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We propose an integrated modeling and optimization framework including detailed
computational fluid dynamics based models and polymer electrolyte membrane fuel cell
(PEMFC) systems. As an illustration, a multidimensional, multiphysics PEMFC model is
constructed that accounts for major transport processes in the gas channels and the
membrane electrode assembly. The resulting system of highly nonlinear partial differen-
tial-algebraic equations is fully discretized using a finite volume method, and the result-
ing large-scale nonlinear program is linked to a state-of-the-art interior point optimiza-
tion algorithm. The framework is used for solving challenging parameter estimation
problems resulting from incorporation of multiple experimental data points. Also, para-
metric studies are performed on detailed water transport mechanisms and distribution
characteristics, and on overall system performance. Our proposed framework provides a
robust and fast solution methodology, and is planned for modeling extensions and
addressing other critical issues in PEMFC technology that require large-scale simula-
tions. © 2008 American Institute of Chemical Engineers AIChE J, 54: 2089-2100, 2008
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Introduction

In the past two decades, research and development activities
for commercialization of polymer electrolyte membrane
(PEM) fuel cell (FC) systems have increased rapidly as a
potential power source for portable electronic devices, auto-
motive systems, and power plant applications. Compared with
conventional battery systems, the advantages of these systems
are high operating efficiency, near-zero greenhouse emissions,
operation on renewable fuels, reliable operation, and nearly
instantaneous rechargeable capabilities. Also, there is tremen-
dous interest in the technology because of recent “quantum
jumps” in the membrane electrode assembly (MEA), the
region most critical to PEMFC performance. In spite of these
developments, several design and operation-related challenges
need to be overcome before the commercial entry of PEMFCs.
These issues can be addressed through an optimization prob-
lem with an objective of maximizing the power density and
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minimizing the cost, for a given durability. Solving this prob-
lem requires repeated experiments that may be expensive and
time consuming as there are numerous degrees of freedoms in
the system. With a plethora of parameters to be optimized and
conditions to be satisfied, theoretical modeling is bound to
play a pivotal role in achieving the objective.

Theoretical modeling in PEMFC systems is a complex task
as the system is an integrated assembly of several interacting
physical components, each comprising of multidimensional,
multiphysical transport and/or reaction processes. There have
been numerous PEMFC system modeling efforts beginning
from the early 1990s.** The model in Springer et al.? assumed
a perfectly mixed gas channel (GC), 1-D transport processes
through gas diffusion layer (GDL), catalyst layer (CL) as a
thin interface between GDL and PEM, and 1-D water trans-
port within the PEM, thus accounting for nonuniform conduc-
tivity in the PEM. The model in Bernardi and Verbrugge,3
incorporated a porous electrode model for the CL assuming,
however, a fully hydrated PEM. Although, these models have
limited applicability for large-scale FCs with high fuel utiliza-
tion and wider operating ranges, they provided a fundamental
basis for the forthcoming models. Gurau et al.* presented a 2-
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D transport model for a PEMFC and illustrated the utility of
the model in examining multidimensional water and reactant
distributions inside FC. Um et al.>® applied computational
fluid dynamics (CFD) approach to develop 2-D/3-D transport
models. There have been numerous water management studies
emphasizing on auto or low humidity operations.”® In addi-
tion, various flow field patterns for bipolar plate design have
been analyzed.” The state-of-the-art models are complex to
the extent that they account for multidimensional mass,
momenta, energy, species, and charge transport phenomena in
different regions of a FC. Using available software architec-
tures there have been attempts of hybrid 3-D dynamic model-
ing in PEMFC systems.'® Modeling of GCs using Fluent™
and MEA using gPROMS™ softwares has been illustrated for
a 3-D temperature analysis.'" Other complex phenomena
including two-phase flow with nonisothermal effects have
received considerable attention as well.'*”"” However, many
such transport and reaction processes in the system are not
fully understood and are often modeled using semiempirical
models containing unknown parameters. On the other hand,
while more detailed and complex models claim to describe
the physics more accurately, they generate more uncertain pa-
rameters. Hence, a rigorous methodology for parameter esti-
mation for validating models with experimental data is a very
useful tool for PEMFC systems. Moreover, an integrated sys-
tems model of PEMFC can be thought as a combination of
interacting submodels of its various components. Hence, pa-
rameter estimation is especially attractive for two reasons: (i)
From model reduction and simplification point of view, a par-
ticular subcomponent model may be modeled through a fitting
function whereas more physics may be concentrated in other
desired components and (ii) stand-alone measured properties
of a subcomponent may differ when the component is inte-
grated with the entire system under operation.

