Available online at www.sciencedirect.com JOURRAL OF

ccience (@oinecrs POWER
@ SOURGES

www_.elsevier.com/locate /jpowsour

tas
ELSEVIER Journal of Power Sources 141 (2005) 47-64

Analysis and design of PEM fuel cells

V. Mishra, F. Yang, R. Pitchumahi

Advanced Materials and Technologies Laboratory, Department of Mechanical Engineering, University of Connecticut, Storrs, CT 06269-3139, USA

Received 20 July 2004; received in revised form 29 August 2004; accepted 29 August 2004
Available online 5 November 2004

Abstract

This paper presents a detailed numerical investigation of the transport and electrochemical phenomena involved during the operation of a
single proton exchange membrane (PEM) fuel cell on reformate feed with a view to developing optimal design and operating conditions. A
one-dimensional non-isothermal model, validated with experimental data, is utilized to evaluate the fuel cell performance over a wide range
of design and operating parameters that affect the thermal response and water management. Based on a systematic parametric analysis on tt
various physical and electrochemical phenomena, feasible operating regimes and optimal design conditions are identified with the objective
of maximizing the power density subject to constraints. Overall, this paper illustrates a methodology for using physics-based models for cell
design and optimization.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction parameters may be identified, namely the operating parame-
ters, e.g., temperature, pressure, reactant stoichiometry, and

Proton exchange membrane (PEM) fuel cells are promis- gas composition, and design parameters, e.g., thickness of
ing power-generation sources for mobile and stationary ap- cell components, electrode porosity, and platinum catalyst
plications. In a typical PEM fuel cell, a polymer membrane is loading.
inserted between an anode and a cathode electrode to forma Water and thermal management are critical to the overall
membrane electrode assembly (MEA), which is further sand- cell performancd2—7]. To maintain ionic conductivity, the
wiched between two bipolar plates housing the flow channel, membrane in a PEM fuel cell requires adequate humidifi-
as shown irFig. L A thin catalyst layer exists between each cation, which raises the critical issue of water management.
of electrodes and the membrane, referred to as the anode an®uring practical operation of fuel cells, both the gas streams
cathode catalyst layer, respectively. The advantages of PEMare humidified to ensure the proper membrane hydration.
fuel cells include the ability to provide high current densities However, excessive water will accumulate in the electrode
at relatively low operating temperature and pressure, quick pores and result in the electrode flooding, which degrades the
start-up, and pollution-free operatift]. The high costand  cell performance by preventing the reactants from reaching
low reliability of fuel cells, however, are the limiting factors the catalyst sites. In general, higher operating temperature is
for their widespread commercialization. A good understand- desirable due to decreased mass transport limitations and in-
ing of the effects of the design and operating conditions on creased electrochemical reaction rates; at the same time, high
the voltage losses is required to reduce the capital cost andemperatures may lead to increased mass transport losses due
improve the reliability. Accordingly, two major groups of to the increase in water vapor pressure. A careful design of
the cell and its operating parameters is therefore imperative
to balance such competing constraints.

In the last decade, efforts on modeling and computer sim-
ulation of PEM fuel cells have been directed towards bet-
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Nomenclature

Greek symbols

active reaction area per unit volumg
(cm?cm3)

back-to-forward CO adsorption ratio (atm)
back-to-forward H adsorption ratio (atm)
molar concentration of speciegmol cm2)
specific heat at constant pressure for speicig
(Imortk-1

diffusivity of species in membrane (crhis™1)
diffusivity of specied in specieg (cm?s™1)
electrode porosity

cell potential difference (V)

Faradays constant, 96 487 (C mbj
enthalpy of vaporization (J¢)

catalyst layer membrane phase current densg
(Acm=2)

catalyst layer solid-phase current densi
(Acm™2)

exchange current density (A crf)

operating current density (A cm)

total reaction rate (A cr)

reaction rate of speciégA cm=3)

electrode forward CO adsorption rate timés 2
(Acm—2atm1)

electrode forward bladsorption rate timesR2
(Acm~2atm™1)

hydraulic permeability (cH)

characteristic length scale (cm)

catalyst loading (g cr?)

molar flux of species (molcm2s™1)
pressure (atm)

anode pressure (atm)

universal gas constant 8.314 (J mbK 1)
entropy change (J¢ K1)

Sherwood number

catalyst thickness (cm)

electrode thickness (cm)

membrane thickness (cm)

temperature (K)

molar mass of speciégg mol~1)

position coordinate along the cell thickness
mole fraction of specieis

apparent transfer coefficient for anodic reac
tion

apparent transfer coefficient for cathodic reag
tion

membrane expansion coefficient
electro-osmotic drag coefficient

thermal conductivity (W cm K—1)

membrane hydration coefficient (moles of wx
ter per mole charge sites)

(7]

ity

13-4
1

w viscosity (gcntls™1)

om membrane phase potential (V)
Os solid-phase potential (V)

o electronic conductivity@—tcm=1)
01 hydrogen coverage

04 CO coverage

w; mass source for speciegg cni—3)
Subscripts

an anode

ca cathode

cat catalyst

el electrode

g gas

I liquid

me membrane

ref reference

Superscripts

eff effective

[ boundary i

ter understanding of the cell operation and performance.
Bernardi and Verbrugg@8,9] and Springer et al[10,11]
studied the steady-state isothermal operation of PEM fuel
cells using a one-dimensional model, and assuming perfect
membrane hydration. Baschuk and [ll2] studied the ef-
fects of variant degree of water flooding in the cathode elec-
trode/catalyst layer on the overall cell performance using a
steady-state one-dimensional approach. Their study demon-
strated that flooding has a significant impact on cell perfor-
mance. Rowe and l[13] performed a complete study on the
water and thermal management on PEM fuel cells using a
steady-state one-dimensional approach, and prescribed wa-
ter vapor mole flux at the interfaces of electrodes and catalyst
layers.

