4. Performance characterization of fuel cell systems
(Mench, ch. 4b)

1. Polarizationcurve

2. Activation polarization

3. Ohmicpolarization

4. Concentratiompolarization
5. Otherpolarizationlosses
6. Polarizationcurvemodel



(Mench, ch. 2)
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A:Anode current collector
B: Anode flow channels

C: Anode catalyst layer (CL)
D:Close-up of anode CL
E:Electrolyte

F:Cathode catalyst layer
G:Cathode flow channels
H:Cathode current collector

Figure 2.9 Generic fuel cell.




3. Region II: ohmic polarization

-At moderate current densities, a primarily linear region (Region Il
Y reduction in voltage isddom
through the fuel cell, resulting in the nearly linear behavior, althou

activation and concentration polarization in this region are still
present
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Figure 4.1 Typical polarization curve for fuel cell with significant kinetic, ohmic, concentration,
and crossover potential losses.



-Ohmicpolarization

d, = 1A(xry)
each r,: areaspecific resistanceof individual cell components,
Including ionic resistanceof the electrolyte, electric resistanceof
bipolarplatescell interconnectsgontactresistancdetweerparts

-For most fuel cell at the beginning of operating life, ohmic
polarization is dominated by ionic conductivity in the main
electrolyteandin the catalystlayers

(1) Electronicandionic resistance

Oh mawV =IR =IAR

Resistivity | = RA/l =q In
Conductivity 0 =1/} =1/q lm=S/m
V =iAl/GA =il/G =i}



Table 4.3 Typical Conductivity/Resistivity Values for Selected Fuel Cell Materials

Typical Bulk
Through-Plane Typical

Component Conductivity o; oro,  Thickness Functional Dependencies

PEFC electrolyte o; = 10 S/m (hydrated) 50-200 pm Temperature, water content

SOFC electrolyte o; =1-10 S/m 10-300 pm Temperature, dopants
(>800°C) (conductivity through oxygen

vacancies)

AFC electrolyte o; on order of 1-100 0.5-2.0 mm Ion concentration, temperature,
S/m at operating charge number on ion, dielectric
temperature constant of solution, mobility,

viscosity, degree of ion
dissociation, other liquids

MCEFC electrolyte o, on orderof 1-100  0.5-2.0 mm See AFC electrolyte
S/m at operating
temperature

PAFC electrolyte o ; on order of 1-100 0.5-2.0 mm See AFC electrolyte
S/m at operating
temperature

PEFC bipolar plate  o; = 5000-20,000 S/m 2-4 mmeach  Oxide film (corrosion), materials,

(graphite) coatings
PEFC gas diffusion o; = 10,000 S/m 100-300 pm  Approximately constant
layer (GDL) (much less in plane)
PEFC catalyst layer ~1-5S/m 5-30 um Morphology, Nafion and carbon

Contact resistances
for cell

Total cell resistance
(based on active
cell area)

Very low if built well;
resistance ~30
mQ-cm?

Total resistance < 100

m&2-cm?

Not available,
use area as
contact area

Not available,
use cell
superficial
active area

loading, age

Compression, pressure,
temperature, age (corrosion),
number of cycles, and others,
current collector total landing
area

See above




-Critical factors governinghmiclosses in a fuel cell
(a) Material conductivity
(b) Material thickness

Example 4.6 Estimate Total Fuel Cell Resistance

Given the experimental polarization data for a SOFC a7 @@m
[13], estimate the ionic resistance of the electrolyte. Is this a
maximum or a minimum value for the actual ohmic resistance of t

electrolyte?



