif.

The concentration polarizat
in terms of current density is sho
in figure 8. @ncentratio
polarization dominates at higl
current density values.

A polarization curve due to
three losses is shown in figure 9.

(5]
-

e
H H H
H H H

H
in

S voltage Vo)
= k::

Figwre 107 Sunulared data for the pelarization
curve at 60°C

5. SIMULATING POLARIZATION AND POWER CURRES

An expression for output voltage in terms of terapae and partial pressure was obtain as

V =V, -V

irrev
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V(i) = —(ﬁ}RTIn o Fo, R In[_i—]—ﬂln[l—_i—j—i(&e+Ronic) 17)

nF Fio naF (1, ) nF I

0

whereV,e is the reversible (maximum) voltage of the fuel.a&lfuel cell with an active area of 10
cnf at a temperature of 600 °C with= 0,5, { = 1,5 Acm? and j = 10° Aecm? was considered.

The membrane humidity was taken as 1@8%the partial pressures of hydrogen, oxygen
and water as 0.9951(Pa, 0.60610Pa and 0.389f0Pa respectively. Using these values, a
polarization curve was simulated (figure 10). Sinlce figure indicates the existence of a non
linear relationship between the current density #ired output voltage, a cubic polynomial was
fitted to the data (Figure 11). In order to chelok validity of the fitted model normal probability
plot was used. The relationship between the cumensity and the output voltage described by
this cubic fit model is given by

V(i) =1.005- 0.584%i+ 0.895i’- 0.539° ( )8

For the same fuel cell, us

equation 18, a power curve Wi s prrpg - 55::::::::::::::::::::::F’%?%*?’?*‘?::;;%
simulated. This is shown in figure . - o
When current density of the fuel c fi

increases, power delivered from the s RS 1
cell increases reaching a maximum v. LSRR g
before decreasingA cubic polynomie £ o
was fitted to the data set (Figure 12) g
the validity of the fitted model w g
checked by a normal probability pl some-y g

The relationship between the curi g

density and the power of a fuel « B S S U S
described by the cubic fit model is/gn Cuprem density

by Figure 12 Figed cubie curve and actuad dam for

the power curve at 680°C

P(i) = 0.524 + 3.937/7 +
10.931/47 —7.406 [i* (19)

The maximum power for this fi
cell was 8.45 Wdelivered at a curre
density of 1.23 Aci. This represen

Ontpust voltage (Vo s}

82% of the maximum loading. %i
The corresponding output voltage o 2L

for the maximum power was 0.693 V. . .m.m._é__,.m._.\..éﬂ.mmﬁ.m.émn........g.............:f...,........,;n... :

this loading value, fuel cell losses 0 S Bttt N I S S

around 45%. Therefore, only 55% of *‘*-‘-*”"""?“"”E‘“‘""“E'""""‘?"'"*?w-wi'"-"-"é-"

theoretical power will be available. T “ATTTRE ek ee s 1 s3 i

maximum power obtained from fitting Current denity (Aem

cubic model was 8.246 W. Figiwe 13- Polarization curves for 60°C, 80°C

amd 100°C
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While keeping all the other parameters constargraipg temperature of the fuel cell was
changed and the effects on the polarization cuneepwer curve are shown in figure 13 and 14
respectively. These plots show that increase ihdel's operating temperature cause increase in
fuel cell's output voltage and power output. TaBlgives the maximum power and maximum
power current density variations with temperatéddhough the maximum power increases with
temperature, they occur almost around the samertuttensity value of 1.2@m?>.

Table 2: Maximum power and maximum power current densfoeslifferent temperature values

Temperature (° C)

Maximum power (W)

Maximum power
current density (ABm®)

60 8.45 1.23
80 9.02 1.24
100 9.27 1.25

While keeping the fuel cell temperature6ét °C and other parameters constant, partial
pressures of 5 O, and HO taken to be equal were varied as, 1P and 10 Pa. The resulting
power curves are shown in Figure 15. Table 3 pteghe maximum power and maximum power
current densities for different pressure values.pastial pressures of reactants were increased
maximum power also increased although the variatidess than the effect due to temperature.

Powar (tats)

: E : : :
i f i Lea =X 3 DR 13 .3 14
Current densibty (Alcm )

Figure 15: Power curve for 107 Pa, 10° Pa
and 107 Pa pressures at 60°C

Current den sty iaﬁs‘cm%}

Figure 14 Power curves for 60°C, 80°C and
100°C
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Table 3. Maximum power and maximum power current densiteslifferent pressure values.

Pressure (Pa) Maximum Maximum power
power (W) current density (A/cm?)
Low pressure 10 8.33 1.23
Middle pressure 10 8.54 1.23
High pressure 10 8.74 1.24

6. CONCLUSION

Under static electrolyte conditions, aditke fuel cells (AFC) are the best fuel cells for
higher current applications while direct methanatlfcells (DMFC) are the best fuel cells for
lower current applications operating at lower terapges. If the current is calculated under
dynamic condition of an electrolyte, transfer afiscdue to the motion of the electrolyte has to be
included. At lower current density values activatfmlarization dominated while at higher current
density values, concentration polarization domitialéhe voltage loss through the membrane was
considered only as ohmic losses. To decrease the limsses through the membrane, either the
membrane needs to become more conductive or thdoraammust be made thinner. It is usually
easier to make the membrane thinner because dawglaphigh conductivity electrolyte is very
challenging. The material must not only be hightnductive but also stable in a chemical
environment and able to withstand the required delitemperatures.

The equation for water content in thembeane presented is applicable only for Nafion. If
other type of electrolyte is employed as the memdaréghen the equations may need to be altered
to suit the chemistry. Fuel cell electrochemicalctens resulted in theoretical cell potential of
1.229 V. Due to the polarization losses the achaéntial in operation is lower than 1 V and
required powers of KW scale. In order to obtaincaver of this order, the electrical current
generated must be higher than 1000 A. Such a durcend be generated only with a large active
area (>1000cR). Therefore the active area of the fuel cell mhsstincreased which require very
thick cables between the fuel cell and a load toimmize the resistive losses. A more practical
solution is to have multiple cells, electricallynccted in series.

For the simulated fuel cell, operating@ °C temperature, 100% membrane humidity with
an active area of 10énthe maximunpower was 8.45 W at a current density of 1.23 Acm
representing 82% of the maximum loading. The cpweding output voltage for the maximum
power was 0.693 V with fuel cell losses around 43¥%e variation of maximum power between
simulated and the fitted model was 0.208W. Theatiam can be reduced by using a higher order
function, but the model become complex. When theperature was increased by one third from
its original value (60 °C to 80 °C), while keeping) ather parameters constant maximum power
value was increased by 0.571 W. This is a 6.75%eas®e of its original value. In applications with
high power fuel cells these percentages may reptr@ssver variations in range of several kW. By
keeping the temperature constant at 60 °C, whemppressure of reactants was increased by 10
times, maximum power value was increased by 2.43%.
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