Atwo-dimensional model of transport phenomenain PEM
fuel cells was presented by Gurau et[a#l], and the effects
of oxygen and water vapor mole fraction distribution on the
cell performance were illustrated. Um et H5] proposed
a transient, single-phase two-dimensional model for electro-
chemical and transport processes in a PEM fuel cell. The heat
management was neglected by assuming isothermal opera-
tion. Amphlett et al[16,17] studied the transient response
of a fuel cell stack by performing a global heat and mass
balance analysis, while ignoring the details of electrochemi-
cal phenomenainside the cell. A two-dimensional isothermal
model was developed by Wang et |I8] to study the two-
phase flow and transport in the cathode side. The liquid wa-
ter formation and its effects on the reaction rate and species
transport were analyzed. You and Ljii9] and You[20]
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Fig. 1. Schematic illustration of a PEM fuel cell.

presented a two-dimensional steady-state isothermal modekection, the transport model from Rowe and13] and the
which couples the flow species, potential and current density electrochemical kinetics model from Springer etfal] are
distributions in an individual fuel cell. Although the two- combined to predict the performance of a PEM fuel cell oper-
phase flow was restricted to the cathode electrode, the studyating on reformate feed. The model considers the five distinct
shows that the incorporation of two-phase flow in the model is regions between the flow channels, as shown schematically
essential. in Fig. L The cellis considered to be operating at steady state,
While modeling of the individual transport and electro- and since the primary aim of the study is to present a method-
chemical phenomena has been reported collectively in theology for design and optimization of cells using physics-
literature and provides insight on fuel cell operation, a sys- based models, the discussion is limited to a one-dimensional
tematic study to quantitatively determine the optimal condi- modeling in the direction along the cell thickness. The mod-
tions from physics-based models is lacking. In view of this, eling further includes the effects of carbon monoxide (CO)
a methodology for model-based design and optimization is poisoning of the catalysts, as is prevalent in fuel cells oper-
presented for the first time based on the systematic parametating on a reformate feed, but is often neglected in fuel cell
ric studies and consideration of a few illustrative constraints modeling. The governing equations for the electrode, cata-
on cell operation. The model adopted in the present studylyst and membrane regions are presented in the following
combines the transport model from Rowe anll3] and the sections.
CO poisoning kinetics from Springer et §1], as briefly
presented in the next section. The numerical model, vali-
dated with the available experimental and numerical results 2.1. Electrodes
in the literature, is used to conduct a parametric exploration
in terms of the operating and design parameters. Based on Fuel cell electrodes are typically made of porous carbon
the parametric studies and specified constraints on the maxi{aper or cloth, which serves to transfer the reactant species
mum allowable temperature difference, maximum allowable and to conduct electrical current. The mathematical model
cell voltage and minimum desirable membrane hydration, iS obtained by considering the conservation of the species,
operating windows are identified on the current density as amomentum and energy. Since the viscous force and pres-
function of the various parameters. sure gradient are assumed to be zero in the electrode regions,
the solution of the one-dimensional steady-state momentum
equation yields constant velocity of the feeding gas mixtures.
Following the development by Rowe and[lLB], the govern-
ing equations may be written as

2. Mathematical model

Tointroduce the methodology for model-based design and
optimization of a PEM fuel cell, a physical model for the Species : @i (1)
transport and electrochemical phenomena is needed. In this X Wi
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@7 2(M—H) — 2H" +2e +2M (6)
. eff
Energy : —k 2 + [Z NiWicpi + N W3CP>|:|

; H20 + (M—CO) — M + CO, + 2H" 4 2¢~ (7)

2
x d_T + hyapwz — % =0 (2) The bidirectional arrow ifEq. (4) indicates that a free carbon
dx o monoxide molecule may be adsorbed to a vacant catalyst site,

where the subscriptdenotes the ideal gas specie®/; the M, to form a CO molecule inthe adsorbed state;(30); ina

molar flux in thex-direction inFig. 1, w; the mass source term, ~ reverse process, the adsorbed CO molecule may be desorbed
W; the molecular weighk ™ the effective thermal conductiv-  to yield a free CO and a vacant site. Similarly, a hydrogen
ity, T the temperatures,, ; the specific heat at constant pres- molecule may experience a reversible chemisorption process
sure,N; the molar flux of liquid waterkyap the enthalpy of with two vacant catalyst sites to form two adsorbed hydrogen
vaporization for watei, the current density;®" the effective ~ atoms. The two processes Eys. (6) and (y generate the
electrical conductivity and the summatidn; is performed current corresponding to the electrochemical ox!datlon of the
with respect to all the gas species in the mixture. adsorbed hydrogen atoms and carbon monoxide molecule,
In this study, the feed streams are considered to be refor-respectively. Clearly, the CO anciholecules compete with
mate fuel at the anode side and humidified air at the cathode®ach other for the vacant catalyst sites, and high concentration

side. Hence, the gas speciese defined as & O,, 2 = Ny, of CO in the fuel may prevent the adsorption of the hydrogen
3 = Ho0(g) (i.e., water vapor) for the cathode electrode; and Molecules, leading to the so-called CO poisoning effect.
1 =H,, 2= COy, 3= H»0(g) and 4= CO for the anode In this section, the subscript notation for the species in-

electrode. Note that the inclusion of the CO species in the Volved in the anode catalyst layer isslHz, 2=H", 3=
modeling forms the primary distinction of the present model H20(l), 4 = CO, 5= CO;, and that for the cathode catalyst
relative to that reported by Rowe and[l3]. Since no elec-  1ayer is 1= 0z, 2= H*, 3= H20(l). The governing equa-
trochemical reaction occurs in the electrode regions, the masdions for the various electrochemical and transport processes
source termw; is nonzero only for the water vapor species aré derived by the application of conservation laws for the
i = 3. Evidently,Eq. (1) indicates that the molar flux for the ~ SPecies and energy, along with the Bulter-Volmer equation
species @, N2, Ha, CO; and CO are constants. To solve the for the electrochemical reactions, the Nernst—Planck equa-
water vapor flux N, the mass source termy (correspond- tion for the flux of aqueous species in the membrane, and the
ing to the vaporization/condensation of the water species) Ohm’s law for electron transfer in the solid.

is determined in terms of the temperature and species con-

centrationxs, which, in turn, is determined by the Stefan— 5 5 1 Anode catalyst layer

Maxwell equatior{13]. Furthermore, the electrical potential The conservation equations of species and energy in the

in the electrode in the electrode solik, is calculated by the e catalystlayer accountfor the electrochemical reactions
Ohm’s law, and the unknowns in the electrode regionare ot cO and H as follows:

N3, x3 and ®s.
: dNy Jji(x)
SpeciesH : —_— =— 8
2.2. Catalyst layers P H dx 2F ®
Catalyst layers are considered to be a mixture of mem- SpeciesH : % - d’_m = j1(x) + ja(x) (9)
brane, platinum catalyst (solid) and void space in this study. dx dx
Electrochemical reactions in the catalyst regions are coupled dNs ja(x)
with the transport of mass and energy, resulting in a potential Species HO(l) : & = oF (10)
gradient across the cell. The overall half-cell electrochemical
reaction in the cathode catalyst layer may be writtef1 8! ] dn. i
sty Y ag SpeciesCO : E‘l = —142(x) (12)
Op + 4H™ + 46~ —> 2H,0(l) 3) F
_ . dNs  ja(x)
where the oxygen species and the electrons from the cathodeSpecies CQ: — = 12)
electrode region react with the protons from the membrane dx 2F
region to form liquid water. For a PEM fuel cell operating )
on reformate feed at the anode, the electrochemical reaction _ et &7 S
in the anode catalyst layer involve the competing adsorption‘lQEnergy ' k a2 ._123:_5 NicpiWi
processes of CO andoHand are represented by the four =
rocesses expressed in the following equat[@n: dr J1+ Jja
p p g equat[@dg x o o (T AS)

CO+M < (M—CO) @) ,

Ho + 2M < 2(M—H) (5) = (j1+ ja)(Ps — Pm) + K’% (13)



V. Mishra et al. / Journal of Power Sources 141 (2005) 47-64

where the reaction rateg(x) and js(x) for Hx and CO, re-
spectively, may be given by the Butler—Volmer equation as
k) = aiBefel% [eXp(Og (s — q>m)>

— exp<_g;F (Ps — cDm)>] (14)
ja(x) = ai68f04% [exp(%(@s - cbm)>

. exp<_:;F (D5 — q>m)>] (15)

The parametet, is the catalyst layer membrane phase cur-
rent density, which is related to the proton molar fli¥y, via

the Faraday constarft, asim = FN2. Inthe energy equation,
Eq. (13, AS is the entropy change for the cathode reaction,
@5 and @, are the electrical potential in the catalyst solid
phase and catalyst membrane phase, respectivelyx®nd
is the effective electrical conductivity of the membrane. The
reaction ratesji(x) and j4(x), depend on the catalyst reac-
tive surface area per unit volume, the reference exchange
current densityiBEf, at the reference oxygen concentration,

cief, the fuel concentrations; andc4, and the transfer co-

efficientsa, andoc. Depending on the characteristics of the

51
Table 1
Kinetic parameters for the electrochemical reactions of CO
bico (atm) 15x 1078
b (atm) Q5
kec (Acm™2) 1x10°8
ken (Acm—2) 4.0
ke (Acm~2atm 1) 10
knh (Acm~2atm 1) 4000
3(AGco)/RT 7.8
8(AEw)/RT 4.6

dissociative adsorption near CO-occupied catalyst site. Since
the species bland CO exhibit different adsorption/desorption
kinetics, with the CO following a more complex Temkin ki-
netics, the values af{AGco) andS(A Ew) are different, as
seen inTable 1 [21]

The six conservation equations for the anode catalyst
layer, Egs. (8)—(13, introduce four additional unknowns,
namelyci, ca, @s and @y, which, in turn, are determined
by the Nernst—Planck equation and Ohm’s If8]. Note
that 10 unknowns are involved in the anode catalyst region:
N1, im» N3, Na, Ns, T, c1, c4, D, and &s. The governing
equations for the cathode catalyst layer follow those given
by Rowe and L{13], and are not repeated here for brevity.

2.3. Membrane

The membrane of a PEM fuel cell is generally made of a

half-cell reactions and the material properties of the catalyst
layers, the transfer coefficients, andac, take on distinct  perflourosulfonate polymer, which acts as a proton conductor
values, each in a range between 0 and 1. Following Rowe When saturated with water. Based on the model assumptions,
and Li[13], both transfer coefficients are taken to be unity only two species are present in the membrane region, i.e., the
in this study, which yields an approximate Tafel slope of 70 liquid water and the proton. Since no chemical reaction takes
mV decadel. place in the membrane, the species conservation indicates
Since both CO and Hare oxidized to produce H the constant fluxes for both species. The flux of water is deter-
species equation for proton flukg. (9, includes the sum  mined by the net effect of electro-osmotic drag, diffusion due
of j1(x) and js(x). The species consumption/generation in to concentration gradient and convection due to pressure gra-
the electrochemical reaction of carbon monoxide is repre- dient. The flux of protons is described by the Nernst-Planck
sented byEgs. (10)—(12 In the energy equatiorq. (13, equation, which is further rearranged to be in the form of the
the summatior)_ includes four non-ionic species, and the membrane potential in this study. The conservation equations
sum ji(x) + j2(x) is also introduced for the overall anode of energy and species in the membrane region f&aHd
electrochemical reaction involvingaind CO. Note that the

2 2

reaction ratg (x) is proportional to the coverage of hydrogen Energy : _eff d_z + E( N W) = 'm (18)

molecules@s, which is defined as the fraction of the catalyst dx dx K

reactive surface area covered by the adsorbed hydrogen. Sim- .

ilarly, the reaction rate of the CO species is considered to be pyiantia -~ 09m _ _im | (RT ( 3 ) di

proportional to the CO coverag,, and CO concentration dx K F \1+451/ dx

c41n Eg. (19. Considering the adsorption, desorption and re- F /1

action processes iaqgs. (4)—(7, the coveragé; andd, may +— (X) N (19)

be obtained from a kinetic analysis for mass bald2dég o

kicxap(1 — 04 — 01) — bicktcOs — ja =0 (16) H,0 flux : Ni = —Dy da mem, kp (d_p) L nal

kinx1p(L — 64 — 61)2 — binki62 — j1 =0 (17) d pde) o F
(20)

where the CO adsorption-to-desorption ratig, is a func-
tion of the free energy variatiof(A G co), for the CO adsorp-
tion/desorption process, ang Hdsorption rates,, depends
on the change in activation energyAEy), for hydrogen

where the subscript | denotes the liquid water spetidise
specific enthalpy the proton conductivity of the membrane,
8 the membrane expansion coefficiehthe membrane hy-