In spite of numerous modeling studies,'® there have been
only a few parameter estimation studies in PEMFCs. Suares
and Hoo," estimated model parameters based on the model
by Nguyen and White,” who accounted for heat transfer
between solid and liquid phases and latent heat associated
with evaporation and condensation of water. The pseudo 2-D
problem (1-D for GC, and 1-D PEM) was solved by discretiz-
ing the differential algebraic equation model using an orthogo-
nal collocation method and by solving the associated nonlin-
ear program (NLP) by the successive quadratic programming
(SQP) approach. Applying a 1-D model, Berg et al.?! fitted
the voltage data for a specified current, from their experiments
and estimated PEM conductivity, cathode exchange current
density, PEM water transfer coefficient, and GDL oxygen
mass transfer coefficient. Using 1-D charge and species bal-
ance in quiescent flow in GDL, CL, and PEM, Carnes and Dji-
lali,** estimated PEM conductivity, GDL oxygen mass trans-
fer coefficient, and exchange current densities by applying an
algorithm for parameter estimation with partial differential
equation (PDE) constraints based on a nonlinear least squares
approach.

All the above parameter estimation studies, however,
employ simpler PEMFC models with fewer individual com-
ponent models, less detailed treatment of transport processes,
and have been limited to O- or 1-D. In particular, none of
these studies have dealt with detailed water transport models
in all the PEMFC components. These models are generally
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valid for a narrow range of operating conditions. As a result,
the parameters obtained lead to uncertainty in model predic-
tions for large FC applications, particularly with high fuel
utilization and wide range of operation.

The reasons for these limitations in PEMFC parameter esti-
mation studies are that the rigorous PEMFC models are multi-
dimensional and possess multiphysical phenomena that
involve a large coupled system of partial differential algebraic
equations (PDAEs). These models have been generally solved
using commercial CFD codes that are unequipped to deal with
large-scale PDAE-constrained optimization problems associ-
ated with the corresponding parameter estimation problems.

In this article, we present an integrated modeling and opti-
mization framework for multidimensional, multiphysical
PEMFC models. We develop detailed transport models for
GCs, GDLs, and PEM, along with a fitting function for the
CL region, and formulate the parameter estimation problem
as a PDAE-constrained optimization problem, with objective
function that minimizes the model and experimental error
between both input and output variables in the system. The
problem is discretized in space leading to a large-scale NLP,
which is solved using a robust and efficient state-of-the-art
interior point optimization solver, IPOPT.*> The problem is
solved with multiple experimental data points, which cover a
wide range of operating conditions, yielding parameters that
lead to accurate model predictions. We further employ this
framework to perform parametric studies on water transport
mechanisms and distribution within the PEMFC system. We
especially focus on parametric behavior of individual water
transport processes within the PEM.

The remainder of the article is organized into the follow-
ing components: physical modeling, parameter estimation,
and parametric studies on water management in H, PEMFCs.

Physical Modeling of H, PEMFC

A schematic of a H, PEMFC and anode and cathode half
cell reactions are shown in Figure 1. A H, PEMFC com-
prises of two GCs, two GDLs, and two CLs each on the an-
ode and cathode sides, as well as a central PEM.

The GCs are bipolar plates that are hollow chambers for
fluid inlet and outlet. They also serve as a connection
between adjacent cells. The GDLs are porous materials (typi-
cally carbon paper or carbon cloth) which support the cata-
lyst/support particles, provide uniform distribution of gases,
and act as a medium for electron transport from the CL to
the external current collectors. The CLs are the usually plati-
num (Pt) alloy particles supported on carbon, where the elec-
trochemical reactions take place. PEM is generally polytetra-
floroethylene chains with perflorosulfonate side groups. The
PEM acts as a proton transport passage from anode to the
cathode, and this conductivity of the PEM is a strong func-
tion of its water uptake. We will construct a 2-D macro-
scopic model illustrated in Figure 2. There are five chambers
in the model, the GCs and the GDLs both on anode and the
cathode sides, and a central PEM region. The humidified fuel
and air are fed in the anode and cathode inlets, respectively.
The species undergo a 2-D diffusion-convection process in
both the GCs and the porous GDLs, after which they reach
the PEM-GDL interface. On reaching the interface, hydrogen
and oxygen undergo electrochemical reactions, and the water
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Figure 1. A schematic of the H, PEMFC, and the anode
and cathode half cell reactions.

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]

molecules are transported across the PEM from anode to the
cathode. The protons released in the oxidation reaction at the
anode are transported across the PEM, and electrons released
reach the cathode via an external circuit. The protons and
electrons on reaching the cathode combine with the oxygen
in the reduction reaction to give water as the product.

The following assumptions are made in our model: (i) 2-D
steady state model; (ii) isothermal condition is imposed in the
entire modeling domain; (iii) both GDLs and PEM have iso-
tropic porous media; (iv) the CLs are treated as thin interfaces
between the GDLs and the PEM; (v) water remains in the
vapor phase, and single phase flow takes place; (vi) cell cur-
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rent density remains constant; and (vii) anode overpotential is
negligible in comparison with cathode overpotential and is
neglected in the cell voltage calculation. In addition, the
standard simplifications including laminar and incompressible
flow, as well as negligible entrance effects have been imposed
and numerically verified. In view of the assumptions made,
we would stress here that the purpose of our work here is to
build an integrated modeling and optimization framework for
distributed CFD-based PEMFC models and the model pre-
sented here is for illustrative purposes. Hence, there are many
significant physical features lacking in the model, such as the
charge and energy balance equations, which are important in
determining the potential, current density, and temperature
distributions, and may have significant effect on cell perform-
ance at high current densities of operation. These will be
added on to this framework in future.