(i) Contact resistance
Rcontact(Q) = Vloss/ 1A contact
A..niaet CONtact area between two surfaces
(a) State of contact surface,
(b) Compression pressure from current collector onto electrode or
diffusion media
(c) Tolerance and flatness of individual fuel cell bipolar plates

Example 4.7 Cell Ohmic Loss Limiting Current Calculation
Consider an ideal PEFC with only the ionic ohmic losses in the
electrolyte and catalyst layers. Ignore kinetic, electronic, and othel
losses for this problem.The OCV is 1.0V, and the electrolyte
conductivity U0e is 8.3 S/m. T
40% ionomer equivalent and 30 pm thick. Consider two cases: (a
The el ectrolyte i s Nayon 112,
electrolyte i s Nayon 117, whi
Find the maximum current density that each electrolyte can suppao
ignoring other polarizations besides ohmic losses.



(i) Cell assembly

-beyond design point Y plastic
-presence of liquid water does not influence the contact resistance
since pure water is nonconductive

Example 4.8 Equivalent Ohmic Loss Thermal Network
Draw an equivalent ionic resistance network for a single PEFC.



Example 4.9 Resistance Calculation

Consider a PEFC operating at 0.6 V, 1 A7cmith 500 cm active
area el ect r odemelecthgty antha gtaphite ( 5
current collectorareused,withBm-thick current collection plates, a
200-um GDL on the anode, and a 3t GDL on the cathode. The
catalyst layers are 10 um thick on the anode and 20 um on the
cathode and can be approximated as 0.3 fraction ionomer on the
anode and 0.35 fraction ionomer on the cathode. The electrolyte
lonic conductivity can be assumed to be 8.3 S/m. The landing to
channel area ratio is 1 : 2, and the measured total contact resistar
is 30 ngy €m?

( a) E sg thema@tage losq from resistance. (b) Estimate the
percentage of total potential power wasted due to ohmic losses at
this condition if §, =1.25 V.



4. Region lll: concentration polarization
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Figure 4.1 Typical polarization curve for fuel cell with significant kinetic, ohmic, concentration,
and crossover potential losses.

-a reduction in the reactant surface concentration, which reduces

thermodynamic voltage from the Nernst equation and the exchar
current density from the Butl&folmer equation



-Transport of reactant Fipian

-a rate of transport of reactant

1A
<

ﬁconsumed —-— T ’;ltrans ort
nkF R

ieaction sites ¥ =K

Y concentration prolsapiepegetecgagome

-Restriction of the rate of transport to the electrode
(@gasphase diffusion |1 mitation
(b) liquid-phase accumulation and pore blockage limitation: in PEF
liguid water accumulation and pore blockage in the pores of the
el ectrolyte, diffusion medi a,
(c) build-up inert gases: as,@onsumed in cathode ,khole
fracti ony Y -layesrestrittingbeaationd a r y

(d) Surface blockage by impurity coverage: CO poisoning



§% e 48y
lo = 1o ref (“5) =1 (—C—*> & (431)

-from a combination of the thermodynamic(Nernst) and exchange
current density dependency (eq.4.31), the voltage adjustment as ¢
result of the hange in oxygen concentration from the reference
value(1 atm) on the cathode

3
RuT CO s :ll/z R,T Co "oy
AV, - In Z, Ll 2,8
s,ref oF [Coz,ref c 5 F n [ f:' (4.81)

0,,1e

2. oxygen reduction reaction order with respect jgpartial
pressure at constant overpotential (0.6~0.75 for PEFC)

-assume—~0.75 AP L R;T m[ s ]

C02 ,ref

Y 47 mV gain I'n potential Lftor ol
pure oxygen at 353K

-On the anode, AV, = BT m[ Chy.s ] i L [ Crs ]”’2 4.83)
2F CHz,I‘Cf F CHz,ref

reaction order from hydrogen: 0.25~1



-In practice, the anode hydrogen concentration effect is often negl
for several reasons

(a) Diffusivity of hydrogen is much more rapid than oxygen, espec
In higher T fuel cells, so that transport limitation is rare.

(b) HOR kinetics are facile compared to the cathode so that the ce
polarization typically dominates

(c) In PEFC, liquid blockage(electrode flooding) occurs more
frequently on the cathode
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Figure 4.34 Schematic of channel flow suction into catalyst layer of fuel cell.