52 V. Mishra et al. / Journal of Power Sources 141 (2005) 47-64

dration, Dy the diffusion coefficient for liquid water in the  Table 2
membrane¢T®™ the volume fraction of water in the mem- ~ Base case model parameters

brane kp the hydraulic permeability of the membranethe Cell temperaturelc (K) 3530
viscosity of liquid water andq the electro-osmotic drag co- ~ Anode pressurey, (atm) 30
efficient. Egs. (18)—(2Dare solved for the three unknowns: ﬁ?ﬁﬂf;d;gifhﬁfﬂgﬁfm) f g
T, &y and Ny, and the readers are referred to Rowe and Li cahode Stoichiometr}c 30
[13] for the values of various physical properties involved.  Relative humidity, RH 100
The governing equations formulated $®ctions 2.1-2.3  Electrode thicknesse (n.m) 200
are solved with the following boundary conditions specified Catalystlayer thicknesgy (.m) 7
at the inlets of the anode and cathode electrodes (i.e., at tht{\foelrn?g:::t?;kgf;?;E)‘:gl)e o catal 180
; e o yst laye, 0.45
points a and f inFig. 1): temperature, composition of the  \gume fraction of solid in catalyst layes 05
reactant gas mixtures, pressure and flow rate in terms of Anode dry gas mole fraction (GZH>) 0.0
stoichiometry. It must be pointed out that the water vapor Cathode dry gas mole fraction ¢hD) 376
flux, N3, could be calculated by considering the condensa- Reversible potentialkos (V) 1.199
tion/vaporization processes in the porous electrode regions.ézgfoed”e’gi,e(fg;':m,)e,) 30008 0095
However, due to the difficulty in solving two-phase flow i 11ermal Cé’nductivity electrodee (Wem L K-1) 0.026
the porous media, the values &g at the electrode/catalyst  Thermal conductivity of dry membrankme (W cm1 K1) 0.00673
interfaces, i.e., points b and e, are set to be 10% of the corre-Thermal conductivity of watek,, (W cm~1K=1) 0.0024
sponding flux of the reactant mixture, as suggested by Rowe(S fe)/L (cm?) 20000

and Li[13] for convenience. An algorithm developed by Fan

and White[22] was implemented to predict the polarization o

curve, temperature distribution, species concentration andR€call that the CO species is adsorbed on the catalyst sur-
flux under various operating conditions. The physical proper- face, blocking the electrochemical reaction of the hydrogen

ties and kinetic data adopted in the simulations are availablefU€l- Consequently, smaller cell potential is seen for a fixed
in Refs.[13,21] value of current density when CO concentration increases

from O to 250 ppm irFig. 2 The limiting current density for

the three cases with CO poisoning effects reduces to around
3. Results and discussion 0.6 AcnT 2, due to the high coverage of CO species and low

partial pressure of the hydrogen at the catalyst layer/anode

The validation of the current model is first examined nterface. Note thata sharp drop¢e is observed between

through comparison with numerical and experimental results / = 0-2 and 0.4A.crrT2 for the case of 100 ppm CO concen-
in the literature. Using the parameter combination for the tratlon._ For the h|ghesF CQ_ concentration _con5|dered in this
base case listed ifable 2 the predicted polarization curve ~ StudY; i-€., 250 ppm, significant loss Bte is observed as
is compared to the numerical results from Rowe anfLBi 1 > 0.1. Overal!, the model pred|ct|ons showgood agreement
in Fig. 2for the case of pure hydrogen at 3 atm as fuel. In the Wlth the numen_cal and e_xperlmental results in the_llterature.
figure, the line corresponds to the present simulation resuIts,Th'S forms areliable basis for the use of the numerical model
while the discrete circle markers denote numerical predic-
tion by Rowe and Li. The results of the model in this paper
are seen to be in good agreement with those of Rowe and Li
for the range of current density considered. The cell poten-
tial decreases monotonically with increasing current density,
owing to increased ohmic loss in the membrane, and activa- =
tion and concentration losses in the catalyst regions. When
the current density increases to around 1.0 Aénthe con-
centration polarization becomes dominant due to the limita-
tion of mass transport rate. The partial pressure of oxygen i
at the catalyst layer/cathode interface approaches zero when= 041

Present Simulation

1.0 O Rowe and Li [13]
O Springer et al. [21]

cell

Potential, E

e b b e b

I = 1.1 Acm 2, which is taken as the limiting current den- O i
sity for this case. 021

Fig. 2also compares the polarization curve prediction with i
experimental data from Springer et 1] for a PEM fuel - L.
cell operated on reformate feed with three CO concentra- 00 01 02 03 04 05 06 07 08
tions. In addition toTable 2 the kinetic parameters used in Current Density, | [A/cm’]

the calculation for the electrochemical reactions of CO are _. — ) . )
Fig. 2. Validation of the present model with numerical result of Rowe and Li

given mTabl_e 1 Ag?ln, gOOd agreemer_lt is observed between [13] and experimental data of Springer et[2ll] for the CO concentrations
the model simulations and the experimental measurements;gentified.
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in conducting the parametric studies discussed in the remain-to the anode catalyst layer. However, the mutual diffusivities
der of this section. of the oxygen in the humidified air mixture are small, lead-
For better understanding of the transport and electrochem-ing to relatively large-o, gradient in the cathode, as seen in
ical processes involved, it is illustrative to first examine the Fig. 3(a). Note that the positive gradient @b, corresponds
distributions of the species concentration and flux, tempera-to the oxygen flux from the cathode electrode to the cath-
ture and potential across the fuel cell thickness. To this end, ode catalyst layer. Increase in the current density calls for the
Figs. 3 and dresent the variables of interest as functions of increase in the feed stream fluxes, which, in turn, is respon-
the locationx within the cell at three current densities. The sible for the increase in the gradientscef, andcn, in the
values of the parameters adopte#ig. 3are listed inTable 2 electrodes by virtue of the Stefan—Maxwell equation. Due to
Fig. 3(a) shows the influence of current density on the con- the electrochemical reactions, the concentrations of both re-
centration distribution of the species Hnd Q. For the case  actants drop to zero in the catalyst layers. Since the reactions
considered, the species in the anode electrode are the hydroeccur only in the inlet portion of the catalyst layers in this
gen and water vapor, which corresponds to a relatively large case, the thickness of both catalyst layers may be reduced to
value of diffusivity for H [13]. Thus, the Stefan—Maxwell  save the precious catalyst metal.
equation indicates that a small concentration gradient,of H The distribution of water vapor concentration in terms
is needed in the porous anode to maintain the hydrogen fluxof relative humidity (RH) is presented ifrig. 3(b).
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Fig. 4. Profiles of (a) hydrogen and oxygen concentrationsandco,, (b) relative humidity, RH, (c) water vapor flutjy g, (d) liquid water flux,Ny,|, (€)
temperature difference\T and (f) potentialg, across the cell thickness at three current densities. The shaded regions denote the catalyst layers, and the results
correspond tgp, = 1 atm, and the other parameters are givehahles 1 and 2