The governing equations for each of the modeling regions,
the interface and boundary conditions, and the empirical cor-
relations adopted, are summarized in the list of Egs. 1-19. A
description of the variables can be found in the Notation sec-
tion, whereas the model parameters and their values are
listed in Table 1. The gas diffusion coefficients listed are
computed via the Fuller-Schettler-Giddings equation for bi-
nary gas pairs (pg. 5-51 Ref. 24), where as the gas viscos-
ities are computed using Wilke’s expression.25

Equations 1 and 2 are continuity and isothermal Navier-
Stokes (N-S) equations descriptive for the fluid flow within
the GCs. The species mass transport (for Hy, H,O, and O,) is
described by the diffusion-convection equation, Eq. 3. In mod-
eling the GDL, the porosity (¢) of media is assumed to be con-
stant, that is, there are no dilation and expansion effects. The
total mass balance is described by Eq. 4. The N-S equation is
modified by an additional Darcy’s drag term (oc v) - Eq. 5.
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Figure 2. A schematic of the H, PEMFC model.

________ Exit Air + H,0

[Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]
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Table 1. Parameter Definitions and Values

Symbol Description Value
Ach Cell inlet area (m?) Ly X width
Am Through plane direction area (m?) LX width
Dy, Hydrogen diffusion coefficient (m%/s) 3.95 X 107°
Dy,0.4 Anode water diffusion coefficient (m?/s) 3.95 X 107°
Du,0.c Cathode water diffusion coefficient (m?/s) 6.8 X 10°°
Do, Oxygen diffusion coefficient (m%/s) 5.6 X 107°
F Faraday’s constant (C/mol) 9.65 x 10*
i Unit vector in x-direction
ke PEM hydraulic permeability (m?) 1.8 x 107"
K GDL permeability (m?) 1.76 x 10~
L Length along GC (m) 736 X 1072
Ly GC width (m) 2.54 x 1077
Lear GDL width (m) 2% 107
Ly PEM thickness (m) 127 X 1074
My, Hydrogen molecular weight (kg/mol) 2% 107°
Myo Water molecular weight (kg/mol) 1.8 X 1072
Mo, Oxygen molecular weight (kg/mol) 32X 1072
M., PEM equivalent weight (kg/mol) 1.1
R Gas constant (J/mol K) 8.314
T Cell temperature (K) 353.15
£ GDL porosity 0.4
vgff Anode gas kinematic viscosity (m?/s) 244 X 107°
Vet Cathode gas kinematic viscosity (m?/s) 4.1 x107°
I PEM viscosity (kg/m s) 2.14 X 1073
Pa Anode gas density (kg/m®) Ch,,0Mu, + Cu,0.Mn,0
Pe Cathode gas density (kg/m3) Cu,,oMu, + CHZOVQMH%O + Cxn,oMn,0
Pm PEM density (kg/m®) 2 X 10°
Ea Anode stoichiometric coefficient 1.2
& Cathode stoichiometric coefficient 2.6
GC equations H,O transfer:
Total mass balance:
Muy,o
V-v=0 (1) S0 = —a(x =a,y) 21; I 9)
Momentum balance: .
O, consumption:
1
M(v,p) =V - (W) + V- (VV) +-Vp =0 ) Mo
p So, = ——21 (10)
: B 4F
Species mass balance:
Si(Ci,D;) =V - (vC;) = V - (D;VC;) = 0 @) 20 generation:
GDL equations Mo
Total mass balance: Smo = (1+alx=b,y)) oF ! (1)
V- (ev) =0 ) Inlet velocity conditions
Momentum balance: At anode:
Veff A I
M(ev,p) — (e2v) =0 ®) Voa = Ear e (12)
K “ a14Ch 2FCH2,0
Species mass balance:
At cathode:
Si(Ci,e™D;) =0 (6) 4 ;
Water transport in PEM Voo =E 13
P 0,c 5c Ach 4FC0270 ( )
Fpkm Opy | 04 FDymp,, [0*1 0?4
1-8.8 o 8.8 / 22T 55| =0 Cell voltage equations
IMy 11, Ox | Ox IM,, ox*> Oy
Output cell voltage:
)
Boundary conditions Veel = Voc — e — Nohm (14)
Interface conditions between PEM and GDL o
H, consumption: Open circuit voltage:
My, _ RT
Sy, = — 2:;1 ®) Voc = 1.23 — 0.9 X 1073(T — 298.15) +Eln(azﬂzaoz) (15)
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Cathode overpotential:
e = ByInl + f, (16)

Ohmic overpotential:

L
o =1 (17)
Empirical correlations
PEM conductivity:

1 1
= (0.0051394 — 0.00326 —— = 18
o= 92 Jexp [303 T} (18)
A Vvs. vapor activity:

for O<ay <1
for 1 < ay,=<3

19)

The species mass transport equation, Eq. 6 is modified from
the GC by multiplying D; by a factor ¢ to account for the
porosity, as given by the Bruggman’s relation.” Notice that &
= 1 recovers the GC species mass transport equation, Eq. 3.