-At higher current densities, the mass transport limitations can red
the concentration of the reactants at the catalyst surface to well be
the flow field channel concentration and cause a sharp decline in t
out put voltage Y mas sd,)¢RegonHnt



-\Voltage at an electrode for concentration changes in reactant R fr
some state 2 to state 1

R.T o
AVCZ“CI — nC prmt VC2 > VC] = (n + },)F ln [Ci’ Tj' (4.84‘)
55

-masslimiting current density ()

assume the surface concentratigh(s zero at the limiting state and
decreases linearly from state 1 to state 2

i ]
Crs2=Cprs1— CR,s,l;.'I' =1 [1 = ;1-] (4.85)

which we can plug into Eq. (4.84) and show that

R, T ]
AVe, ¢, =1y = — In|1-—— 4.86
Va6 == o SF n[ i,] die)

If we assume the reaction occurs only at the catalyst layer interface, which is true for
high-current-density mass-transport-limited reactions, and we neglect kinetic effects, we
are left with the Nernst equation at each electrode:

R, T ]
i il [1 . f—] (4.87)
nF i
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Figure 4.35 Comparison of concentration polarization predicted with Nemst equation and that
predicted with semiempirical modification with B factor of 0.05 V at 353 K and i; = 2.5 A/cm?.

-Semiempirical approac

it o [1 2 ;’_] (4.88)
I

Therefore, the total concentration polarization of the fuel cell can be written as

Mma + e = —Bg In [1 = .i] —B.In {1 = J—] (4.89)

l.a llc

Anode loss typically negligible for a hydrogen field



Example 4.11 Determine Concentration Polarization

Given the anodic magsansport limited current density is 15 A/€m
and the cathode matmnsporilimited current density is 2.5 A/ctn
determine the anode and cathode concentration polarization at 0.
and 1.0 A/cm. Assume the B factor is 0.045V on both electrodes a
Eqg.(4.88) is appropriate and is determined fromcyrmve o f s
polarization curves.



Alternate Empirical Approach Another completely empirical approach to describe the
overall fuel cell concentration polarization has been proposed [18-20]:

Nm = m exp (ni) (4.90)

If this equation is used, the constants m and » are typically fit from several polarization
curves, and the total (anode + cathode) concentration polarization is included in this single
expression. According to [20], typical values of the m constant are around 3 x 107> V,
and the n constant is around 8 x 107> cm?/mA for a PEFC. Although this expression
completely loses physical meaning, it can be used to simply model the complex fuel cell
stack mass transport limitations if plentiful polarization curve data are available.

Flow Stoichiometry Until now, we have discussed the flow into a fuel cell and not
explored the fact that the concentration of reactant is depleted inside the fuel cell from con-
sumption of reactant. Flow comes into a fuel cell with a molar flow rate of reactant shown in
Chapter 2:

Rin = A— (4.91)

The reactant consumed can be determined from Faraday’s law:

1A
Aconsumed = ;1_F— (492)

Therefore the amount of reactant out of a fuel cell is

A
’;lin = ’;lconsumed = ()\. = 1) 'l— (493)
nF



5. Region |V: other polarization losses
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Figure 4.1 Typical polarization curve for fuel cell with significant kinetic, ohmic, concentration,
and crossover potential losses.

-the departure from the theoretical OCV

(a) Electrical short circuits in the fuel cell

(b) Crossover of reactants through the electrolyte and subsequet
mixed-potential rxn at the opposite electrode



(1) Electrical shorts

-current is short circuited through the electrolyte

transference number)(tthe ratio of electrolyte ionic conductivities
to the total conducti vity (1¢cC
the electrolyte)

(i) Species crossover

-0.2 V loss at the open circuit in PEFC = ~20% efficiency loss
-DMFC(direct methanol FC) Y I
readily crossover Y actual OC
-PEFC: anode Y negligible oxy
ORR kinetics). Catbordes Yownemgtl
rxn & lowered OCV

n"—D— 4.97)
ox