Recall that the total pressure in the electrodes is assumedwith increasingx is observed in the cathode catalyst layer,
to be constant; therefore, the concentration of the water va-owing to the electrochemical reaction that generates liquid
por increases towards the catalyst layer/electrode interfacesvater in the region. Since the water fluxes are assumed to be
to balance the corresponding decreases in reactant concentrgroportional to the corresponding reactant mixture fiL&g,

tions inFig. 3(a). For higher current density, the water vapor both Ny, g and Ny, | increase with increasing current density
concentration near the catalyst layer/electrode interfaces bedin the electrode regions. The same assumption is responsi-
comes higher, whichis instrumental for membrane hydration. ble for the discontinuity ofvy,| at the interface of catalyst

The values of relative humidity are greater than Eign 3(b), layer/anode electrode, and a more accurate model account-
indicating that water condensation occurs in both electrode ing for the two-phase flow in the porous media needs to be
regions. incorporated in a future work.

Fig. 3(c) and (d) shows the flux distribution of water va- The temperature profile§; — T¢, across the entire cell
por and liquid water, respectively, across the cell. Becauseare shown inFig. 3e) for the base case conditions given
of the above-mentioned condensation procégsg (Nw,) in Table 2 Linear variations are observed in the anode and

decreases (increases) monotonically witim the electrode  cathode electrodes, indicating that heat transport in the re-
regions. Note that water vapor is present only in the electrodegion is predominantly through conduction with negligible
regions, while liquid water exists throughout the cell. In the heat generation from resistive heating. It is seen that a small
membrane region, an increase in current density leads to in-temperature rise (<0.2 K) is achieved whiea: 0.3 Acm™2.
crease in osmotic drag, which, in turn, results in increase in With increasing current density, relatively larger tempera-
the liquid water flux. Rapid increase of the liquid water flux ture rise (about 1.1K for the case pt= 1.3 Acm~2) and
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highly nonlinear profiles are observed in the membrane re- overpotential in the anode catalyst region is seen to increase
gion, owing to the Joule heating from the ionic current. Since with the increase in CO concentration, and large voltage loss
multiple cells are stacked together in typical application, the is observed when ppm CO equal to 100. Note that the ohmic
seemingly small temperature rise within a single cell and the loss in the membrane is invariant with respect to the CO con-
temperature jump across the cell interface caused by con-centration.
tact resistance may accumulate, thereby causing a problem With the overview of the transport and electrochemical
of thermal management. processes illustrated iRigs. 3 and 4the model is further
Fig. 3(f) shows the electrical potential profiles along the used in a parametric study to evaluate the performance of the
cellthickness. A value of 1.19 V is set as the reference poten-fuel cell over a wide range of design and operation condi-
tial at the inlet of the anode electrode, i.e., point &ig. 1 tions. In this study, four quantities, namely the cell potential,
The overpotential in the electrodes is negligible, owing to the Ece, the power densityp, the maximum temperature rise,
high electrical conductivity of the electrode material. Signif- A Tmax and the minimum hydratioky,in, are adopted to eval-
icant activation loss and ohmic loss are seen in the catalystuate the overall fuel cell performance. It must be mentioned
layers and the membrane region, respectively. It must be men-that the minimum hydration,mn, is determined by the water
tioned that the anode activation loss is much larger comparedvapor activity at the membrane/anode catalyst interfa8g
tothe resultsinthe literature (e.f21]), whichmay be caused  Systematic parametric runs are performed to calculate the
by a relatively slow hydrogen electrochemical reaction rate four performance quantities as functions of the parameters
adopted in this study. Note that uncertainties exist for the involved in the model, and relevant results that are instru-
value of the reaction rates since the value of some model pa-mental to design and operating optimization are presented in
rameters (e.gcrlef in Eq. (19) are not well documented in  the remainder of this section. The parameters selected in the
the literature. Furthermore, the polarizations increase with presentation are classified into two categories: (1) the operat-
increasing current density, resulting in lower cell voltage as ing parameters—current densityCO concentration in ppm,
shown inFig. 2(a)—(d). cell temperaturel;, anode pressurgg, and relative humid-
Following the presentation format iRig. 3, Fig. 4a)— ity at anode, RH and (ll) the design parameters—platinum
(f) illustrates the effects of CO concentration on the dis- loading,nc pt, membrane thicknessye, and porosity of the
tribution of the variables of interest at a current density electrodes.. The range of values of the operating and design
I =05Acm2, and the parameter combination given in parameters in the parametric study are chosen based on those
Tables 2 and 1As seen previously ifrig. 3a), the con- commonly used in the literatudd,8,9,13,21] The results

centration gradient of pin the anode electrode Fg. 4(a) from the parametric study are used for developing operating
is smaller than that of & due to the larger diffusivity of  and design windows based on the maximization of the power
H> in the anode gas mixture. A small decreasergf in density subject to practical constraints.