The PEM is considered impermeable to all species except
the protons and water. To describe the water transport in
PEM, a quantity 4 is introduced, which is the ratio of the
water molecules to the number of sulphonate ion groups (SO
H™). It is related to PEM water concentration (Cwm) by

_ Mma,m
Pm

. ] 0.04+1781ay, — 39.85a;, + 36a;,
| 14+ 14(ay, —1)

~

(20)

The total flux (Npo) of water in the PEM comprises of
three parts: electro-osmotic drag (Nejec), diffusion (Ngjgr), and
hydraulic permeation (Nhyd).26 The electro-osmotic drag origi-
nates from the flux due to drag on water molecules by proton
molecules from anode to the cathode side. It is given by2:

2.5

Nelec = 5?1 (21)

The diffusion is caused by the concentration gradient

because of nonuniform water distribution within the PEM,
and is given by”:

Dy mprm

m

Naitr = Vi (22)

The hydraulic permeation is generated because of the pressure
gradient between the anode and cathode sides. It is given by26:

pmkm;L
Myt

Nhyd = va (23)

After summing up these three flux terms, we imposed a
differential water mass balance in the PEM. By assuming a
steady state, we have

V - (Netee + Naitr + Nhya) =0 (24)

which can be expressed as Eq. 7 in 2-D. Equations 8 and 10
represent the rate of consumption for H, and O, (mass per
unit time) because of electrochemical reactions at anode and
cathode CLs, respectively. In Eq. 9, Sy o is the mass transfer
rate of H,O across the PEM from anode to the cathode, and
o is the moles of water molecules transported in x-direction
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from anode to the cathode side per mole of proton trans-
ported. It is given by the following equation,

 Nrot'i o4 DympnF 04 pynFknlOpy
CI)F T2 Mnl  Ox  Muply, Ox

In Eq. 25, the three terms in the right hand side represent
the electro-osmotic drag coefficient ({cc), the back-diffusion
coefficient ({4ir), and the hydraulic permeation coefficient
({hya), respectively. In Eq. 11, Sy,o is the sum of the transfer
rates of water molecules from anode to the cathode by elec-
tro-osmotic drag and water generation due to electrochemical
reaction at cathode. Equations 12 and 13 represent the inlet
velocity conditions at anode and cathode for specified stoi-
chiometric ratios and current density.

The output cell voltage is calculated from Eq. 14. The open
circuit cell voltage Vo depends on the system temperature
and pressure as shown in Eq. 15.° From Tafel kinetics, the
cathode overpotential is modeled as a linear function of In /
with f; and f, as two fitting parameters (Eq. 16). The parame-
ters 3; and f3, represent the electrode properties that influence
the FC performance. The ohmic overpotential is given by Eq.
17. The PEM conductivity (o) is correlated to water concen-
tration (Eq. 18) as reported in Springer et al.” Finally, Eq. 19
provides relationship between A and water vapor activity (a
= Cu,oRT / Py, at the GDL-PEM interface.”

The boundary conditions for the model are as follows: (i)
at anode and cathode inlets, velocity and concentration val-
ues are specified; (ii) at anode and cathode exits, the flow is
assumed to be fully developed and pressure is specified; (iii)
at walls, no slip condition and zero normal species flux are
employed; (iv) at GDL-PEM interface, no slip condition and
interfacial species consumption Eqs. 8—11 are employed.

(25)

Parameter Estimation

Once the PEMFC model is constructed, we link the model
to IPOPT, and perform parameter estimation. Here we first
present the parameter estimation problem formulation, fol-
lowed by the details of numerical procedure, and application
to PEMFC system.

Problem formulation

The model Egs. 1-19 form a set of PDAEs which is cast
in the following compact form:

0z 0z 0%z &z
R
h[z(X), w(X),X,p] =0
B(2(0),z(1),2(0),z(1)] =0

Here, z denotes the differential state variables. The symbol
w represents the algebraic variables, and p, the parameters.
The symbol X represents the set {x, y} of independent varia-
bles. The PDEs comprising of momentum, species mass, and
total mass balance equations are denoted by g[-], the
algebraic equations including the cell voltage calculation
equations and empirical correlations by h[-], and the bound-
ary conditions by B[-]. In (26), the bold symbol represents a
vector.

(X),w(X),X,p| =0
(26)
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For parameter estimation problem formulation, an appropri-
ate objective function needs to be chosen. Standard least-
squares formulation approach leads to parameter estimates
that minimize the error between model and experimental out-
put variables, and therefore account only for errors due to
model inadequacy and random errors in measurement of out-
put variables. If the input variables have measurement errors
as well, this approach however, is well known to give biased
parameters.27 For this, we employ the errors-in-variables-
measured (EVM) formulation approach, that takes into
account the errors of all measured variables, both inputs and
outputs to the system. The corresponding parameter estimation
problem is formulated as the following optimization problem:

N
. WYY (e WM
I‘Ign E |:(Wz,o i,o) Von (Wz,o i,o)

i=1
+ (wig — W) VI (win — W%)]