the anode electrode is observed with increasing CO concen- Fig. 5a)—(d) presents the performance quantities as func-
tration since the total pressure remains constant, whjle tions of the current density, for different values of CO con-
on the cathode side is independent of the CO concentrationcentration. InFig. 5a), the cell potential Ece, decreases
on the anode side. IRig. 4(b), the relative humidity in the = monotonically with increasingfor fixed ppm CO and with
anode electrode shows small decrease with increasing CQncreasing ppm CO for fixed current density, as previously
concentration, which may be explained by the reduction of seen inFig. 2 When the ppm CG- 50, the limiting current
water vapor diffusivity due to the presence of the CO species. density is observed to be reduced to around 0.6 Agrand
Again, the CO concentration in the anode electrode exerts nothe corresponding cell potential reduces to a low value of
influence on the relative humidity in the cathode electrode. 0.2 V.Fig. 5b) shows the power density, as a function of
The water vapor flux profile iRig. 4(c) remains fixed with the current densityl, and ppm CO. Since the power density
respect to CO concentration, owing to the previously men- P is defined as the product of the cell potential and current
tioned assumption that the water vapor flux is proportional to density,P initially increases with increasinig for fixed CO
the flux of the reactant mixture (or current densifiy. 4(d) concentration ifrig. 5(b). With further increase in the current
shows that liquid water flux is independent of the CO con- density, the power density may decrease due to smaller cell
centration, except in the anode catalyst region. A decrease inpotential, leading to the formation of peaks for the cases of
liquid water flux in the anode catalyst region is observed with ppm CO=< 50. When ppm CQ> 100, the drop of the cell po-
increasing CO concentration, which is due to the increasedtential is not significant in the vicinity of the limiting current
consumption of liquid water during the electrochemical reac- density, and no power density peak is observed. For a fixed
tion denoted byEq. 7. Since higher CO concentration leads value of current density? decreases monotonically with in-
to larger concentration and activation losses in the catalystcreasing CO concentration, owing to smaller cell potential
region, the temperature profile ig. 4(e) shows largertem-  caused by the CO poisoning effect.
perature difference with increasing ppm CO. When the CO  The maximum temperature difference in the cAllnax,
concentration increases from 10 to 25 ppm, slight increaseand the minimum hydration in the membrakg;n, are shown
of T — T¢ is seen, while relatively large increase ®f- T; as functions ofl and CO ppm irFig. 5c) and (d), respec-
occurs as ppm CO increases further to 100im 4(f), the tively. The maximum temperature difference is seen to in-
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crease monotonically with increasing current density, owing hanced mass transport losses. Consequently, the cell voltage
to more Joule heating in the membrane region at lafger is seen to slightly decrease Asincreases to 363 K.
For fixed value of current density, the increase in CO con-  Fig. 6(b) presents the power densiB, as a function of
centration leads to higher overpotential in the catalyst region, the current density, and the operating temperatu#g, The
which, inturn, is responsible for the increase\ifinax. Since effect of the operating temperature on the power density is
the membrane hydration depends primarily on the concentra-similar to that on the cell potential, i.6?,increases initially
tion of the water speciegmin is seen to remain a constant with increasingl, and starts to decrease whn= 363 K.
value of 14 for the range of current density and CO con- The maximum temperature differenceHig. 6(c) decreases
centration considered iRig. 5d). The membrane material asT7. increases from 293 to 353 K, owing to the decreased
is in a well-hydrated state with high ionic conductivity as losses mentioned above; a slight increas& Tiy,ax is caused
Amin > 14. by the increased transport losses wiga- 363 K. The mini-
Following the presentation format Fig. 5, Figs. 6-8il- mum hydration in the membraniayn, is shown as a function
lustrate the effects of the other operating parameters on theof | for different values oflt in Fig. 6(d). For fixed value of
performance quantities. IRig. 6a), a range of operating T, Amin IS Seen to decrease monotonically with increasjng
temperatureT;, between 293 and 363 K is chosen for typical which may be attributed to the loss of the water species at the
PEM fuel cell operation. For fixed value @t, the cell po- anode catalyst/membrane interface caused by the increased
tential Ece decreases monotonically with increasing current osmotic drag effect. The decrease.jp, is more pronounced
density, as seen previouslykigs. 2-5 The cell potential in- at lower temperatures, since water species cannot be effec-
creases when the operating temperature increases from 293 ttively transferred to the membrane due to reduced diffusiv-
353K, which may be explained by the reduced losses in theities with temperature. The minimum hydration is seen to
cell. The ionic conductivity increases with increasing tem- increase monotonically with the operating temperature for
perature, leading to smaller resistive loss in the membrane.fixed values of, owing to increased water vapor pressure at
Thetransportlosses are also reduced since the diffusivities in-higher temperatures.
creases with increasirfy. Furthermore, the activation loss in The effects of the anode pressure on the performance quan-
the catalyst layer is smaller at higher operating temperaturestities are shown inFig. 7(a)—(d). A non-monotonic trend
[13]. However, further increase in operating temperature may is again observed ifig. 7(a) for the relation between the
cause increased partial water vapor pressure, leading to eneell potential, Ec¢;, and the anode pressurgs. When pa
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increases from 1 to 3atm, higher partial pressure (or con- Since PEM fuel cells operated under conditions of low
centration) of hydrogen is present at the anode catalyst layertemperature, high current density and high pressure are prone
leading to reduced concentration loss or higher cell potential. to membrane dehydration at the anode side, the anode feed
Further increase ip, results in reduced water vapor diffu-  stream is always humidified with water vapbig. 8(a)—(d)
sivity, which causes lower membrane hydration. The higher presents the effect of the relative humidity in the anode feed
ohmic loss in the membrane, in turn, contributes to the lower stream, RH, on the performance quantities of the fuel cell.
cell potential. Overall, the influence @f on the cell poten- In Fig. 8@), the cell potential increases monotonically with
tial is not as significant as that of the operating temperature increasing RH, on account of improved hydration and re-
in Fig. 6(a), for the range of parameters considered in this duced ohmic losses. No apparent improvement in cell poten-
study. tial is observed when Riincreases from 1.0 to 1.1, which
Fig. 7(b) shows a similar dependence of the power den- may be explained by the fact that the supersaturated water
sity on the anode pressupg, i.e., a maximal value oP vapor (RH, = 1.1) will quickly be condensed in the anode
is achieved at a moderate pressure. The maximum temperaelectrode, and the actual water vapor concentration in the
ture difference A Tmax, is shown as a function of the current anode catalyst layer is equivalent to the case of, RHL.O.
density,l, at different values of anode pressurdAig. 7(c). Similarly, the power density increases monotonically with
With increasing anode pressupg, the potential losses first  increasing RH, as shown irFig. 8b). The maximum tem-
decrease, leading to the decreasaifinax Since less heatis  perature difference iRig. 8(c) decreases with increasing an-
generated from the losses. Further increage iresults in in- ode relative humidity, on account of increased hydration and
creased losses, which corresponds to the increas&jay at reduced Joule heating in the membrane region. Relatively
relatively largerp,. The variation of temperature, however, is  small variation of the temperature (<0.2 K) is observed for
observed to be within 0.1 K for the rangegf. The minimum the wide range of Rilconsidered. The minimum hydration,
hydration, Amin, presented irFig. 7(d) shows a decreasing Amin, presented irfrig. 8d) shows monotonic increase with
trend with increasing anode pressure, owing to the reducedincreasing RH, as physically expected. However, no change
water vapor diffusivity. The dehydration of the membrane is of Ay is observed with increasirdor a fixed value of RH.
apparent at higher anode pressure and current density, and a It is evident from the parametric effects presented in
range ofAmin from 14 to 10 is observed iRig. 7(d). Figs. 6-8that increasing the operating temperature can gen-
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erally reduce ohmic, transport and activation losses. How-
ever, excessive increase T leads to higher water vapor
pressure, which, in turn, results in enhanced transport loss.