2 2

| G G S a0, w0 9] =0
hi[Zi(X),W,‘(X),X,p] =0

B,»[z,—(O),zi(l),ii(O),i,-(l)} =0

ie{l,2,...,N} (27)

where, N is the number of experimental data sets and index i/ is
used to replicate the model equations and variables for each of
these data sets. The first summation term in the objective repre-
sents the least squares error between the model and experimental
output variables, w; o and w?f’o respectively, whereas the second
term represents the error between the input variables w;; and
wh - Vi, and V_ ! denote the weighting matrices for output
and input variables, respectively, and represent the inverse of
the corresponding covariance matrices. Superscript 7' represents
the matrix transpose operator. The EVM formulation, however,
leads to an increase in the number of degrees of freedom in the
optimization problem (27) by the number of data sets used in the
problem, often posing additional computational challenges in
optimization. The EVM variables are the current density, /
(input), and cell voltage, V (output) in this study.

Numerical procedure

The transport equations within the GC, GDL, and PEM
compartments are discretized using a finite volume method
(FVM). The entire modeling domain was subdivided into fi-
nite volumes. We employed the staggered grid approach,
where the velocity field components are defined at a stag-
gered location on the grid with respect to the concentration
and pressure variables. We have adopted the discretization
procedure given in Patankar.?®

Discretized equations of the PDAE system can be formu-
lated as a generalized NLP of the following form,

min f(x)
site(x)=0 (28)
x <x <Xy

The NLP algorithm employed in our study is IPOPT.*’

This algorithm is based on a barrier approach in which the
variable bounds are treated by adding a logarithmic barrier
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term to the objective function, which casts the problem in
(28) into the following form,

N N

min (x) = f(x) = 4> G —x7) — 25 I — 1))
i=1 i=1

ste(x)=0 (29)

with a barrier parameter fi > 0. Here, x* denotes the ith
component of the vector x. The degree of influence of the
barrier is determined by the size of ji, and under mild condi-
tions x, (i) converges to a local solution x: of the original
problem (28) as ji — 0.%° Consequently, a strategy for solv-
ing the original NLP is to solve a sequence of barrier prob-
lems (29) for decreasing barrier parameters fi;,, where [ is the
counter for the sequence of subproblems.

IPOPT follows a primal-dual approach and applies a New-
ton’s method to the optimality conditions of (29), leading to
solution of the following linear system at each iteration &:

{Hk szk /ﬂ {AAX} _ _[WJ(Xk) :r()Z)C(Xk)TAk (30)

where we use the convention, X = diag(x), etc., Hy is the
Hessian of the Lagrangian function f{x,) + c)T Ay, Ap =
Ve, and Ty = X — X0) ' (V) + Xy — X0~ ' (V) is
the barrier term. Global convergence of the Newton’s method
is promoted by a novel filter line search strategy; detailed
analysis shows both global convergence and fast local con-
vergence properties. More information on IPOPT can be
found in Wichter and Biegler,23 and on the following web-
site: https://projects.coin-or.org/Ipopt.

The discretization of the NLP using FVM was performed
manually for all the equations and physical modeling domains.
This CFD implementation was carefully verified with the com-
mercial CFD softwares (FluentTM and FEMLABTM); however,
no automated CFD software was employed to build this
model. Instead for all calculations the discretized equations
were programmed in the modeling environment AMPL,*"
which was linked to the IPOPT solver.

Application to PEMFC system

We now illustrate the above methodology for parameter
estimation in PEMFC models using the current—voltage (/-V)
data from Ticianelli et al.?! (from Figure 5, 20 wt % Pt/C in
supported electrocatalyst plus 50 nm sputtered film of Pt,
0.45 mg/em® of Pt. T = 353 k, p = 3/5 atm), with output
variable as V, and input variable as /. The goal here is to find
parameter plus model combination which validates the experi-
mental data for a wide range of operating conditions, which is
achieved by using multiple /-V data points in the parameter
estimation problem. The model equations are replicated
depending on the number of /-V points chosen. The EVM
approach minimizes the orthogonal distance between model
and experimental points on the global /-V curve.

Model Parameters. We choose to estimate the following
parameters in the PEMFC system:

PEM water diffusion coefficient. The significance in esti-
mating this property lies in the accurate prediction of water
holdup and transport characteristics within the PEM, which in
turn is critical to the water management issue. However, the
PEM diffusion coefficient depends on the PEM structure, the
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Table 2. Parameter Estimates for Different Number of I—V

Data Point Cases Fitted curve
1 -V Points 10°Dyy m(m?/S) 5 5> 0ol a Experimental
3 1.77 0.054 0.423
4 1.64 0.047 0.416
7 1.60 0.045 0.412 = 0.8} .
11 1.72 0.047 0.418 3
S o
. > 0.7} :
pretreatment method used for a PEM type, its water uptake, k:
and the counter-ions in the system, thus increasing the number
of cases for which experiments need to be performed.3 % The 0.6- .
experimental studies performed®>® have been limited mainly
to Nafion™ stand-alone PEMs, and there is scarcity of data 0.8 . . . _
for other PEMs, especially with in situ measurements. Our ) 02 04 0.6 08 1

work, for the first time provides a systematic framework for
estimating diffusion coefficients using a multidimensional,
multiphysics modeling and optimization framework.

Parameters [3; and B, in CL. The focus of current study
is water management and hence detailed physics is incorpo-
rated within the PEM. Within the CL region, we employ a
Tafel type equation for cathode overpotential (Eq. 16), with
f1 and f, representing the electrode properties.

Results

The EVM problem was solved for 3, 4, 7, and 11 /-V data
points and the estimated parameter values are summarized in
Table 2.

The values of Dy, ,, are within the range of values reported
by other semiempirical and experimental data sources.>*~** On
comparison of Eq. 16 with Tafel overpotential expression,*
the values of f; and f, from the 11-point case correspond to
an electrode charge transfer coefficient value of 0.32 and a
exchange current density value of 1.37 X 10~ * A/cm? which
are well within their respective physical ranges. The fitted /-V
curve for the 11-point case is illustrated in Figure 3.

Table 3 illustrates the computational details of the associ-
ated NLPs for different data point cases. NZJ and NZH
denote the number of nonzero entries in the Jacobian and
Hessian matrices, respectively.

The problems were solved on a 3.4 GHz processor, 4 Gb
RAM, Pentium IV machine. The problems in each case were
initialized by the solution of square problem simulation
cases. The value of the objective (residual) for the 3-point
case, which corresponds to same number of parameters as
the number of data points, comes out to be nearly zero. Also
the residual values increase with number of data points, as
expected. The CPU times scale linearly with problem size.
The 11-point case corresponds to a large-scale NLP of
73, 120 variables which is solved in little over 4 min. Hence,
the current optimization framework seems to be reliable and
computationally efficient in dealing with larger parameter
estimation and optimization problems in PEMFC systems.

I x 10 (Arm?)

Figure 3. The fitted /-V curve for the 11-point case.

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]

Moreover, the reduced Hessian matrix at the solution of each
of the problems is positive definite, which corresponds to the
fact that the parameters estimated are unique.

Parametric Studies

In this section, we present parametric study results which
focus on the water management issue in PEMFCs. Water
management refers to the act of ensuring sufficient hydration
of PEM to avoid ohmic losses and to avoid liquid water
flooding (thus, ensuring efficient product water removal) that
blocks the active CL sites and GDL pores, thus hindering the
gas transport from the GC inlet to the CL. The problem boils
down to designing the GDL (porosity and hydrophobicity),
the CL (thickness, composition, and particle size distribu-
tion), and determining optimal operating and design condi-
tions (e.g., optimal flow characteristics, inlet humidity, geo-
metric parameters, temperature, pressure, and current den-
sity), that achieve the above goal.

Numerous water management studies in the PEMFC litera-
ture elucidate water transport characteristics with various
design and operating parameters in the system.'® Hence the
goal of current work is twofold: to validate our modeling
and optimization framework by reproducing similar paramet-
ric behaviors as reported in previous studies and then, to
examine in more detail the parametric behavior of individual
water transport processes especially within the PEM. In this
section, using the parameters estimated from previous sec-
tion, we perform parametric studies to see the effect of flow
arrangement (co-flow or counter-flow with respect to anode
and cathode inlet locations), inlet gas humidity, and PEM
thickness on water transport mechanisms and distribution in
the system, and overall cell performance.

Table 3. Computational Details for Each of Multiple Data Point Cases

I - V Points Residual Variables Constraints Iterations CPUs NZJ NZH
3 6.97 X 10713 19,944 19,938 17 49.06 115,815 34,599
4 3.58 X 1079 26,591 26,584 17 55.59 154,420 46,132
7 6.27 X 1079 46,532 46,522 25 143.19 270,235 80,731
11 3.48 X 107 73,120 73,106 23 259.54 424,655 126,863
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Figure 4. Water concentration (mol/m®) profiles in (a) anode and cathode regions and (b) PEM water profiles (), for

co-flow (Left) and counter-flow (Right) cases.

[Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]

Flow arrangement

We first examine the effect of changing inlet gas flow
directions in anode and cathode GCs on the cell water distri-
bution and on overall performance. As observed from Figure
4a (Left), in the co-flow arrangement, water concentration
increases monotonically from the inlet to the outlet of the
GCs, both within the anode and the cathode regions. Also,
the PEM water concentration [Figure 4b (Left)] follows a
monotonically decreasing trend from cathode to the anode
side. On the other hand, in the counter-flow arrangement
(Right sides of Figures 4a, b), there exists a maxima of water
concentration in the middle region in both anode and cathode
sides, and in the PEM region. Also, the gradient of water
concentration in the PEM becomes multidirectional.

0.5 - . .

——q
o
Selec

=Gy

0 0.02 0.04 0.06
Length along anode GDL-PEM interface (m)

(@)

More detailed water transport characteristics can be
observed from Figures 5a, b, which show the variation of
individual water transport coefficients, defined earlier in Eq.
25, along the anode GDL-PEM interface for the co-flow and
the counter-flow arrangements. For the co-flow arrangement
(Figure 5a), the electro-osmotic drag effect, which is directly
proportional to /, increases monotonically, but the diffusion
effect acting in the opposite direction also increases at a sim-
ilar rate. Since the anode and cathode pressures have been
taken equal in these parametric studies, (hyq remains zero
throughout the length along the interface. The overall water
transport coefficient o is therefore simply a summation of
Cetec and (g, and remains constant and negative, as the dif-
fusion effect dominates over the electro-osmotic drag effect.