Higher anode pressure may decrease the transport loss, how-
ever, membrane dehydration may also occur due to decreased

water vapor diffusivity. Using humidified feed stream is fa-

vorable to the membrane hydration, while the accompanying
water condensation may cause flooding of the electrodes. An
optimization of these operating parameters is therefore nec-

essary to determine operating regimes that carefully balance

these competing considerations. In this study, the objective of
the optimization problem is considered to be that of maximiz-
ing the power density, subject to constraints on the maximum
temperature difference, the minimum membrane hydration,
and the maximum cell potential as explained below. The goal
of the optimization problem is to develop the ranges of fea-
sible current densityl, as function of the other operation
parameters.

The optimization scheme considered in this study serves
as an illustrative example to introduce the methodology for
using physics-based models for cell design and optimization.
Based on other operational considerations, alternative opti-
mization problems with different objective function and con-
straints may be solved following the methodology outlined
in this study. The roles of the three constraints in deciding
the bounds on the operating windows are as follows:

59
e Since the current density decreases with increasing cell
potential, the size and the capital cost of the fuel cell sys-
tem increase for the higher cell potential. The cell poten-
tial must therefore have a upper bouiti;, determined
based on the capital cost consideration. Low cell potential
will reduce the efficiency, leading to higher operating cost.
Thus, the cell potential must also have a lower bound deter-
mined from the efficiency consideration. The cell potential
decreases with increasingconsequently, the constraint
on the upper bound of cell potential formosver bound

on the current density. The constraint on the lower bound
of cell potential merely provides an additional upper bound
on the current density, and is not included in the present
optimization scheme for the purpose of conciseness.

The region bounded between the lower bound and the
smaller of the two upper bounds on the current density con-
stitutes the operating window for the fuel cell based on the
three constraints. The optimum current density variation is
one that lies within the operating window and maximizes the
power density.

The optimization problem may be written mathematically
as

e The consideration of membrane degradation requires that

the maximum temperature ris& Tmax, must be lower than

a critical value,ATgjt. Since ATmax increases with in-
creasing current density, the constraint on the maximum
temperature corresponds to apper boundon the cur-
rent density. It must be pointed out that the present one-
dimensional model can only predict the across-the-cell
temperature rise, which is significantly lower than the in-
cell temperature rise from the reactant inlet to the outlet.
A future work may introduce the in-cell temperature rise
constraint by adopting a two- or three-dimensional fuel
cell model in the optimization study.

Maximize P (21)
subject to:

ATmax — ATgit < 0 (22)
Amin — Acrit > O (23)
Ecell — Ecrit <0 (24)

where the critical values in this study are chosemdg;i =
10K, Agiit = 14 andEqit = 0.75 V.

Based on the parametric study showrFig. 6, the con-
struction of an example operating window on the current den-
sity, I, is illustrated inFig. 9(a) as a function of the operating
temperatureT;. Corresponding to the constraint on the max-
imum allowable temperature, shown by the thick straight line
in Fig. 6(c), the upper limits of the current density for differ-

The membrane hydration is calculated as the ratio of the ent values of’. are indicated by the solid line AB ifig. 9a).
number of water molecules to the number of charge sites Similarly, the long-dashed line CD and the chain-dashed line
in the membrane, and continuously changes from 0 for a EF inFig. 9a) are determined based on the constraints on the
completely dry state to a typical value of 16.8 for a fully minimum membrane hydration and the maximum cell po-

hydrated stat§l0,11] Since the ionic conductivity of the

tential, shown irFig. 6(d) and (a), respectively. The shaded

membrane material increases with increasing membraHEregion in Fig. qa), enclosed among the three constraints,

hydration, the minimum hydration in the membrahgin,
must therefore be larger than a lower limi;. Since

is identified as the operating window. Values of the current
density that lie inside the operating window will ensure that

the membrane hydration decreases with increasing cur-the maximum temperature difference, the minimum mem-
rent density, the constraint on the minimum membrane brane hydration and the maximum cell potential are within

hydration represents a secamgper bouncbn the current  the prescribed limits that correlate to desired overall cell per-
density. Note that alternatively, the hydration requirement formance.

may be posed as an equality constraint g being equal While satisfying the specified constraints is a necessary
to the fully hydrated value. The results presented in this condition, maximizing the power density simultaneously is

study, however, are based on the inequality constraint onimperative for affordable fuel cells with small size. The vari-

Amin- ation of the peak value of the power density with(shown
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— isfies all the specified constraints. The constrained optimum
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- x in ] current density variation with the operating temperature is in-
1'4: -B— Emax=0.75V --)(--Pm

x o — — dicated in the plot by the thick solid line. Since the constraints
0N Amin andEmax cannot be satisfied simultaneously wign

is less than 333 K, neither a feasible operating window nor an
optimal solution exist fofl < 333 K. The constrained solu-
tion in Fig. 9(a) indicates that operating conditions for fuel
cell systems in practice mostly correspond to off-peak values
of power density.

Following the foregoing procedure, operating windows
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(@) Operating Temperature, T_[K] or the other operating parameters as well, and the results

for the anode pressure and the anode relative humidity are
1o presented ifFig. 9(b) and (c), respectively. IRig. Yb), the

: E optimal solution follows the unconstrained optimum current

] density profile forpy < 3.4atm. In the interval 3l atm<
--------- N pa < 5.0 atm, the unconstrained optimum resides above the
upper bound corresponding to thegi, constraint, and the up-

] per bound constitutes the constrained optimal solution. When
E pa > 5atm, no current density value exists that satisfies both
the Amin and Emax constraints, which suggests that the fuel
cell should not be operated with anode pressure higher than