At

-1

0 0.02 0.04
Length along GDL-PEM interface (m)

(b)

Figure 5. Variation of PEM water transport coefficients along the anode GDL-PEM interface for (a) co-flow and (b)

counter-flow cases.

[Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]
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Figure 6. Polarization curves for counter-flow and co-
flow cases.

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]

For the counter-flow case (Figure 5b), however, electro-os-
motic drag coefficient possesses a maximum because of a
maximum in water concentration along the GDL-PEM inter-
face, whereas the back-diffusion coefficient increases sharply.
The sign of o changes along the interface from negative to
positive, which indicates the presence of an internal water
recirculation in the counter-flow arrangement. This recircula-
tion mechanism causes the PEM to hold higher amount of
water and therefore, leads to a better performance via
enhanced conductivity. The improved performance of the
counter-flow case can be seen in Figure 6 which compares
the /-V characteristic curves for the two flow arrangements.
The disparity in the performances is especially visible for
dry to low humidities, and for lower pressures of operation.
However, for higher humidification conditions, the flow
arrangement does not seem to affect the cell performance.
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Figure 7. PEM water concentration profile for RH = 80/80.

[Color figure can be viewed in the online issue, which is avail-
able at www.interscience.wiley.com.]
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cases.

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]

Inlet humidity

As inlet gas humidities increase, the overall water uptake
in the system increases, which increases the ionic conductiv-
ity of the PEM and enhances the overall system performance.
Figures 4b, Left and 7 compare the PEM water uptake of a
totally dry inlet gas stream and the case where inlet humid-
ities are set equal to 80/80 (xx/xx denotes relative humidity
(RH) values at the anode and the cathode sides, respectively)
in a co-flow arrangement. The average PEM water uptake
increases by approximately four times in the latter case.

As seen from Figure 8, the cell performance improves sig-
nificantly from dry conditions to low humidity conditions
(25 % RH in each anode and cathode side), and the perform-
ance further improves in the cases of inlet humidities set
equal to 100/0 and 80/80.

Figures 9a, b display the o and (.. curves for a co-flow
arrangement with inlet humidities set as 80/80. In contrast to
totally dry inlet humidity case where there is a unidirectional
water flux from cathode to the anode side, the water transport
in high inlet humidity case takes place from anode to the cath-
ode side until a certain distance along the length, after which
the water transport direction reverses, as indicated by the
switching in the sign of « in between. This may be explained
in the following manner: for higher inlet humidity case, due to
high water concentration near inlet, the electro-osmotic drag
effect dominates over the diffusion effect and there is net
transport of water from anode to the cathode side. However,
further down the channel, because of this loss of water from
anode, and because of water production in the electrochemical
reaction at the cathode, a sufficiently high water concentration
gradient sets up in the opposite direction, and diffusion effect
dominates over the electro-osmotic drag effect.

PEM thickness

PEM thickness affects the PEM conductivity in two main
ways: (i) through an increase or decrease in the proton trans-
port path and (ii) through water distribution characteristics.

DOI 10.1002/aic 2097
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Figures 10a, b compare the water transport coefficients of
Nafion™ 117 (thickness 178 um) and Nafion™ 111 (thick-
ness 25.4 um) PEMs.

Although there is only a slight modification in the overall
transport coefficient « which becomes more negative for
Nafion™ 111, {uee and Cgipe increase significantly in magni-
tude, indicating increased water transport in Nafion™ 111 as
compared with Nafion™ 117 in either the right or the left
directions. This causes the water concentration to be more
uniform in the x-direction for a thinner PEM as compared
with a thicker PEM (Figures 11a, b).

Hence, there exist regions (for high y values), within thin-
ner PEMs where water concentration is uniformly high along
the entire x-direction (or PEM width), which provide least re-
sistance paths for proton transport. On the other hand, for
thicker PEMs, water distribution is such that there are fewer,
or no such regions of high proton conductivity along the entire
PEM width. Figure 12 shows a large difference in performan-
ces of Nafion™ 117 and Nafion™ 111 PEMFCs. However,
as shown in Figure 12, counter-flow arrangement still leads to

#‘&'_A_..EF"‘*
03 === mmmmmmmo oo ge's _'_,x‘:-ﬁ“’e:-ﬁ— """"""
M&-‘*’ —&—a
02 o el e e e o
___&_.A"e' *elec
[ e e ~ = S S SRR R S R S S Can [
O o m e
3 1 om0 S8l o i
) PP S e = S e RS e R S S s e i
H"‘-""Rq_‘_
D3 T
B g
_0_5 i n L
0 0.02 0.04 0.08

(a)  Length along anode GDL-PEM interface (m)

a better performance than the co-flow arrangement due to
increased PEM conductivity via internal water recirculation.