; s Pt 5.0 atm for the given parameter combination. Corresponding
" 0 12 11 to the decrease in the optimum current density, the power
b) Anode Pressure, p_[atm] d(_ens_lty (not _shown ifrig. 9(b)) also d.ecreases S|gn|f|c_antly
with increasing anode pressure, which may be explained by
18— the fact that higher pressure reduces the species diffusivities,
_ 1.4f ] leading to larger concentration losses. The decrease in power
“g 1 of density at higher anode pressures was also reported by Rowe
< o and Li[13].
2 1 In Fig. 9c), the optimal solution exists when the relative
2 08 humidity is greater than 0.9. When RH 0.9, the membrane
% 0.6} hydration may become small to violate thgj, constraint,
2 o4f or the cell potential may be high enough to violate g
3 0.2t constraint, leading to poor performance ofthe cell. The results
oof.‘,m.m_‘ e indicate that the anode feed stream needs to be sufficiently
03 04 05 06 07 08 09 1.0 1.1 hydrated, as physically expected.
©) Anode Relative Humidity, RH_ The results presented so far pertain to the effects of the op-

erating parameters on the performance of the fuel cell, which
Fig. 9. Operating windows as functions of (a) operating temperature, (b) are mstrumental io Fhe derl,vatlon of op.tlmum operating con-
anode pressure and (c) relative humidity. ditions. It is further illustrative to examine the effects of the

design parameters to gain insight into the optimum design of
by the thick solid curve irFig. 6(b)) is plotted as the short-  the fuel cell, and the corresponding results are presented in
dashed line GH ifrig. 9(a). This line represents the uncon- Figs. 10—13Platinum catalyst loading is a critical parameter
strained current density as a function of operating temper- that governs the available sites for the electrochemical reac-
ature, T¢, required for maximizing the power density. The tions. The dependence of the polarization curve on the cath-
superposition of the unconstrained solution on the process-ode platinum loadingy:c pt, is illustrated inFig. 10 When
ing window is used to identify the optimal variation of the mc pt increases from 0.32 to 3.00 mg cf the cell poten-
current density as a function of the operating temperature sotial is observed to have relatively large improvement (about
as to maximize the power densiy, It is seen inFig. 9a) 0.1V for all the current density values considered), owing
that in the region Gl, since the unconstrained current density to the increased reaction area. Further increasecip; to
values for maximizing the power density fall above the upper 8.00 mgcn12 only yields weak increase in the cell potential,
bound corresponding to the,in constraint, the upper bound indicating that an optimum platinum loading may be deter-
constitutes the constrained optimal solution. In the segmentmined by simultaneously evaluating the increases in perfor-
between | and H, the unconstrained optimum current density mance and cost. The power densityrig. 10(b) shows a sim-
profile passes within the feasible window, and as a result, sat-ilar increasing pattern with increasing p, as physically ex-
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pected. With increasing platinum loading, the activation loss Fig. 12b) shows monotonic increase with increasiggand
decreases, leading to monotonic decrease in the maximumagain, larger increases are observed at large values of cur-
temperature difference, as showrFig. 10(c). Since the hy- rent density. The maximum temperature different@ax,
dration is governed by the water specieg, is observedto  increases as the electrode porosity increases, which may be
have no obvious effect okin. attributed to the increasing Joule heating in the high-porosity
Fig. 11(a)-(d) presents the effect of the membrane electrode regionKig. 12c)). The minimum hydration in
thickness, e, On the four performance quantities. The Fig. 12d) remains fairly independent of the electrode poros-
increase in the membrane thickness results in the decreaséy and the current density. However, for the case= 0.6,
in cell potential in Fig. 11(a), owing to the increased a slight decrease ihmin is observed with increasing current
membrane resistivity. Similarly, the power density decreasesdensity,l.
monotonically with increasingye, as shown irFig. 11(b). Again, following the procedure irFig. 9, operating
With the increase imme, the Joule heating in the membrane windows and optimal solution of the current density are
region increases monotonically, resulting in the increased obtained for the design parametergept, fme and ee as
ATmax in Fig. 11(c). For the parameter combinations in depicted inFig. 13a)—(c), respectively. IrFig. 13a), the
Fig. 11(d), the minimum hydratiom.min, is observed to be  optimum solution line follows the unconstrained optimum
independent ofme. The thicknesses of the electrode and current density profile formep < 1.6 mg cn?. When
catalyst layers show similar effect as thatgg, and the mept = 1.6 Mg cnT2, the unconstrained optimum solution
corresponding results are omitted here for brevity. exceeds the upper bound corresponding to thEyax
The effect of the electrode porositg, on the polarization  constraint, and the upper bound denotes the constrained
curve is shown irFig. 12a). Due to smaller mass transport optimal solution. For the entire range of platinum loading
loss at larger electrode porosity, the cell potential is seen considered, the optimum solution of current density exists
to increase monotonically with increasiag For the cases  and only slightly varies between 1.15 and 1.25 A¢niThe
with high current densityl(> 0.9 Acm~2), the mass trans-  unconstrained optimal solution line Fig. 13b) is observed
port loss constitutes a large portion of the total loss; thus, to be close to the two upper bounds, and the optimum
the increase ime leads to relatively large increase in cell po- current density has relatively small variation (between
tential, as seen iRig. 1a). Similarly, the power density in ~ 1.15 and 1.30Acm?) with respect to the membrane
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Fig. 13. Operating windows as functions of (a) cathode platinum loading,
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thickness. However, the optimum power density (not shown

the operating windows presented are specific to the constraint
values chosen, other constraints may be incorporated follow-
ing the approach outlined. Note that the optimum solutions in
Figs. 9 and 1a&re obtained by changing one of the operating
or design parameters while fixing the values of the remain-
ing ones. These specific solutions determine the values of the
current density that maximize the power density for the par-
ticular parameter combination chosen for the study. Optimum
parameter combinations will be reported in a future work by
coupling the present model with numerical optimization pro-
cedurg23].

4. Conclusions

A comprehensive one-dimensional steady-state model for
a single fuel cell operated with reformate fuel is presented,
and a systematic parametric investigation is conducted over
a wide range of the fuel cell operating and design conditions.
Using the process simulation results, optimum current den-
sity is obtained for the first time as a function of various op-
erating and design parameters. For the specific optimization
scheme and parameter combinations adopted, it is found that
higher operating temperatufg and anode relative humidity
RHa, and lower anode pressupg are required to maximize
the power density. The optimum current density does not
have significant change with the two design parameters con-
sidered in the study, i.e., the platinum loading,, and the
membrane thicknessye. With the increase in the electrode
porosity, the temperature difference and the membrane hydra-
tion may become limiting factors to the cell power density.
The results provide direct usable information for optimum
operating and design of PEM fuel cells. The methodology
for determining the operating windows and optimum design
configurations may be readily applied to other constraints and
cell design specifications.
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