Conclusions

In this article, we propose a generalized modeling and opti-
mization framework for rigorous CFD models in PEMFC sys-
tems. We develop a comprehensive multidimensional PEMFC
model that takes into account major transport processes in the
GCs and the MEA. A detailed water transport equation,
accounting for electro-osmotic drag, diffusion, and hydraulic
permeation, is also incorporated into the model assuming sin-
gle-phase flows. The resulting system of PDAE:s is fully discre-
tized using a finite volume scheme leading to a large-scale non-
linear system of equations which is linked to [POPT solver.

Using this framework parameter estimation is performed to
estimate CL fitting parameters and PEM water diffusion coeffi-
cient, thus illustrating the utility of parameter estimation as a
tool complementary to modeling, for the regions where system
is modeled with a lumped parameter approach. We employed
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Figure 10. Variation of PEM water transport coefficients along the anode GDL-PEM interface for: (a) Nafion™ 117

and (b) Nafion™ 111 PEMs.

[Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]
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EVM formulation to multiple /-V data point cases that yield
parameter estimates such that model predictions are accurate
for wide operation ranges. The proposed methodology leads to
fast and efficient solution of large-scale NLPs in a few CPU
seconds and a few iterations. The parameters from different
data point cases are determined uniquely.

We further employ this framework to perform water man-
agement parametric studies to examine water transport mecha-
nisms and distribution, especially within the PEM, and to
examine the overall system performance. The conclusions
made here are based on the assumptions of single phase, iso-
thermal system which will be relaxed in our future work. How-
ever, the operating conditions in the simulations here are cho-
sen to ensure that the partial pressure of water remains below
its saturation pressure. We observe that counter-flow arrange-
ment leads to better performance than the co-flow arrangement
especially for the conditions of low inlet humidity and low
pressure, due to an internal water recirculation mechanism
which facilitates higher PEM hydration. Moreover, as inlet gas
humidities increase the overall water uptake in the system
increases which improves the ionic conductivity of the PEM
and enhances the overall system performance. Also, thin
PEMs perform significantly better than thicker PEMs due to
their smaller resistance path to proton transport, and due to a
more uniform water distribution along the x-direction.

Finally, the methodology presented in this article can be
adapted to incorporate additional physics not considered
here. Charge and energy transport equations can be handled
in a numerically similar manner to the momenta and species
transport equations. However, these additions may introduce
more nonconvexities and that the reduced Hessian matrix
may not be positive definite everywhere. The IPOPT solver
has an important feature in assessing second derivative prop-
erties; through the inertia of the Karush-Kuhn-Tucker ma-
trix,2> IPOPT monitors and corrects the eigen-structure of the
reduced Hessian matrix if it is not positive definite, thus
ensuring descent properties, and it verifies whether the pa-
rameters are unique by reporting the state of the reduced
Hessian at the optimum. Also, the generalization to 3-D
transport phenomena can be included through the IPOPT

.
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Figure 11. PEM water concentration profiles for: (a) co-
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[Color figure can be viewed in the online issue, which is
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solver. The object oriented form of IPOPT is ideal for large-
scale PDAE constrained optimization problems, as it can be
adapted to this structure. This has already been tested suc-
cessfully for 3-D problems with considerably larger number
of equations/variables than considered in this study.’®
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Notation

activity

area, m?

vector of boundary conditions
molar concentration, mol/m?
diagonal matrix operator

diffusion coefficient for species i, m%/s
Faraday’s constant, C/mol

vector of PDEs

vector of algebraic equations
Hessian of the Lagrangian function
unit vector in x-direction

current density, A/m?

current density vector, A/m?
hydraulic permeability, m?

GDL permeability, m*

length, m

molecular weight of species i, kg/mol
number of data sets

flux, mol/m2 S

pressure, N/m?

vector of parameters

gas constant, J/mol K
consumption/production rate, kg/s
temperature, K

inlet velocity, m/s

velocity vector, m/s

voltage, Volt

covariance matrix

vector of algebraic variables

set of independent variables

=

=g
Sk aZles
1]

=
E Elotoll
L | | | | | | I | B B

[=)
L | | R B

MELd<<a N ITS ZZE[“W?@M\-
Il

DOI 10.1002/aic 2099



= vector of differential variables
7 = vector of derivative of differential variables

N

Greek letters

[H,Ol/[H"] transported

catalyst layer fitting parameters, Volt

GDL porosity

overpotential loss, Volt

PEM water transport coefficient, dimensionless
[H,0)/[H"] in PEM

Lagrange multiplier

viscosity, kg/m s

barrier parameter

o=
pii=12) =

kinematic viscosity, m?/s
density, kg/m?

PEM conductivity, S-m™~
barrier term
stoichiometric ratio

1

o 2 Pr e o
(1Tl

Subscripts and superscripts

a = anode
avg = average
¢ = cathode
ch = channel
diff = diffusion
eff = effective value
elec = electro-osmotic drag
gc = gas channel
gdl = gas diffusion layer
hyd = hydraulic permeation
I = input
L = lower bound
m = PEM
M = measured
O = output
OC = open circuit
ohm = ohmic
sat = saturation value
T = matrix transpose operator
Tot = total
U = upper bound
w = water
0 = value at initial conditions
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